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Abstract In the circular economy (CE) world, design is a vital tool to transform 
waste to wealth to enhance material recycling for new products (e.g., design for 
modularity, design for disassembly, etc.). Industry 4.0 technologies and digital inno-
vations have recently provided positive impact towards CE transition, for instance 
through data-analysis of products lifecycle. In this regard, a close collaboration is 
required between industries, consumers and policy makers for a more detailed and 
precise data on product lifecycle and waste collection as well as consumer behavior. 
Accordingly, digitalization can help in tracking and tracing products through trans-
ferring the real-time data on products’ location, condition, availability, etc., which 
can boost product-life extension through sensors and digital platforms. In order to 
have a more efficient and effective CE solution, close collaboration is required among 
various actors of textile circular ecosystem, where the consumers are the core of such 
ecosystem. In this sense, IoT plays an essential role by transferring information and 
data to all the actors and improving their awareness of new circular opportunities. 
This paper focuses on how utilizing IoT will increase the opportunities of textile 
circulation towards a higher effective ecosystem and maximizing products value.

Keywords Industry 4.0 · Circular Economy · Internet-of-Thing · Textiles · 
Circularity · Sustainability · Sensors

1 Introduction

Fast fashion has been recently one of the significant concerns of environmental 
experts which makes huge pollution worldwide. Sustainability solutions have a 
very slow implementation to prevent social and environmental negative impacts
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of textile industry with the growing of “middle-class” population. Therefore, there
is a vital need of collaboration between all segments of the fashion industry
ecosystem, in particular the role of policymakers and governments to create sustain-
able supportive frameworks. The Global Fashion Agendas chief sustainability officer
MortenLehman stated in 2019 that“While it’s encouraging to see 12.5% of the global
fashion market taking concrete action toward circular business models, we must
urgently address major roadblocks collaboratively to pave the way for a systemic
shift towards circularity”. Ellen MacArthur Foundation [1] reports that less than 1%
of the used materials in clothes production are recycled. In addition, the amount
of used clothes collection for recycling is under 15%, whereas 73% end up to the
landfills or being burned. Currently, fashion industries have realized the opportuni-
ties that circular business models can bring to the textile companies, for example
increasing the value chain by recycling the used materials instead of wasting finite
resources. Implementing circular solutions of collecting and recycling fibers would
bring EURO 80 billion value to the world economy by 2030 [1].

According to European Parliament [2], 2–10% of environmental impact in Europe
is due to clothes industry. Additionally, European Commission reported in 2013
that textile industries alone generate approximately 16 million tons of waste in EU
annually.According to the report, this high amount of textile-basedwaste is generated
due to the lack of transparency and poor level of data sharing between all the actors
of the clothes industry ecosystem, such as manufacturers, retailers, suppliers, and
specially consumers. Fromwaste point of view, huge amounts ofwater and chemicals
are required in all stages of producing raw materials, spinning, weaving, and dyeing
fabrics, as can be seen in Fig. 1.

Due to the growth in new styles and fashion as well as increasing population
in middle-class, clothes production has been increased enormously over the past
15 years [1]. On the other hand, studies on customers’ behavior show that huge

Fig. 1 Periodical production of textile fibers and chemical (Source Garside 2019)



amount of clothes are thrown away before they are damaged or unfunctional [3]. In
other words, willingness to pay and purchase the clothes are higher than consumption
of the products. Thus, customers play the key role in contributing to high environ-
mental footprints. Moreover, apparel industry is highly based on linear model in all
phases of producing, distributing and disposing of their products. Current system
is highly extracting large volumes of materials to produce fabrics and garments
from non-renewable resources which will be used in a short period and will end up
huge landfill waste. It is discussed if the textiles and clothing industries implement
eco-friendly designs in their processes, fashion industry will turn hugely to a more
sustainable economy model [4].

