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Abstract

:

The fashion sector, recognized for its resource-intensive methods, is currently encountering pressing sustainability issues due to its substantial dependence on natural resources, extensive utilization of chemicals, and exploitation of labor within its supply chain, thus giving rise to notable environmental and ethical apprehensions. In the Industry 4.0 era, which emphasizes the integration of new production technologies to enhance working conditions, productivity, and production facility quality, the fashion sector has discovered opportunities to tackle sustainability challenges by adopting technology for transitioning to circular, greener, and digital systems with reduced environmental impact. Despite promising prospects, the opportunities provided by this paradigm are yet to be fully realized. In this context, design is crucial in enhancing digitally driven production processes for fashion companies within this framework. To explore this, the study suggests an iterative approach to recognizing challenges and opportunities, concentrating on the current alignment with technological advancements. A design-focused strategy aims to devise a comprehensive approach to fashion sustainability and circular economy (CE) principles within the Industry 4.0 framework. The aim is to establish an innovative laboratory model that aids fashion companies in effectively managing the sustainable and digital transition. The study offers insights into potential research opportunities to accelerate the Industry 4.0 transformation in the fashion sector. It envisages a more positive, sustainable, and responsible future by establishing a Circular Fashion-Tech Lab, integrating innovative technologies for sustainable and circular practices in the fashion industry.
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1. Introduction


The fashion industry is one of the most resource-intensive sectors due to increasingly rapid production and consumption cycles and the global network of intertwined and complex linear supply chains [1,2]. As a whole system, it is currently responsible for exploiting natural and finite resources for the overproduction of textiles and clothing, generating many different waste streams that end up in landfills, using chemicals in the production and manufacturing of fabrics, and exploiting workers in various steps of the supply chain [3,4]. In today’s adoption of the Industry 4.0 (I4.0) paradigm [5,6,7,8,9,10], fashion companies could exploit I4.0 technologies to overcome the challenges and reach sustainable development goals (SDGs) and a competitive edge. According to McKinsey [11], the COVID-19 pandemic consolidated the role that digital technology could play in the fashion industry, from embedding digital tools in their workflows and decision-making to accelerating e-commerce consumers’ fruition. Such technologies aim to impact global fashion companies’ operations and move the linear system towards a circular one [12,13]. However, purely tech-driven innovation approaches are claimed to be unable to guarantee a positive transition in the fashion industry due to a partial and techno-positivistic perspective that leads too linearly toward sustainability [14]. Conversely, a design-driven approach, applying a design-thinking methodology, can be strategic to envision innovation in products, services, systems, and processes that encompass environmental and social sustainability and account for patterns of change in cultural contexts and technological transformations. The design-driven approach could enable a green and digital transition for a long-term systemic transformation of the whole fashion system [14,15]. Such a twin transition, expressed by the European Green Deal Plan [16], the Green Deal Industrial Plan [17], and the European industrial strategy toward a digital transformation [18], aims to develop a transition toward a net-zero industry, coupling the identification of new business and economic models with clean, affordable technological solutions to lessen the impact of the European sector [19].



This paper considers the fashion industry primarily related to textile and clothing applications, focusing on the design, production, and distribution of textiles, fabrics, and fashion-related non-standard materials and garments. We aim to understand the status of I4.0 and I5.0 technological adoption, implementation, and integration into the Italian and European fashion companies through a comprehensive literature review to identify the different barriers that limit the paradigmatic transition of the industry. Initiatives that foster new sustainability paradigms enabled by technologies and design-driven approaches are scarce, limited, and dispersed. Previous studies that identify best practices in support models for fashion-tech start-ups recognize the importance of networks and ecosystems of public–private players [20]. Therefore, the research is focused on understanding which could be the supportive entities and modalities for ensuring that fashion companies overcome the barriers of purposeful application and integration of technologies toward a sustainable and responsible future.




2. Unlocking Preliminary Contextual Insights: An Overview of the Twin Transition


2.1. The Digital Transition: From Fashion 4.0 toward Fashion 5.0


The breadth and depth of technological applications in fashion are expanding [21]. All the actors along the supply chain are leaning toward technologies to overcome current industrial ecosystem challenges related to sustainability, product quality, regulatory compliance, and clients’ dynamic requirements in industries [22]. Through a variety of technologies like big data, artificial intelligence, cloud computing, collaborative robotics, additive manufacturing, virtual, augmented, and mixed-reality, intelligent sensors, the Internet of Things, and radio-frequency identification, I4.0 has embraced the power of digitization and information technology in defining a cyberindustry/intelligent industry [5].



However, several scholars have criticized the scope and values of I4.0 for its strict technocratic focus on maximizing efficiency and flexibility of mass production toward profitable development [23,24,25]. Therefore, Industry 5.0 (I5.0) emerged to complement the existing I4.0 paradigm, recognizing the importance of values such as environmental respect toward resilient and prosperous growth, societal goal achievement, and workers’ well-being improvement in industrial processes as augmented operators trained to work with digital technologies, tools, and machines [26,27].



Taking a critical position for the techno-economic use and application of digital technologies in I4.0, I5.0 promotes a systematic approach to technologies (e.g., human–machine interaction technologies, bio-inspired technologies and intelligent materials, digital twins and simulation of entire systems, data transmission, storage, and analysis toward interoperability, artificial intelligence, technologies for energy efficiency, renewables, storage, and autonomy) with the main goals of human-centricity, environmental sustainability, resilience, and operators’ well-being toward the positive future of European industry and society [28,29,30,31,32,33]. I4.0 is technology-driven, and I5.0 is value-driven; they are interconnected and interdependent, driving a social-techno revolution with digital technologies as enablers and societal needs as the ultimate goal [33].



Some scholars claim that I5.0 could achieve environmental sustainability goals thanks to sustainable thinking, circular intelligent products, value network integration, intelligent automation, and operational and resource efficiency [34]. In addition, the human-centricity objectives could be achieved by system integration and interoperability, data sharing and transparency, workers’ upskilling and reskilling, and employees’ technical assistance, servitization, and personalization [34].



Therefore, digital technologies empowered by values are crucial for increasing the sustainability of the entire fashion ecosystem [35]. A change in the paradigms of the sector, against resource exploitation and profit-driven industry, is requested and desired. Companies are called to become more resilient to supply chain disruptions and use the technological medium to become responsible, transform their unsustainable performances, and enable transparency as their stakeholders ask for circular solutions to move towards sustainability [36,37,38].




2.2. The Green Transition: Sustainability through Circularity


Amid the current shift towards sustainability, the circular economy (CE) is acknowledged as the primary framework for tackling the supply chain challenges under discussion [39]. In a circular context, the design role is pivotal for impacting unsustainable practices, as its decisions are responsible for 80% of a product’s impacts [40]. The design process shapes values, formulates strategies, and resolves challenges. The notion that design holds a critical technical position in orchestrating the fashion system circle(s) during the evolving sustainability transition is substantiated by the fact that most sustainability advantages stem from procedures and processes established during the design phase [41].



In such a scenario, it is essential to distinguish and assert the difference between the concepts of sustainability and circularity [42]. While these terms are often used interchangeably, a thorough analysis reveals that circularity is a transition mechanism to achieve the state of resource balance that constitutes sustainability. If sustainability is the goal—a state of homeostasis sought to thrive within the constraints imposed by the planet [43]—then circularity becomes a means to attain this objective. This concerns preserving environmental systems at optimal conditions and monitoring improvements rather than declines. It emphasizes the need for minimal human-induced stress on the environment to prevent any noticeable harm to both environmental and social systems, ensuring the safety of people and their communities [44,45]. Today, the circular approach is recognized and adopted as the primary solution to prevent such issues. This is about establishing a framework that shifts away from the idea of resources reaching the end of their life cycle by focusing on minimizing, reusing, recycling, and recovering them in various production, distribution, and consumption stages [46]. This approach applies to the individual (products, companies, and consumers), intermediate (eco-industrial parks), and large-scale (city, region, nation, and beyond) levels, aspiring to implement sustainability for the planet and also for the people. The objective is to simultaneously promote environmental well-being, economic prosperity, and social fairness, benefiting both present and future generations [47,48].