2 Circular Economy in Textile Industry

The circular economy (CE) has recently gained attentions of policy makers and busi-
nesses as a solution to enhance sustainability goals. In a CE world when products,
materials, and components face their end-of-life, they will be used as raw material
in processes of new material production to reduce waste landfills which is called
closed-loop and is in contrast with linear economy model, “take-make-dispose” [5].
The CE has contributed significantly on industrial development byminimizing waste
and optimizing finite resources so that materials maintain their economic value for
possible longer time which leads to a more sustainable process [6]. Such outstanding
benefits of CE can help companies with their quest to be constantly competitive and
to minimize their environmental footprints. Circular strategies such as reuse, restore,
refurbish, repair, etc., enhance productivity and resource efficiency [7]. Circular
solutions offer positive effect on value creation as well as “customer value proposi-
tion, supply chain, value networks of the companies and capturing the value of new
offerings” [8].

As mentioned before, consumer has an enormous role in achieving sustainability
goals in the fashion industry. Consumer attitudes on use, wash, repair, rental, and loan
aswell as quality consideration in purchasing clothes rather than several purchases are
highly affective factors in transition toward circularity in fashion industries. In addi-
tion, customer collaboration with textile industries regarding recycling and returning
the old and used clothes to the companies are considered as high impact factor in
moving toward CE. Therefore, having the right mindset, knowledge, and consump-
tion guidelines is highly important in value creation based on CE principles. Accord-
ingly, it is essentially required to have close collaboration among all the segments in
the value network to help pave the way for circular innovations for companies.

Circular business models such as rent (clothes rent to slow the loop), design prod-
ucts for re-use or recycle (circular fashion), design for better quality that can convince
customers to buy less but higher quality (slow fashion) [2] have been recognized as
the solutions for the negative footprints made by textile industries. According to
Smits et al. [9], textile industries can transform their linear business strategies to
circular strategy based on three approaches as follows:



Table 1 Principles of circular fashion

The production
perspective

Customer perspective

Design principles Source and production
principles

Lifetime extension Behavioral and usage
model

Purpose Local source and
production

Reuse, recycle or
compost all remains

Longevity Zero toxicity Supportive service
for long life

Use, wash and repair
with care

Resource efficiency Efficiency
consideration

Wide and
high-quality
collaboration

Rent, loan, swap,
secondhand or redesign
instead of new purchase

Recyclability Good ethics work mood

Source Brismar [10]

• Material flows circular strategies, e.g., reuse wastes as resources and generate
value.

• Servitization strategies with focuses on non-ownership and more as service.
• Efficient use of resources which leads to sufficiency.

In this regard and considering the circular feasibility of mentioned business
for fabric industries, Brismar [10] identified sixteen key principles for circular
fashion framework which aims to support sustainable textile and fashion industry
as illustrated in Table 1.

Understanding and identifying the business ecosystem approach for textile circu-
lation is essential since circular ecosystem consists of various networks including
different companies, individuals, organizations, and digital technologies to enable
the circularity in the ecosystem and life cycle. Fontell andHeikkila [11] introduce the
circular business ecosystems as business ecosystem approach as follow: “Circular
business ecosystems are business ecosystems, which together create products, solu-
tions and services based on the principles of a circular economy and apply circular
business models in their way of operating and doing business”. Circular business
ecosystem of textiles is illustrated in Fig. 2.

In this system, the goal is to reduce additional consumption, efficient, and on-
time maintenance services for the products as well as preventing waste generation in
order to save resources and enhance businesses. As can be seen from Fig. 2, themajor
dominant business models in textile circular ecosystem are repair, reuse, and recycle.
Furthermore, users consisting of induvial consumers, professionals or organizations
are the core in textile circulation ecosystem and make it a significant consumer-
oriented ecosystem. The main goal in all the loops is to maintain material flows
and create value where the loops strongly depend on users’ attitude and behavior.
According to Fontell and Heikkila [11] the role of retailers has been increasing in
re-using textiles. It is discussed that their role will be more involved in near future
not only in offering new clothes based on virgin materials, but also clothes which