2.3. Actual Gaps in the Twin Transition


The expected paradigmatic change demands more systemic approaches to transforming the fashion, textile, and clothing industries. The current trend of circularity and sustainable development, as outlined by Sterling [49], calls for a change from homogeneous systems of “doing better things” to holistic systems of “doing things better” to establish a sustainable paradigm. The combination of numerous supporting and core technologies is required for this I4.0 shift.



Although I4.0 promises to offer great opportunities for business profitability and socio-environmental sustainability, the literature reveals that the rate of technology adoption still needs to grow [50]. Khanzode et al. [51] discussed a slowdown in the digitization of industrial processes and the implementation of digital technologies into traditional processes. As a result, the subsequent shift towards an I4.0 system is challenged [52].



Three major issues are emerging from the literature that limit the adoption, implementation, and integration of I4.0 and I5.0 inside the fashion ecosystem: the intrinsic resistance to change by proper fashion companies, the lack of technological implementation and readiness to specifically support the fashion industry, and the cultural resistance of fashion companies that are commonly handicraft-based and lack technological expertise. Fashion companies have traditionally been based on a linear system and tend to favor established practices and processes until the economic return is guaranteed rather than change their businesses and practices in a disruptive and radical way [53]. Besides, the current technological readiness level (TRL) of I4.0 technologies could be higher, considering their adoption and commercial scaling in fashion applications. In addition to this, I4.0 technologies lack customization and integration into existing fashion practices and processes [35]. Also, fashion companies’ digital literacy about technologies is very low, thus compromising the possibility of selecting the best technologies for their purpose of tech-green transformation.



Moving from the context above, this article aims to give a snapshot of the state-of-the-art opportunities of the technologies of I4.0/I5.0 in the fashion industry (clothing and textile sector) for sustainability and circularity purposes. It aims to investigate the (i) achieved level of technological adoption, (ii) barriers, and (iii) initiatives that support the diffusion, application, and implementation of the tech-green transition among fashion companies. Therefore, the supportive initiatives are investigated regarding (iv) research areas of interest, (v) their organizational framework, (vi) infrastructure and enabling technologies, and (vii) achieved sustainability impacts. The investigation results in extracting and codifying working guidelines for setting up a design-driven laboratory.



Therefore, Section 2 illustrates the methodology, which is composed of an initial literature review to understand the level of digital transformation of fashion companies toward sustainability and circularity through the application of I4.0 technologies, followed by case-study research focused on identifying research laboratories and centers engaged in fashion-tech, sustainability, and circularity-related R&D activities. An iterative method models the data to highlight exemplary case studies operating in the I4.0 paradigm toward circularity and sustainability. Section 3 illustrates the literature review results, exploring how academic/research institutions and industries are adopting digital technology, their digital transformation performances, and their digital dynamic capabilities. Section 4 presents the results of the case studies, highlighting the features for the development of a laboratory to support the twin transition of fashion companies in the textile and clothing sectors by mapping the current primary research focus and interests, the typologies of offered services, and the mode of support delivery. Section 5 discusses the investigation’s findings by presenting the Circular Fashion-Tech Lab model, where design is seen as an outlier for creating an ecosystem of support for the fashion industry to become more sustainable and close the micro-loops of circularity. Finally, Section 6 concludes the paper by describing the limitations of this work and how the presented project creates opportunities for further research.





3. Materials and Methods


The methodology employed in the research consisted of an initial phase of desk research based on a literature review, followed by a case study approach. This method was selected for its appropriateness in conducting detailed analyses of the existing knowledge related to the subject under investigation [54]. Considering that fashion-tech is a relatively nascent field [20], the case study methodology based on a cross-case design approach emerges as a valuable tool, offering practical insights that facilitate the interpretation of trends and phenomena within the discipline [54]. This approach enables the comparison of individual cases investigated through grey literature and second-hand sources within their broader context, considering a system of variables and characteristics that allow for a rigorous and solid interpretation, allowing authors to develop inductive theories [55]. The research was conducted from November 2023 to February 2024.



We initially explored the existing literature to establish the theoretical foundation for this research. This review encompassed various sources, including academic articles, papers, conference proceedings, book chapters, and industry reports, sourced from databases such as Scopus, Web of Science, and Google Scholar. To ensure comprehensive coverage of the topic, we examined material spanning from 2016 to 2023, a period of eight years. This timeframe was chosen to capture the evolution of concepts related to Industry 4.0, which gained prominence following Schwab’s work in 2016. According to the selected databases, this timeframe is also in line with the increasing publication trend on these topics. Nine keywords were identified and researched: state-of-the-art, fashion, textiles, digital, technol*, innovation, Industry 4.0, sustab*, and circ*. Starting from those nine keyword equations, the research was further filtered through the limitation to specific keywords that emerged from the query, and 143 documents were identified (see Table 1). The study applied to titles, abstracts, and keywords for Scopus and WOS and to “any type” for Google Scholar. Also, the search was limited to only open-access documents that had reached the final publication stage. The filtering process necessitated several stages to categorize the extensive and varied literature, spanning fashion design, business management, and engineering disciplines. Initially, titles and abstracts were scrutinized to eliminate publications unrelated to exploring digital innovations in the fashion industry. After removing duplicates, 38 publications remained. A comprehensive assessment followed, guided by three distinct inclusion criteria. Firstly, publications were required to be written in English or Italian. Secondly, studies were conducted to determine whether they employed qualitative or quantitative methodologies. Finally, publications were chosen based on their emphasis on cutting-edge analyses, frameworks, and guidelines.



The articles have been categorized based on three overarching dimensions that have defined the scope of this study. This categorization is undertaken to facilitate an understanding of the status of Industry 4.0 technological adoption, implementation, and integration within fashion companies. These dimensions encompass adopting digital technology, applying CE principles, and the digital transformation process. Digital adoption involves investigating how digital technologies can be a pivotal factor in gaining a competitive advantage for a company [56]. Industry 4.0 possesses the potential to revolutionize interactions with the market, employees, and customers, enabling the establishment of a digital advantage. This entails creatively merging digital information and physical resources to create value and generate revenue [37,57]. The CE aspect refers to elements that utilize digital technologies to advance and fulfill broader sustainability objectives, such as reducing the carbon footprint and overall impacts associated with energy generation and industrial production [58]. This area emphasizes incorporating circularity principles, ensuring a more responsible and resource-efficient approach across the entire lifecycle of products and processes to progress towards sustainability [7,59]. Digital transformation involves integrating digital operational technologies into the fashion transformation process, representing a natural progression to uphold and enhance the current market standing by enabling the incorporation of elements for building an Industry 4.0 ecosystem [6,60].



Furthermore, the second reading session considers only 29 publications on which we based the framework (see Table 1).



The case study research phase employed a cross-case study approach, examining various cases to discern similarities and differences and predict comparable outcomes [61]. We mapped laboratory and research entities whose activities focus on the intersection of fashion and technology for sustainability and circularity (see Appendix A). Therefore, the keywords we used for the research were Innovation, Digital*, and Tech* combined with at least one of the sectoral terms Fashion or Textiles and containing Sustainab* and Circularity. The desk-research process for the case studies encompassed academic research using databases such as Scopus, WOS, and Google Scholar; industry-based grey literature using research engines such as Google and Confindustria; and fashion-tech community platforms such as Euratex, Wearsustain, and Tcbl, which have already mapped research entities offering services in between fashion-tech, sustainability, and circularity. To complement the academic and industrial perspectives, we also performed research at the policy level of the EU platform, investigating government publications and thus providing a holistic perspective on the subject. This framework aligns with the qualitative case study approach adopted [61], enabling the investigation of the designed lab as an innovative and interconnected research space and infrastructure geared towards facilitating the digital transformation of the fashion industry. The criteria for selecting and skimming the preliminary collection of case studies were data availability and the level of maturity/progress of the entities.



For this study, we have identified 43 research centers demonstrating engagement with sustainable or technological knowledge in fashion situated across 15 countries all around the world (Figure 1, Appendix A). The heterogeneous typology of mapped initiatives from university research labs to competence centers allows for a comparison of similarities and differences that have been analyzed in terms of low-level codes (specific innovations and initiatives of each case) and higher-level codes (initiative nature, typology of conducted research, laboratory model, scale, partnerships, disciplinary fields) (for details, refer to Bocken et al. [41] and Appendix A).




4. Results of the Literature Review: Level of Adoption and Barriers of I4.0 from Fashion Companies toward Sustainability through Circularity


The systematic literature review aims to map the opportunities and benefits of a technological transition operated by fashion companies, understand the level of technological adoption, implementation, and integration by fashion companies, and identify the main barriers to embracing the digital transformation toward sustainability and circularity. We explored the current adoption, management, and readiness of I4.0’s state-of-the-art technology in fashion firms to understand their attitudes, taking the perspective upstream in the supply chain at the design stage. The review shows the fashion industry’s main digital and circular development issues and how to define and promote sustainable paradigmatic change from a design-driven perspective.



As discussed by Zahra et al. [56], most of the research on I4.0 technology adoption focused on codifying strategies that allowed fashion businesses to improve in the following ways:




	-

	
better reaction time or increased transparency [62],




	-

	
real-time market trend analytics for new product development [7],




	-

	
increased productivity [63],




	-

	
improved innovation capability [64,65],




	-

	
cost reduction [63,66],




	-

	
easy monitoring [67],




	-

	
faster product development process [68],




	-

	
increased access to global markets [69].









This perspective provides insights into the benefits achievable by fashion companies in boosting performance and remaining competitive in the global market by adopting I4.0 technologies. In 2021, companies spent almost 1.8% of their sales on tech-driven investments, and these numbers are expected to rise between 3 and 3.5 percent by 2030 [11]. Several studies discuss how the industry needs a newly digitized value chain model that integrates multiple internal processes and data sources, from the design stage to store and sale optimization [7,37,70,71,72,73]. According to a study by McKinsey [11], technology adoption could support fashion companies in addressing complex aspects of end-to-end processes, from a better understanding of consumer demand to allowing an integrated supply chain through digital technologies. This means establishing a process in which each phase, from the procurement of raw materials to production, quality control to packaging, retail to distribution, and eventual delivery, is data-interlinked, smart, and interconnected.



Despite this, the literature also highlights that the expected benefits have yet to be able to push fashion companies beyond the barriers that inhibit their digital transformation. Accordingly, we have revisited and reorganized the obstacles listed by Majumdar et al. [74] and Mosca and La Rosa [75] into five key variables (organizational, technological, business, cultural, and normative), grouping the initial set of 22 barriers based on their conceptual nuances and categorizing them according to the multifaceted system of different characteristics and performance objectives typical of I4.0 [76,77]. The organizational group encompasses fashion companies’ organizational culture and architectural management [78,79]. The technological and manufacturing-related variables group refers to topics that range from training a skilled workforce to nurturing environments where it is possible to build new infrastructure based on IT [80,81]. The business group involves project management, budgeting, cost analysis, resource allocation, and risk management concerning the new paradigm of I4.0 [79]. The cultural group is concerned about adopting Industry 4.0 technologies in fashion production as it requires training employees in digital skills. The predominantly older workforce is reluctant to change, rendering the training process comparable to initiating a new profession. The evident generational divide may lead to differing work paces in teams, with older artisans passing on their expertise to younger, technology-savvy colleagues [75]. The normative group refers to framing new rules regarding the possible roadmap for transitioning traditional business functions into smart ones aided by I4.0 technologies [82] (Table 2).



The traditional fashion industries are gradually incorporating technologies into their workflows, but cultural and economic barriers and a shortage of skilled workers are delaying the pace [60,83,84]. Furthermore, limited studies are currently focusing on fashion-tech for sustainability and circularity, with only a few existing labs dedicated to investigating technologies in the fashion sector that will provide workers with knowledge about sustainable technologies and support companies in the digital and green transition [37,60,70]. These laboratories and research entities are strategic tools for supporting fashion companies during the green and digital transition [85]. From a design perspective, both opportunities and barriers act as possible insights for the transformation of fashion companies systemically and systematically, offering specific perspectives on integrating emerging technologies into their supply and value chain. Di Lodovico et al. [20] discussed how fashion groups proactively embrace open innovation methods, incorporating contests, corporate incubation, acceleration programs, and educational collaborations. Entrepreneurial innovation is fostered through initiatives led by academia-linked and independent incubators and accelerators. The driving force behind this transformative process comes from fashion, technology, and fashion-tech start-ups, implementing inventive solutions across different business models like B2B, B2C, B2B2C, and C2C. In this context, design could have a strategic role in driving this transformation by positioning itself at the center of decision-making for companies to drive technological change with a positive and purposeful scope of addressing holistic sustainability dimensions and circularity.




5. Cross-Case Study Analysis Results: Drafting a Taxonomy of Initiatives for Fashion Companies’ Green and Digital Transition


The case study research aims to deconstruct the complex context of the fashion and technology research organization by understanding the current practices and modeling them according to a series of criteria (readiness, adoption, and implementation). This enables an understanding of how to create manageable steps that will help fashion companies in the textile and clothing sector achieve circularity and sustainability through technology. The analysis and coding of the case studies were conducted to understand the following aspects:




	
Research areas and topics of interest for research initiatives;



	
Research support toward sustainability and circularity;



	
Entangled disciplinary domains involved in building efficient and practical support for the fashion industries;



	
Nature of research initiatives and their management;



	
Offered services to aid, support, and accompany the fashion industries in the twin transition;



	
Configuration of physical structures, infrastructures, and technological assets.








5.1. Deepening the Research Areas and Topics of Interest for Research Initiatives


The compared initiatives exhibit a diverse composition in their vocation, encompassing fashion, clothing, and textiles, but have in common that they are actively working to enhance responsibility through technology support or adoption. Their efforts extend beyond the design phase, encompassing business management and technological aspects. The analysis of the cases allowed us to understand the main research areas of those research entities, therefore understanding the significant topics of interest for fashion companies. Based on the recurrence of these topics, we were able to categorize four main research areas (Figure 2):



	-

	
Design, prototyping, and non-standard fabrication processes. Digital and virtual fashion design strategies, from research to sampling processes, are implemented to encompass enhanced human–machine/computer interactions and new, advanced design creative processes for fashion operator 4.0. This involves understanding digital software and hardware compatibility, limitations, and opportunities to enhance traditional and innovative design and pattern-making workflows. Additionally, it explores the potential of reverse engineering from body scanning, investigates the possibilities of AI in collaborative research and co-design approaches, and applies generative digital tools to promote circularity in the fashion industry.




	-

	
Materials and fabrics’ sustainability and non-standard fabrication processes. The research shows a critical need for monitoring material-related information throughout the entire value chain. This necessitates the establishment of a shared methodology and language to facilitate the exchange of information regarding materials. Evaluating the limitations hindering the introduction of innovative technologies within the network of small and medium-sized enterprises (SMEs) is crucial. Understanding the constraints associated with adopting existing technologies for tracking activities and fostering transparency among SMEs is essential for creating synergies within the supply chain. For example, when analyzing the management of textile/leather waste, it is necessary to inventory the companies, categorize them, define KPIs, and identify bottlenecks and strategies in order to improve the sustainability and circularity of the sector.