Fig. 2 Circular ecosystem of textiles (Source Fontell and Heikkila [11])

are made by recycled fabrics, upcycled or second-hand. Retailers are capable to
help increase sustainable knowledge of consumers and help them in making more
sustainable choices due to their close interactions with end-users and customers. Van
den Berg and Bakker [12] mention that product design plays key role in CE, therefore
the first step in moving to CE is to design products that are first of all “be loved,
liked, or trusted longer”. Consumers will keep their favorite clothes for longer time
and in some occasions till the products are broken down. Table 2 shows the circular
product characteristics introduced by Van den Berg and Bakker [12].

Based on Table 2, in textile industries, clothes should be designed with better
quality fabrics and fibers which enables reuse and repair of textiles as products
or as materials. Repurposing and redesigning pre and post-consumer textiles aim to
eliminate textile wastes at design stages. If the fabrics and garments are in acceptable,
good condition they can be re-purposed or up-cycled by transforming materials
into new products with similar or higher quality or can be transferred to the next
users. Design for modularity and standardization in fashion industry is related to
clothes design which matches various combinations. Clothes designs should take
into account the easiness for the users to care and repair the products by providing
guidelines and instructions for users. Moreover, providing spare parts or related
information on maintenance services while selling products support design for ease
of maintenance in textile industries. In design for upgradability, clothes are designed
for adaptable usage, e.g., use of the same clothes for several occasions. Buttons and
zippers are made of different materials than garments in textiles, therefore designing
for reassembly or disassembly helps in easy removals of such materials from the
products and makes it easier to re-use fabrics. Finally regarding the recycling of
textiles and garments, it is important that consumers have the determination to choose
if the clothes can be reused or should be recycled. All the principles above help to



Table 2 Product design strategies in circular economy

Adapted from Van den Berg and Bakker [12]

keep the material flow, however in current infrastructure it is difficult to handle the
whole flow, especially regarding collection and sort of discarded clothes.

3 Digital Solutions for Textile Circularity

Despite of all the advantages that circular economymodels can bring to the economy,
society, and environment, transition toward circularity might be of high challenge
and costly for various businesses [13]. Antikainen et al. [14] discuss that Industry
4.0 (the fourth industrial revolution) such as IoT (Internet-of-Things), AI (artificial
intelligence), Big Data, and 3D printers (three-dimensional printers) can pave the
way of moving toward circular models for businesses. Pillsbury and Lübben [15]
mention that “digital networks and interaction can create an integrated system of
actors, assets and stakeholders where not only supply chains can be real-time tuned
with the factory but also retail channels and even products and final customers can
communicate and exchange data within the system”. Such technologies can support
products’ visibility by providing precise information and real-time data through intel-
ligent sensors on products’ condition, location, availability, and assets. Industry 4.0
technologies should make it possible to produce eco-system of “smart factories”,
“smart networks”, and “smart products”. In such eco-systems, the improved data
transformation on information about markets and end-users’ demand helps in the
complexity on decision-making for the companies. Zhong et al. [16] define the roles
of Industry 4.0 in CE as follows:



• Design: Smart design, smart prototyping, smart controller, smart sensors
• Maintenance: Real-time control and monitoring, Collaborative decision-making
• Control: Big Data analytics, data-enabled prediction, and data-based modeling
• Scheduling: Marketing, warehouse management, transports
• Monitoring: Technology makes the real-time sharing of information possible.

According to Ghoreishi andHapponen [17], Industry 4.0 technologies are capable
of transferring tremendous amount of data. Such technologies connect real-time
data on product design (e.g., resource use to reduce the consumption) which helps
businesses in decision-making in the production process. In addition, monitoring
products through digital technologies help companies in predicting maintenance
and future requirements for maintenance services so that organizations can prevent
extra costs related to the maintenance and services will be done just at the time they
are needed. Moreover, digitalization connects data on supply and demand through
shared platforms and apps which transfer information between organizations and
customers [18].