	-

	
Supply chain management processes for circularity. Fostering models that facilitate decision-making in the design and performance measurement of circular supply chains involving the integration of traceability systems, smart technologies, and solutions to empower the management of (reverse) material and product flow both pre- and post-consumption. These models aim to enhance supply chain operations’ efficiency, transparency, and sustainability by leveraging advanced technologies for monitoring, tracking, and optimizing the flow of materials and products throughout their lifecycle.




	-

	
End-of-life (EoL) management solutions for textiles and garments. In this direction, industrial and urban textile waste collection systems are rethought in relation to the European directive and the national legislation: an estimate of the textile waste produced per person, strengths and weaknesses of the supply chain in the treatment processes of collected and processed textiles, and correct management of synthetic fabric and microfiber release in the production and recycling phases.







These four research tracks represent the focus of the operation of research centers/labs (Figure 3). They are found in perfect alignment with the CE framework, which defines how innovation can occur by designing and creating products to safeguard resources, maintaining materials in a closed loop at their highest value, reimagining the linear fashion supply chain, and considering the management of processed waste to transform it positively [2].




5.2. Understanding Research Support for Sustainability and Circularity


All the mapped entities address sustainability and circularity within their supportive activities. They actively embrace stakeholders’ evolving sustainability expectations, proactively addressing them through the strategic integration of circular practices. Their digital-driven approach fosters ideas that align with human preferences and technological feasibility, showcasing a dedicated commitment to sustainable innovation. Also, they play a crucial role in contributing to innovation and facilitating a sustainable transformation in the fashion industry by adopting different research and operational methods that enhance the fundamental pillars of sustainability [42]: environment, economy, society, and culture (Figure 4).



Figure 4 depicts these instances, focusing on enhancing environmental practices to reduce greenhouse emissions during operations [86]. They adopt sustainable materials and production methods, contributing to the eco-friendly transformation of the clothing industry and the development of innovative materials [75]. Additionally, they invest in the innovation of eco-labels, sustainability certifications, and materials to optimize the positive impacts on production, consumption, and circularity, thus promoting environmental preservation [87].



From an economic standpoint, these cases emphasize organizational circularity in decision-making processes and performance improvement [22]. They invest in digital solutions for circular supply chains, facilitating data and material flow exchange [13]. Initiatives promoting “sustainability as a business” are undertaken to enhance the fashion industry’s competitiveness through sustainable strategies [86].



Initiatives engaging with the social dimension prioritize certifications and adherence to social standards, addressing social concerns transparently through digital means [13]. Those focused on cultural aspects prioritize digitization for cultural heritage preservation [88]. Some cases operate at the convergence of these areas.



At the core of these pillars, there are instances of actively pursuing sustainable development goals through digital mediums. This involves building resilient infrastructure, promoting inclusive and sustainable industrialization, fostering innovation, ensuring sustainable consumption and production patterns, and taking immediate action against climate change and its repercussions [89].



At the intersection of environment and society, some initiatives invest in processes preserving ecologies and societies via sustainable technologies impacting manufacturing for both people and planet preservation [37]. In the overlap of environment and economy, practices related to recycling, upcycling, and closed-loop fashion supply chains address operational and managerial aspects, promoting sustainability [90]. Socio-cultural and economic considerations involve informing consumers about the social and environmental impacts of textiles/clothing, enabling conscientious purchasing decisions [91]. Lastly, the convergence of environmental and socio-economic aspects aims for systemic change and intelligent design, creating a new model that enhances environmental, economic, and social sustainability while promoting responsible design by adopting digital solutions [92].




5.3. Involving Entangled Disciplinary Domains


From the data analysis emerged a heterogeneous picture of knowledge and disciplinary fields involved in such initiatives, ranging from design, engineering, and science as the main three domains out of four of creative exploration that are coherent with the research area of interest as highlighted in the previous section (Figure 5). The role of each domain is to maximize the creative and innovative potential of research and development, where the arts and humanities focus on human behaviors and perceptions, science converts information into knowledge, engineering solves empirical problems, and design, like a collector and a central element, takes the solutions to maximize function and enhance the human experience [93] (Figure 5).



The integration of knowledge from these different disciplines is crucial in framing and navigating the complex problems of the fashion-tech paradigm. By combining insights from various fields, a more comprehensive and holistic understanding of the issues at hand can be achieved, which aligns with the sustainability understanding [94]. This interdisciplinary approach synthesizes diverse perspectives, methodologies, and expertise, contributing to more effective problem-solving and innovative solutions. It encourages collaboration and the breaking down of traditional silos, fostering a richer and more nuanced exploration of challenges and opportunities within the identified paths, from design and creation to EoL management [95]. Research initiatives address technological, sustainability, and circularity challenges from a multi-disciplinary perspective and have been applied toward various goals [96].




5.4. Understanding the Nature of Research Initiatives and Their Management


The data showed that these initiatives often operate in heterogeneous settings, navigating the divide between the academic and industrial and public and private spheres. Some mapped initiatives develop hybrid solutions that straddle these two dimensions by connecting actors and systems from both categories. This collaborative and integrative approach is essential for effectively addressing the complex and interconnected challenges associated with achieving sustainability and circularity in the diverse sectors of the fashion industry through technology adoption, integration, and implementation.



Regarding private entities, research labs (7%) can be identified as company units conducting research into a specific disciplinary domain toward developing new ideas, technologies, and solutions that can contribute to the company’s competitiveness and growth. The private research centers (20%) have a more complex organization and structure, aiming to explore broader research scopes. Structured as a networked infrastructure, they typically involve professionals and staff from multiple units or departments, bringing together experts with diverse disciplinary backgrounds. Other types of private entities are Fablabs (12%), which are small-scale workshops whose mission is to empower individuals by providing education, community, and workforce toward innovation, design-thinking, entrepreneurship, problem-solving, and change-making, together with open and equitable access to digital fabrication tools, equipment, and technology [97,98]. They are generally open to collaboration with companies and the public to facilitate the diffusion, dissemination, and adoption of technologies within the industry.



In the public domain, the public research labs (2%) are units like the private ones that receive financial support from public sources, such as government grants or subsidies, driven by the overarching mission to contribute to the public interest. While they may adopt business-oriented models for efficiency and effectiveness, their primary goal is to generate knowledge, promote innovation, and address societal challenges to benefit the broader community. Universities are involved as labs (14%), which are single initiatives operating within the academic structures for research conducted for educational, scientific, or experimental purposes, and centers (26%) that are formally structured in between different units/departments within the same university, very rarely involving different universities. Their establishment is driven by the objective of advancing interdisciplinary knowledge through collaborative research, training, communication, and dissemination.



At the intersection of the public and private sectors, we find research labs (5%) stemming from the collaboration between these two dimensions. They typically involve partnerships or joint initiatives between public institutions, such as government agencies or research organizations, and private sector entities, including businesses or industry players. The purpose of such collaboration is often to leverage the strengths and resources of both sectors to address shared challenges, foster innovation, and promote the mutual exchange of knowledge and expertise. Competence centers (2%) are entities aiming at knowledge organization and transfer, and they vary depending on the focus area, scope, domain, and socio-economic framework. Typically, their mission is training, knowledge transfer, interdisciplinarity, standardization, and collaboration among different institutions or departments. Competence centers serve as hubs for specialized expertise and skills to support fashion companies in transitioning toward a digital and green future [99]. Finally, incubators/accelerators (12%) are programs specifically designed to help startups refine their business plans and navigate challenges from the idea stage through the growth stage. These programs typically cater to multiple early-stage startups representing diverse disciplines. Incubators play a crucial role in regional economic development and are often funded through public sources and private grants. In comparison, accelerators operate in shorter and more intensive timeframes.



Despite the fact that 13% of the investigated entities operate primarily within their internal boundaries, indicating an internally focused approach, a significant majority work by setting up partnerships, nurturing external collaborations, and emphasizing a more open and collaborative orientation. These data highlight the importance of external partnerships for most initiatives, potentially involving cooperation with: (i) HEIs (21%) to permit organizations to enhance the quality and relevance of their operations, cultivate and fortify their networks of collaborators, nurture their ability to collaborate and internationalize through the sharing of ideas, and develop new practices and methodologies related to fashion-tech, digitalization, and ecosystem innovation; (ii) companies (27%) to improve and develop assets that will lead to a long-term competitive advantage on the market by providing the field expertise and market requirements; and (iii) other initiatives (NGOs, stakeholders, tech providers, or players outside their structure) to foster a comprehensive approach to growth and advancement, where the pursuit of new knowledge is coupled with efforts to enhance or create assets, contributing to the overall progress and development of fashion and technologies (hardware and software). Also, the nature of these partnerships can vary based on each initiative’s specific goals and objectives (Figure 6).




5.5. Mapping Offered Services for the Green and Digital Transition of Fashion Companies


When engaging in research-driven practices, the initiatives focus on two methods: basic research (5%) and applied research (21%). Basic research is conducted with the primary purpose of advancing theoretical knowledge. This type of research is traditionally fundamental to university missions and often aligns with their commitment to the pursuit of knowledge and academic excellence.



Applied research is an original investigation conducted to acquire new knowledge but directed toward a specific practical aim or objective. Unlike basic research, which seeks to expand theoretical understanding without an immediate practical goal, applied research focuses on addressing particular issues or solving practical problems related to technology implementation and innovative circular solutions in the fashion industry. Applied research outcomes are intended to have direct applications in technology development, policy formulation, and problem-solving in real fashion industry contexts [100].



Additionally, consultancy activities (20%) support diverse players in achieving complex yet attainable circular goals within the fashion industry. Organizations can make rapid strides toward establishing a more sustainable and environmentally friendly fashion sector by supporting them in scaling innovative green solutions, envisioning new design approaches, and leveraging digital mediums to enhance industry performances. The collaboration and efforts of these various stakeholders are instrumental in driving positive change and promoting a CE in the fashion industry.



Dissemination (14%) and communication (16%) activities are crucial in fostering innovation in the fashion ecosystem and engaging stakeholders. Dissemination aims to make the results available to the scientific community, policymakers, and industry using scientific language that prioritizes accuracy. This is focused on sharing information with specific audiences that can benefit from the research findings. On the other hand, communication activities are geared towards increasing the public visibility of the project and its results. This involves using accessible language to make the information understandable to a broader audience beyond the scientific community, policymakers, and industry stakeholders. Some mapped entities offer educational and training activities (15%) with the scope of transmitting knowledge and skills, encompassing the intellectual and practical aspects of fashion-tech, and developing sustainable and circular innovations for the fashion industry. This kind of service benefits the internal community of researchers and students of all levels since it is one of the main goals of academia. Still, it could also be delivered to professionals who need to update their CVs and upskill for the current tech-green challenges.



Incubation or acceleration services are offered to help ideas grow from an early stage to a company that can stand independently. Their operations include offering office space, performing administrative functions, providing education and mentorship, offering access to investors and capital, and fostering idea generation.



Finally, the technology demonstration (5%) activities involve prototyping preliminary versions or rough examples of the conceivable product or system. Demonstrations are used to showcase the potential applications, feasibility, performance, and methods of advanced technological ideas. Demonstrations are valuable for testing and developing solutions based on proof-of-concept. They are conceived as small exercises to understand the potential of an incomplete idea, prototypes, and the visible, tangible, and functional manifestation of the concept, showing how to develop it through working models toward pilots. Demonstrations are mainly adopted for validated learnings that engage companies, investors, partners, or potential customers and serve as a tool to convince stakeholders of the merit and feasibility of the idea. They can also be tested on ordinary users to gather feedback and insights for further refinement.




5.6. Investigating the Configuration of Physical Structures, Infrastructures, and Technological Assets


The infrastructures of the analyzed entities encompass the physical and technological components constituting laboratory spaces, devices, and facilities crucial for scientific research, experimentation, and analysis. We found that the existing infrastructures that can support work dynamics are common but can have different configurations. The data showed that most mapped initiatives have a unified and located model (36%). This means the lab or center facility is physically located in a specific place and operates as a single-unit organization. This implies that the facility is a dedicated space with its infrastructure, resources, and staff in a particular location.



Another typology is the distributed and networked structural setting (6%), a dynamic and collaborative system where not a single unit within a single organization operates independently. Instead, depending on the case and need, different partners within the same network have the flexibility to utilize various facilities belonging to the partnership. This suggests a networked approach where resources, expertise, and facilities are shared among partners based on specific requirements and circumstances. Such a dynamic system encourages efficient collaboration, resource optimization, and a more adaptable response to diverse needs within the network. It reflects a model of interconnected and collaborative operations that leverages the strengths of multiple partners for mutual benefit.



The study also identified a minority of cases using a meta-laboratory (3%), which refers to an overarching laboratory that coordinates, facilitates, or oversees the activities of multiple individual laboratories or research entities. The emphasis is on collaboration and interdisciplinary efforts, where experts from various fields come together to work on shared goals or projects. The meta-laboratory concept promotes synergy, resource sharing, and a more comprehensive approach to research by uniting the strengths and expertise of different research units or laboratories. It also refers to a pop-up approach to lab structures that are highly adaptable and can be easily transported from one location to another. These structures are designed to be flexible in terms of their configuration and use, allowing them to be set up or taken down quickly and moved to different locations as needed.



Finally, flexible and portable structures (1%) are particularly beneficial when mobility and rapid deployment are essential, such as for temporary research projects, field studies, or events.



In terms of technological assets, most of the initiatives propose technologies that refer to digital design, 3D modeling and rendering, and digital prototyping, complementing the traditional paper-based and hand-sketching processes with virtual simulation of both aesthetics and functionalities, thus enabling a digital transition of creative processes toward a reduction in sampling. 3D body scanning is used to capture natural bodies, including anthropometric measurements, for the definition of parametric digital clothing design toward more personalized and on-demand design and manufacturing processes. Augmented and virtual reality support visualizing garments for simulation, consumption, and experience purposes. Digital fabrication technologies based on 3D and 4D printing, digital cutting, and embroidery are proposed to create highly complex novel products and re-engineer prototyping and manufacturing processes toward lean, on-demand, and resource-efficient ones.



All these technologies are rarely applied in a systematic and interoperable way by fashion companies. When supported by research, they tend to push the boundaries of actual applications more systematically toward socio-environmental goals. An example is the application of these technologies to design and implement digital garments as digital twins and develop their subsequent re-materialization through digital fabrication. Through the analysis, evaluation, testing, and validation of new design, prototyping, and manufacturing processes aided by digital technologies, the research allows the identification of problems and opportunities that are codified in supportive tools, both as customized software and hardware ones, to support fashion companies at product, process, service, and system levels.



On the side of materials and textiles, research entities are focusing on innovating manufacturing processes thanks to nano- and bio-technologies, thus directing the textile industry toward more responsible and sustainable selection, use, and production of fibers, yarns, and textiles used in the fashion and clothing industry. These technologies aim to transform the textile manufacturing phases, impacting the coloration and dyeing, weaving, and finishing processes toward reducing resource depletion and using more bio-based materials to limit the amount of used and wasted resources. In addition, much research supports the definition and testing of textile recycling processes and the upcycling of textile resources within the scope of a CE.



More research is focused on extensive data management and transparency through technologies enabling the digital product passport, such as RFID tags, blockchain, and non-fungible tokens, enabling tracking of products, processes, and systems, and aiding data-informed decisions during the design and manufacturing stages. Further research on artificial intelligence focuses on supporting creative processes in the research and design phases to understand, analyze, and define new patterns and correlations through extensive source data sets on fashion artifacts. Testing and analyzing the interaction of humans and AI collaborating through the co-generation of new data, information, and knowledge offers new impulses in the fashion industry’s research, design, and decision-making processes. Fewer but essential for sustainability scopes are the research entities focusing on e-textiles that are working on the sustainable integration of the electronic components on garments, thus impacting product, process, and system design in fashion companies.