4 IoT and Circular Fashion

Industry 4.0 paradigm plays a significant role in circulation in apparel industries due
to the mass data generation in all the activities within the ecosystem. Ingemarsdotter
et al. [19] define the opportunities that IoT can bring to support circular strategies as
shown in Table 3.

Different sensors, platforms, and applications of machine learning can connect
more efficient interaction among the actors of the ecosystem to accelerate circulation.

Table 3 Integration of IoT opportunities and CE strategies

CE strategies IoT application

Servitization business models Helps in enabling performance-based service
contracts by the monitoring system
performance
Enables more attractive service models

Maintenance business model Facilitates maintenance and adaptation through
precise data records on installed products and
parts
Enables predictive and condition-based
maintenance services

Reuse and/or remanufacturing business model Enables tracing and tracking used products and
materials
Enables more accurate estimation on products’
lifetime

Design for durability business model Reducing faults in product design through data
collection and analysis on material condition



Utilizing data to track and trace the product brings the opportunity to manage life
cycle of the product and to enhance predictive maintenance, re-use, and recycling
processes. Hence, the openness of data and sharing precise data and information
among different actors of circular textile ecosystem is essential to achieve circular
goals. Huge data on fiber composition and chemicals used for dyeing and manufac-
turing the yarn can be analyzed faster with the reduction in flaws of prototyping and
manufacturing processes. Thiswayhelps resource optimization and efficiency aswell
as accelerating the recycling of materials and other circulation processes. Moving
toward “smart factory” via implementing innovative technologies creates signifi-
cant sustainable benefits and higher efficiency worldwide [20]. Figure 3 illustrates
different implications of Industry 4.0 technologies in fashion industry.

Utilizing RFID tags that can hold all the relative information regarding the mate-
rials and chemicals in the products can help the circulation in the ecosystem. In
addition, implementing these tags will help in tracking product availability in shops
and analysis of customers’ behavior and demands. Hence, these tags can help trans-
ferring precise and real-time data without retailers involvement to the manufacturers
so that they canmake better decisions inmanufacturing products and provide services
for the end-users. Furthermore, since there is enormous data to be collected on life-
cycle assessment of the products, digital technologies can enhance transparency,
availability, and reliability of data [21]. However, the circulation of such data within
an ecosystem has been challenging due to the lack of data availability.

Fig. 3 Fashion principles and Industry 4.0 technologies (Source Bertola and Teunissen [21])



Traditional fashion business models were based on design, for which industry 4.0
technologies can create smart networks. In this regard, digital platforms are the funda-
mentals in circulation of textiles. Through these platforms which are programmed by
machine learning algorithms, consumers can rent, borrow and resell clothes which
enhances the re-use business model in circular economy of textiles. Moreover, AI-
based platform and IoT sensors can help in optimization and management of ware-
houses. Data on availability of the products in the storages and warehouses will
transfer to the managements and helps in predicting consumers’ need and there-
fore, prevents extra production. In a smart fashion system, which is built upon IoT,
Blockchain, andAI, products are produced based on the quantity ofmarkets’ demand.
Traceability of such products makes it possible to track the entire lifecycle and to
customize, optimize and upgrade products according to users’ demand.