Finally, a small but interesting group of research entities is equipped with technologies that can systematically simulate the supply chain configuration, allow tracking data inside the system, and envision, test, and validate reverse logistics. Those digital tools based on software and data collection management support fashion companies in entering CE models, calculating the impact of different choices, and structuring how all the stakeholders can collaborate toward more lean and integrated operations (Figure 7).





6. Discussion


This paper outlines a framework related to the barriers and opportunities of technologies of I4.0 and the values of I5.0 for a positive transition of the fashion industry toward more sustainable approaches and solutions and more valuable activities to reach the circular economic principles through a design-driven perspective and business innovation aided by technologies. In addition to this, it provides a comprehensive overview of the current state of various initiatives, entities, and organizations dedicated to boosting, enhancing, supporting, and enabling fashion-tech innovation within the complex fashion ecosystem to instill circularity for a sustainable industry transformation. The paper explains the correspondence between the barriers-related framework and the multiple services offered by research entities and initiatives to overcome mainly the technological, organizational, and socio-cultural variables that limit the transformation. Through communication, dissemination, and education services, the research entities try to withdraw the dominant culture of the industry, showing resistance to change due to low socio-cultural readiness and poor digital and technological literacy and skills. In addition, applicable research and consultancies are essential at a managerial and technological level to provide examples, information, and knowledge on technological choices, better control business risks, and understand the necessity of interoperability and customization of technologies specific to the sector.



The key findings from the examined case studies provide a profitable understanding and vision of specific topics of interest and research areas emerging as important or missing from the actual research initiatives. In particular, the identified four research areas cover the supply and value chain of textile and clothing fashion sectors, encompassing:




	-

	
The upstream processes developed through cutting-edge digital and virtual fashion design techniques are integrated across the entire research and sampling workflow. This facilitates a deeper understanding of improved interactions between humans and machines/computers, fosters innovative design processes, and addresses environmental considerations, ultimately progressing toward the era of fashion operator 4.0. Also, it is crucial to continuously monitor material-related data across the entire value chain to develop a unified methodology and language to streamline the exchange of material information among stakeholders to adopt or recover resources at the design stage.




	-

	
The downstream processes include developing strategies formulated to enhance the sustainability and circularity of the sector, aiming to optimize waste management practices, and promoting environmentally conscious approaches within the industry.




	-

	
Along the supply chain, promoting models that support decision-making in designing and assessing circular supply chains involves integrating traceability systems, intelligent technologies, and solutions. This empowerment aids in managing the (reverse) flow of materials and products before and after consumption, enhancing overall efficiency and sustainability.









This study allows us to define the current typical and best features of research initiatives supporting the fashion sector’s adoption, integration, and implementation of technologies toward positive and responsible innovations. Starting from these insights helps in formulating the features of a trailblazing laboratory model, the Circular Fashion-Tech Lab, encompassing winning examples and best practices by enhancing the following features:




	
Experimentation and collaboration: the importance of the laboratory approach should be emphasized because its role is crucial in supporting experimentation and promoting openness within the fashion industry, thus innovation;



	
Resilience and transformability: future research entities should become flexible and able to change if adverse conditions appear. Current research entities still underexplore this configuration, showing mostly traditional, static, and unified models;



	
Modularity and redundancy: technological equipment and knowledge should be supported by agile and equitable management of actual and prospective organizations and reprogrammable partnerships taking part in the laboratory;



	
Interdisciplinarity and anti-disciplinarity: strategic exchanges among different domains foster intersections and convergences among diverse sources of innovation and creativity. Design could facilitate this as a mediator between the arts and humanity, technology, and science;



	
Humanizing technology through design: a boost of art and humanities inside the discussion of the fashion-tech transformation of the fashion industry is required to include some deeper reflection on the impact of technologies on users, processes, and sustainability through the inclusion of psychology, ethics, and philosophy;



	
Sustaining innovation through company engagement: collaborations with companies are identified as critical. The real integration of research into fashion companies is viewed as a catalyst for positive partnerships, leading to the generation of new knowledge and the cultivation of novel forms of competitive advantages;



	
On life education: the pivotal role of an educational perspective within this system is to fight and break down socio-cultural barriers by shaping the skills and talents necessary outside (for current students of the HEIs) and inside fashion companies (for the current professional and unskilled workforce) for their transition.








These features, combined together, help set a series of guidelines for designing a Circular Fashion-Tech Lab dedicated to basic and applied research grounded on scientific methodologies and education and dissemination activities, aiming to catalyze transformative change in the fashion industry toward sustainability and circularity. The focus will be on using the identified research paths and features for prototyping new processes within the fashion supply and value chain, mainly aimed at achieving circularity and sustainability through the adoption of I4.0 technologies. Testing and building radical ideas will position the lab as a space for testing and building concepts that have the potential to revolutionize current practices, with a specific focus on addressing unsustainable practices, fostering circular contexts and ecosystems, and involving fashion, fashion-tech, and tech companies in collaborative initiatives to create a new era of intelligent, circular, and environmentally sustainable factories. This seeks to achieve its objectives through collective endeavors that harness technological advancements—setting industrial ecosystems based on fashion-tech solutions, envisioning solutions designed to address circularity challenges by fostering horizontal discourse, bringing diverse perspectives into problem framing, and encouraging collaborative innovation to address the complexity inherent in sustainable practices effectively.




7. Conclusions, Limitations, and Future Research Directions


This study adopts an iterative approach to identify barriers and opportunities and codify exemplary cases from academia and industry that depict a context where it is necessary to align with the technological paradigm through a design-driven and holistic approach to fashion sustainability and CE principles. This process is centered on modeling research paths and characteristics already operational within the framework of I4.0 in the fashion industry toward defining a new laboratory model that aids fashion companies in the twin transition.



We would like to draw attention to a few limitations of this study that may reduce the generalizability of the results. In particular, by conducting a systematic review of the grey literature for the case studies, we recognize that sources could have moderate credibility due to a tendency to report positive information and implications [101]. In addition, it needs to be more attainable to quantitatively and qualitatively derive conclusions about the success factors and challenges experienced by the supportive initiatives selected as case studies. Thus, to mitigate the potentially biased image of the case studies emerging from the grey literature, the results have been discussed by reflecting critically on the more simplistic ones. In addition, data about the practical achievements of supporting initiatives leading the tech-green transition of the fashion industries should be retrieved using different investigation methodologies, such as surveys and interviews with both stakeholders.



Recognizing the data’s limited scope, this work does not aim to suggest new theories but rather contributes to the existing ones by interpreting and codifying the available data. We recognize that the selected cases should represent the primary types within each typology rather than being exhaustive. Even if the case studies span an international dimension, we acknowledge that they are context-dependent, referring to specific geo-cultural backgrounds and periods connected to specific technological trends. Therefore, the inclusion of these real-world examples was carefully examined, and their functionality was extrapolated to effectively represent the current research directions and central aspects of research initiatives supporting the evolution of fashion industries related to textiles and clothing. The limitation of time–culture dependency in the selected examples translates into the crucial imperative of creating supporting initiatives that are resilient and flexible to guide a future-proof transformation of fashion companies. It is necessary to establish initiatives that can change and transform themselves, interpreting the Zeitgeist related to the sector along with the pragmatic needs of fashion companies and strategically guiding the transformation through visionary research topics.



The article’s comprehensive overview encourages interdisciplinary discussion and studies among fashion researchers, professionals, and companies. Drawing from the findings, we provide prospective research pathways to accelerate the transition of fashion companies toward sustainability and innovation, which might capture the interest of practitioners and scholars alike. Further research direction and critical reflections, driving the creation of a Circular Fashion-Tech Lab, could focus on the following aspects:




	-

	
Envision resilient futures for the company’s fashion-tech evolution through scenario development by designing possible overarching strategies for different potential futures that integrate the complexity of the fashion ecosystem and current times through methods, tools, and tactics of sensemaking and anticipation.




	-

	
Consider the holistic approach of sustainability, encompassing the economic, environmental, social, and cultural dimensions and how they interrelate and condition each other. The research could shift the focus from ecological to cultural and social sustainability, which seems the least investigated of the current research initiatives but requires further attention, especially in how technologies impact human activities, processes, and practices, thus influencing the cultural heritage of the sector.




	-

	
Criticize the tech-driven approach by applying a design-driven approach that focuses on positive and responsible innovation, where choices and practices influence the entire fashion value and supply chain along their different phases, from prototypes and production processes to sales and communication strategies, product use, and the end of their life cycle. Thus, design becomes a powerful guiding tool and a strategic asset toward meaningful perspectives that can orient innovation trajectories.




	-

	
Examine the role of digital technologies as key enablers through demonstrations within the lab that are useful to understand how digital technologies contribute to the holistic transformation of the fashion industry at the level of products, processes, and systems, considering insights and lessons learned from earlier research and cases.




	-

	
Understand deeply the obstacles and challenges associated with adopting, integrating, and implementing technology into fashion processes while the sector navigates the absence of a rooted digital culture. This should imply exploring the motivations of organizations that have yet to embrace or integrate digital practices and mindsets into their daily operations and finding a scalable and feasible solution to actuate change.




	-

	
Release design-driven open innovation aided by technologies toward diverse actors, including academia, industry, governments, and individuals. Emphasize open innovation’s dynamic and multi-disciplinary aspects as a process that transcends closed and static behaviors, fostering knowledge and practices of co-creation and collaboration across different spheres and disciplines.




	-

	
Engage fashion companies into and out of laboratory settings, trying to understand the winning collaborative patterns with industrial partners to accelerate the diffusion and scale-up of research processes into feasible solutions that speed the transformation toward a more digital, sustainable, and human-centric fashion ecosystem.









These research paths can provide valuable and resilient insights into the complex dynamics of open innovation sustainably and circularly in the supply chain, offering a nuanced understanding of the actors involved, obstacles faced, the role of digital technologies, and the impact of collaborative innovation models. By actively incorporating these considerations, future research and industry ecosystems can become powerful catalysts for positive change, aligning with EU policies, promoting sustainable practices, and fostering innovation in the fashion sector.
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Appendix A




	
Name

	
Research Area

	
Research Lab_ Fashion Oriented

	
Research Lab_ General

	
Year (Fundation)

	
Country

	
Contact

	
Typology of Mapped Initiatives(University Research Lab/Center, Private Research Lab/Center, Public/Private Research Lab/Center, Fablab, Incubator/Accelerator,

Competence Center)




	
Design, Prototyping, and Non-Standard Fabrication Processes

	
Materials and Fabrics’ Sustainability and Non-Standard Fabrication Processes

	
Supply Chain Management Processes for Circularity

	
End-of-Life (EoL) Management Solutions of Textiles and Garments




	
Fashion Tech Farm

	
✓

	
✓

	

	

	
✓

	

	
2019

	
The Netherland

	
https://fashiontechfarm.com/

	
incubator/accelerator




	
Sustainability Lab

	
✓

	
✓

	
✓

	

	
✓

	

	
2016

	
Italy

	
https://www.sdabocconi.it/it/faculty-ricerche/ricerca/new-value-knowledge-platform/sustainability-lab/osservatori/monitor-for-circular-fashion

	
university research center




	
Fashion Research and Technology (FR&T) group

	
✓

	
✓

	

	

	
✓

	

	
2020

	
The Netherland

	
https://www.amsterdamuas.com/kc-fdmci/shared-content/research-groups/fashion-research--technology/fashion-research-technology.html

	
university research lab




	
ZOZONext

	
✓

	
✓

	

	

	
✓

	

	
2021

	
Japan

	
https://zozonext.com/

	
private research lab




	
Fashion Technology Accelerator

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
2012

	
Italy

	
https://www.ftaccelerator.it/

	
incubator/accelerator




	
Startupbootcamp FashionTech

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
2010

	
The Netherland

	
https://www.sbcfashiontech.com/

	
incubator/accelerator




	
The Lifestyle Tech Competence Center

	
✓

	
✓

	

	

	
✓

	
✓

	

	
Switzerland

	
https://lifestyletechcompetencecenter.com/about/

	
incubator/accelerator




	
Textile Futures Research Community

	
✓

	
✓

	

	
✓

	
✓

	

	
2012

	
UK

	
https://www.arts.ac.uk/colleges/central-saint-martins/research-at-csm/textile-futures-research-community

	
university research lab




	
The Manchester Fashion Institute Innovation Lab

	
✓

	
✓

	

	

	
✓

	

	
unknown

	
UK

	
https://fashioninstitute.mmu.ac.uk/research-and-knowledge-exchange/fashion-technology/

	
university research lab




	
Robotics Living Lab (RoLL)

	
✓

	
✓

	

	

	
✓

	

	
2023

	
UK

	
https://www.mmu.ac.uk/news-and-events/news/story/?id=16033

	
university research lab




	
FFRI Fondazione Fashion Research Italy

	

	
✓

	

	

	
✓

	

	
2015

	
Italy

	
https://www.ffri.it/

	
private research lab




	
The Centre for Sustainable Design

	
✓

	
✓

	

	

	
✓

	
✓

	
1995

	
UK

	
https://cfsd.org.uk/

	
university research center




	
Apparel Technology Research Center

	
✓

	
✓

	
✓

	

	
✓

	

	

	
US

	
https://www.cpp.edu/agri/apparel-technology-research-center/index.shtml

	
university research lab




	
AM4U

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
1996

	
US

	
https://am4u.com/

	
private research center




	
Tech Noir Lab

	
✓

	
✓

	

	

	
✓

	

	
2016

	
UK

	
https://technoirlab.com/new-page

	
private research center




	
Circular fashion Lab (R)

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
2019

	
The Netherland

	
https://www.wur.nl/en/research-results/projects-and-programmes/circular-fashion-lab.htm

	
university research center




	
Tufts Silk Lab

	

	
✓

	

	

	
✓

	
✓

	

	
US

	
https://silklab.engineering.tufts.edu/

	
university research center




	
Centexbel

	

	
✓

	
✓

	
✓

	
✓

	

	
1950

	
Belgium

	
https://www.centexbel.be/en

	
competence center




	
Materials Lab(Sustainable Fashion Innovation)

	

	
✓

	

	

	
✓

	

	

	
Italy

	
https://sustainablefashioninnovation.org/portfolio/materials-lab/

	
private research center




	
Enzime—Gruppo Florence

	
✓

	
✓

	
✓

	

	
✓

	

	
2020

	
Italy

	
https://www.gruppoflorence.it/

	
private research center




	
Circular Design Lab (Centre for Circular Design)

	
✓

	

	
✓

	

	
✓

	

	
2017

	
UK

	
https://www.circulardesign.org.uk/circular-design-lab/

	
university research lab




	
FIT DTech

	
✓

	

	

	

	
✓

	

	

	
US

	
https://dtech.fitnyc.edu/webflow/index.html

	
university research center




	
Soko Tech

	
✓

	
✓

	

	

	
✓

	
✓

	

	
Spain

	
https://www.soko.tech/labs/

	
private research center




	
HKRITA

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
2006

	
Hong Kong

	
https://www.hkrita.com/

	
university research center




	
Ellen McArthur Foundation

	
✓

	
✓

	
✓

	

	
✓

	
✓

	

	
Uk

	
https://www.ellenmacarthurfoundation.org/

	
private research center




	
Waag FutureLab—TextileLab

	
✓

	
✓

	
✓

	

	
✓

	

	
1994

	
Amsterdam, The Netherland

	
https://waag.org/en/project/textilelab-amsterdam/

	
fablab




	
MIL: a laboratory for more sustainable materials

	
✓

	
✓

	