The modern embedded technology age buzzword IoT is gaining an increase of
market value with 2020 $1.7 trillion reaches [22]. The IoT has gained focus of
smart manufacturing industries recently in the processes of high-speed monitoring
and controlling data transformation in industrial systems. Implementing IoT in such
systems accelerates interaction between devices and human-to-device interactivity in
amore trustable and fasterway.The IoT is described as an ecosystem inwhich devices
are connected to each other or to the Internet tomonitor the status of objects, gathering
data, and transferring useful information through applications via Internet networks.
Smart objects, Radio Frequency (RF) technologies as well as machine-to-machine
communication are the main building blocks of the IoT [23–25]. To enable interac-
tions and communications between physical objects and devices, the IoT needs some
essential components such as Radio Frequency Identification (RFID). RFID tags are
known as Auto-ID technology to help identify the objects, e.g., following high value
items in supply chains [26]. By use of RFID tags, objects can communicate even
in wireless situations to transfer information that helps in monitoring data on smart
objects. Implementing sensors in the smart objects in addition to RFID tags makes it
possible tomeasure data onquantity changes, temperature, and such types of informa-
tion [21]. As can be seen in Fig. 3, in the factory level IoT is used in production sphere
through fast prototyping and sampling through which the production quantity will be
more precise and closer to the market demand and prevents overproduction. The IoT
applications which are used in retail help in communication with customers and by
use of sensors they can analyze and track the lifecycle of products. Moreover, the IoT
can help in smart product design and development as well as smart packaging. For
example, customers can track their products easily via mobile application, where the
application utilizes sensors related augmented data, collected from the smart pack-
ages. However, to enable this function, (1) correct smart solutions in supply chains
management, Big Data, and assets fleet-level analysis [27] (2) warehousing decar-
bonization [28], (3) possibilities and challenges to implement digital solutions, and
4) artificial intelligence-based approaches as enablers for highest level circularity
solutions [29] are required to be considered in ecosystem. The integrated architec-
tural model in Fig. 3 presents the 6 design principle (Modularity, Interoperability,
Decentralization, Service orientation, Virtualization and Real-time capabilities) for
the implementation of Industry 4.0 technologies into the context of fashion industry



[30]. Combination of such applications will lead to a more circular system that is
more cost-efficient and have less footprints.

Furthermore, integration of IoT and CE accelerates logistics, supply chain
management, and asset management with sufficient knowledge of infrastructure and
product reusability, etc. For example, IoT can be used as sensors in devices that are
reusable, and the materials can be recycled. Products that are utilized by sensors
such as QR, can enable the process of recycling the components of products when
they face end-of-life [31]. In this case, reverse logistics will help the used products
to retain their value and return in the cycle of life. Since one of the key roles of CE
is to make durable and long-lasting materials, IoT can help in transforming precise
data on assets’ condition to improve the quality of products. Finally, IoT can speed
up data collection in product as a service CBMs which has a huge contribution in
CE and reduces negative environmental impacts.

5 Conclusions and Discussions

The emerging role of Industry 4.0 has recently revolutionized almost all business
and consumer life activities. In near future, smart connected clothes with digital
passports will support the precise data on materials, designs, lifecycles as well as
consumers’ demands and recycling methods. In product level, tracking the garments
and clothes helps companies in waste management, e.g., by identification and fabric
content recognition, digital technologies can boost the process of recycling andwaste
management, hence help the textile industries in their circularity processes. IoT
sensors together with AI-based platforms and Blockchain applications can help all
the actors of the textile industry ecosystem to transfer real-time data and knowledge
on the product’s lifecycle and circular solutions in each process. In addition, such
technologies can help in upcycling and recycling of the second-hand clothes through
digital platforms which can help products to retain their value and simultaneously
reduce the consumption of virgin materials. IoT and AI can help in fast prototyping,
prediction, and reducing the number of faults in apparel industry, therefore boost CE
by reducing the wastes from prototyping and improving and optimizing the energy
efficiency.

In this paper, we focused on the opportunities and advantages of integrating digital
technologies for textile industries, specially IoT. The study proved that there is lack
of literature and scientific studies conceptually and empirically on this specific area.
There is huge interest and opportunities for qualitative and quantitative studies in this
field to analyze how apparel businesses identify their circular ecosystem and how
digital solutions canhelp them to reach their circular and sustainable goals. Therefore,
further research in this field is highly recommended. Since the availability of the data
plays an important role in implementation of digital technologies, further research
on challenges and barriers that textile industries face in integration of Industry 4.0
and CE is suggested. Finally, policies and regulations are required to be followed



by all the actors of the ecosystem in order to reach sustainability goals in a secure
manner.
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