	

	
✓

	

	
2013

	
Milan, Italy

	
https://www.kering.com/it/news/mil-a-laboratory-for-more-sustainable-materials/

	
private research lab




	
UKRI INTERDISCIPLINARY Textile Circularity Center (TCC)

	
✓

	
✓

	
✓

	
✓

	
✓

	

	

	
UK

	
https://textilescircularity.rca.ac.uk/

	
university research center




	
Transition Lab

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
2021

	
European (Spain, Italy, Sweden, The Netherland)

	
https://transitionsproject.eu/

	
university research center




	
Fashionforfuture

	
23

	
✓

	
✓

	

	
✓

	

	
2023

	
Italy

	
https://www.fashionforfuture.it/en/

	
private research center




	
Green Fabric

	
✓

	
✓

	
✓

	

	
✓

	

	
2019

	
Belgium

	
https://greenfabric.be/

	
fablab




	
Lottozero

	
✓

	
✓

	
✓

	

	
✓

	

	
2012

	
Italy

	
https://www.lottozero.org/laboratory

	
private research center




	
Textile Prototyping Lab

	
✓

	
✓

	
✓

	

	
✓

	

	
2017

	
Germany

	
https://www.textileprototypinglab.com/

	
public research center




	
Le Textile Lab

	
✓

	
✓

	
✓

	

	
✓

	

	

	
France

	
https://letextilelab.com/exploration/projets/

	
fablab




	
Fab Textiles

	
✓

	
✓

	

	

	
✓

	

	
2013

	
Spain

	
https://fabtextiles.org/

	
fablab




	
QUT ARM Hub workshop Centre for a Waste-free World

	

	

	
✓

	
✓

	
✓

	

	
2022

	
Australia

	
https://armhub.com.au/addressing-textile-supply-chain-through-technological-innovation/

https://research.qut.edu.au/textiler/research/robotics-to-help-sort-and-disassemble-clothing/

	
university research center




	
Fashionhub

	
✓

	
✓

	
✓

	

	
✓

	

	
no data

	
Brazil

	
https://fashionhub.com.br/

	
incubator/accelerator




	
AiDlab—Laboratory for Artificial Intelligence in Design

	
✓

	

	

	
✓

	
✓

	

	
2021

	
Hong Kong

	
https://www.aidlab.hk/en/

	
university research center




	
The Icelandic Textile Center, TextileLab

	
✓

	
✓

	

	

	
✓

	

	
2021

	
Iceland

	
https://www.textilmidstod.is/is

	
fablab




	
(FIA) Fashion Innovation Agency

	
✓

	

	
✓

	
✓

	
✓

	

	
2013

	
UK

	
https://www.fialondon.com/about-the-fashion-innovation-agency/

	
private research center




	
SELF ASSEMBLY LAB

	
✓

	
✓

	

	

	

	
✓

	
2019

	
USA

	
https://selfassemblylab.mit.edu/

	
university research center




	
Next Technology Tecnotessile

	
✓

	
✓

	

	
✓

	
✓

	

	

	
Italy

	
https://www.tecnotex.it/

	
Public/private reserach lab




	
Centrocot

	
✓

	
✓

	

	
✓

	
✓

	

	

	
Italy

	
https://www.centrocot.it/

	
Public/private reserach lab
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Figure 1. Map of the investigated initiatives. 
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Figure 2. Research areas and topics of interest for research initiatives. 
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Figure 3. Systematization of the research areas and topics of interest for research initiatives. 
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Figure 4. Sustainability areas and topics of interest for research initiatives. 
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Figure 5. Disciplines involved in the investigated initiatives. 
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Figure 6. Partnership and involved actors. 
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Figure 7. Technologies employed by research initiatives. 
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Table 1. Literature review process and final list of selected publications.
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Included Documents (typology)

	
Scientific Articles

Papers

Conference Proceedings

Book Chapters

Industry Reports




	
Time Horizon

	
2016–2023




	
Keywords (1st query)

	
state-of-the-art AND fashion AND textiles AND digital AND technol* AND innovation AND Industry 4.0 AND sustab* AND circ*




	
Search Applied to Titles, Abstracts, and Keywords

	
Scopus → 26 references

WOS → 17 references

Google Scholar → 100 references




	
Screening of Titles and Abstracts

	
38 references, excluding publications unrelated to the study




	
Full-Text Analysis and Final Selection

	
29 references were selected based on language, methodology, and outcomes




	

	
Title
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Year
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Circular

Economy

	
Digital

Transformation




	

	
4.0 Technology Within Fashion and Luxury Production
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article
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Scholar

	
2019
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Boosting Emerging Technology Adoption in SMEs: A Case Study of the Fashion Industry.

	
Scientific article

	
Scopus

	
2021
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Challenges and Driving Forces for Industry 4.0 Implementation

	
Scientific article

	
Scopus

	
2020
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Design principles for Industries 4.0 scenarios.

	
Scientific article

	
Google Scholar

	
2017
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Digital technology adoption, digital dynamic capability, and digital transformation performance of textile industry: The moderating role of digital innovation orientation.

	
Scientific article

	
Scopus
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Exploring the nature of digital transformation in the fashion industry: opportunities for supply chains, business models, and sustainability-oriented innovations.

	
Scientific article

	
Scopus

	
2022
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Fashion Industry: Exploring the Stages of Digitalization, Innovative Potential and Prospects of Transformation into an Environmentally Sustainable Ecosystem.

	
Scientific article

	
Google Scholar

	
2023
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Scientific article

	
Google Scholar

	
2018
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Industry report

	
Google Scholar

	
2020

	
✓
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Google Scholar
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2022
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article

	
Google

Scholar

	
2020

	
✓

	

	




	

	
Industry 4.0 and Technology Adoption in The Garment Industry.

	
Scientific article

	
Google Scholar

	
2021

	
✓
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article
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article

	
Google Scholar
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2021
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Scientific

Article

	
Google Scholar

	
2018
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Scientific article

	
Science

Direct

	
2021
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✓




	

	
Maturity model toll to diagnose

Industry 4.0 in the
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Scientific

article

	
Google Scholar

	
2022

	
✓
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Scientific article

	
Scopus

	
2020
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✓
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Scientific article

	
Google Scholar

	
2021
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Academic report

	
Google

	
2018
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Technology adoption in the apparel industry: insight from the literature review and research directions.

	
Scientific article

	
Google Scholar

	
2021
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through the Lens of Management Fashion Theory

	
Scientific

article

	
Scopus

	
2020
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Scientific article

	
Google Scholar

	
2023
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The State of Fashion Technology Report 2022.

	
Industry

report

	
Google

	
2022
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✓

	
✓
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Scientific article

	
Google Scholar

	
2020
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Table 2. List of defined key variables (adapted from Majumdar et al. [74]).
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	ORGANIZATIONAL-RELATED VARIABLES
	Lack of understanding and commitment from top management.

Complex organizational and process changes.

Time constraint.

Lack of experience in organizational management.

Fear of failure.

Problems with coordination and collaboration.



	BUSINESS-RELATED VARIABLES
	High implementation cost.

Lack of clear apprehension of benefits.

Lack of risk management tools for investments.

Lack of experience in budgeting.



	TECHNOLOGICAL AND MANUFACTURING-RELATED VARIABLES
	Employment disruption.

Lack of internet coverage and IT facilities.

Lack of ad hoc technologies designed to be integrated into the current/traditional fashion processes (developed for other sectors and applications).

Seamless integration and compatibility issues.

Inadequate maintenance support system.

Lack of knowledge of manufacturing process operation systems.

Poor R&D on I4.0 adoption.



	CULTURAL VARIABLES
	Lack of digital culture.

Increased skill requirements for employees.

Lack of trained staff.



	NORMATIVE-RELATED VARIABLES
	Lack of a methodical approach to implementation.

Legal and contractual uncertainty.

Lack of government support and policies.
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