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2. ABSTRACT :

Fashion and textile sectors are undergoing extreme transformation through the implementation of digital technologies and 3D printing. Additive manufacturing or
3D printing offers the possibility of creating complex structures, reducing wastage of materials, and introducing personalized designs. The purpose of this research
is to explore the role of 3D and 4D printing, digital workflows, and functional materials towards the future of textiles for fashion and technical applications . The
method employed is a narrative literature review of academic papers, industrial reports, and case studies, investigating significant processes, material innovations,
and applications in clothing, shoes, e-textiles, and medical textiles. Research indicates that 3D and 4D printing enable design freedom, mass customization, and
functional integration, particularly in performance apparel and wearable electronics. However, constraints such as decreased flexibility of the materials, washability,
and scalability remain fundamental barriers. Discussion highlights the manner in which digital technologies can inspire sustainable, individualized, and
multifunctional textiles and chart research gaps in material science, durability, and life-cycle assessments. The conclusion notes the possibility in the future of

additive manufacturing in creating smart, adaptive, and sustainable fabrics and calls upon designers, engineers, and industry stakeholders to collaborate.

3. Keywords 3D printing, digital fashion, 4D printing, e-textiles, smart textiles, additive manufacturing

4. Introduction

4.1 Historical Context of the Textile Industry

The textile industry is among the oldest and longest-standing manufacturing sectors in human history. From handwoven fabrics in ancient times to
Industrial Revolution automated looms, textiles have been at the heart of economic, social, and cultural development. Traditional weaving, knitting, and
embroidery techniques have long been the hallmark of textile production, offering flexibility and diversity in apparel, household linens, and industrial
fibers. Such techniques, though extremely effective, have insertion of higher-order functions and structural design freedom as their inherent constraints
(Rahman et al., 2021). Throughout the centuries, textile innovations were more about new finishes, new dyes, or new fibers as the basic modes of
production remained quite unchanged.

In the 21st century, however, a new revolution of transformation has begun by leveraging digital technologies. Compared to revolutions founded on
mechanization or man-made filaments in the past, this wave is driven by computer-aided design, digital manufacturing, and additive manufacturing
technologies such as 3D printing. These are technologies with the ability not only to transform the way textiles are produced but also to redefine what

textiles can do.

4.2 The Development of 3D Printing in Textiles

3D printing or additive manufacturing is an entirely new idea from the traditional textile production. It is not based on interlacing fibres or a pile of fabric
but on building objects layer upon layer using polymers, composites, or functional materials. It is possible to create geometries that would have been
impossible or highly impractical through knitting or weaving. It is now possible for designers to construct lattice structures, bespoke clothing, and

functional composites from computer models.


http://www.ijrpr.com/
mailto:lovenaha@gmail.com

International Journal of Research Publication and Reviews, Vol (6), Issue (10), October (2025), Page — 1772-1783 1773

The use of 3D printing in apparel has been observed in exploratory haute couture and industrial applications (Choi ef al., 2022). Fashion designers have
used 3D-printed garments to describe conceptual designs, while technical markets, such as sportswear and medicine, explore functional applications that
range from bespoke shoes to hospital braces. Aside from fashion needs, 3D printing carries with it the potential for sustainable methods, as computer-

aided fabrication minimizes waste compared to cut-and-sew methods.

4.3 Drawbacks of Traditional Textile Technologies

While fully evolved and refined over centuries, traditional textile manufacturing processes have inherent drawbacks that offer sound bases for
technological disruption. Weaving and knitting, though highly versatile, are restricted by fiber content, machine size, and geometric limitations (Xiao et
al., 2022). They are excellent at producing soft, yielding cloth but poor at creating complex three-dimensional geometries or embedded functionalities.

In addition, conventional processes generate large amounts of material waste, particularly in clothing, where garment cutting waste and off-cuts are a
principal cause of environmental problems. Fast fashion exacerbates the situation even more by encouraging speedy make and discard cycles. Another
failing is customization: mass manufacturing processes are in favor of efficiency and standardized sizes at the cost of custom fit and performance. In

precision industries such as medical textiles or high-performance sports apparel, these failings are material.

4.4 Advantages of 3D Printing and Digital Technologies

3D printing offers a range of advantages that directly address the limitations of traditional textile operations. Firstly, the design flexibility of additive
manufacturing allows for complicated geometries, lattices, auxetic structures, and embedded components to be manufactured (Glogar et al., 2025). These
can be used to improve breathability, flexibility, or mechanical performance that cannot be replicated with traditional textiles.

Second, computer workflows enable mass customization. Using body scanning, parametric design, and generative algorithms, clothes and shoes can be
made to an individual's precise measurements and performance demands. This is a fundamental shift in fashion from standard sizes to customized
products.

Third, sustainability is increasingly a positive. Additive manufacturing can reduce waste of materials by only creating what is needed, and even removing
the cutting wastes of conventional clothes. Sustainability is dependent on materials used, but the potential for shortening supply chains and enabling
localized production has environmentally beneficial potential.

Finally, functional integration is made possible by 3D printing. Electronics, sensors, and adaptive materials can be embedded directly into textile, giving

way to e-textiles and adaptive apparel that monitor health, regulate temperature, or modify according to environment.

4.5 Gaps and Challenges in Integration

While it is full of potential, integrating 3D printing into fabric is extremely difficult. The most and foremost of the issues is comfort (Rocha et al., 2023).
Most polymers used for printing are not nearly as soft, supple, and breathy as the natural fabrics. While elastic filaments such as TPU (thermoplastic
polyurethane) allow some solace, the drape and feel of natural fibers remains difficult to replicate.

Durability is a problem too. Washfastness after a very long period, resistance to wear after long-term ageing, and mechanical stability after cyclic stress
are problems unsolved for most 3D-printed textile products. Until then, consumers will not widely accept them.

Economic scalability is also an obstacle. As efficient as 3D printing is for prototyping and low-volume production, it presently cannot compete with high-
volume, low-price textile manufacturing systems. This renders it better for specialty markets or specific uses but less ideal for mass-market clothing.
Finally, there are environmental implications which must be assessed appropriately. While additive manufacturing reduces waste during manufacture,
issues exist regarding the recyclability and biodegradability of printed polymers and the energy efficiency of 3D printing processes (Akram ef al., 2022).

A comprehensive life-cycle assessment must be done to determine if 3D printing offers a net environmental benefit over traditional textile manufacturing.
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Figure 1: 3D-Printing Technology in Textile and Fashion Design
(Source: Xiao et al., 2022)

4.6 Digital Technologies Beyond 3D Printing

While 3D printing leads the charge in this revolution, other digital technologies are transforming the textile business as a whole. Computer-aided design
(CAD), generative algorithms, and digital body scanning make precise customization possible and speed up design cycles. Artificial intelligence assists
in predicting consumer behavior, reducing material usage, and streamlining challenging pattern-making. Virtual and augmented reality technologies also
are being researched in order to allow customers to "wear" clothing virtually before production, eliminating the cost of returns and waste.

When combined with additive manufacturing, these computer tools create a robust innovation cluster. Designers can create complex patterns digitally,
simulate performance attributes, and generate prototypes directly through 3D printing in an integrated process. This technology synergy marks a broader

digital transformation in textiles, not limited to production but also to design, retailing, and consumer experience.

4.7 Research Objectives and Questions

With the current level of development, it is an aim of this paper to critically analyze the role of 3D printing and digital technologies in the future of
textiles. The study is structured around three principal research questions:

1.  What are 3D and 4D printing technologies being used for in textile and fashion industries?

2. What opportunities and challenges do digital technologies pose when they are combined with textiles?

3. What are the future directions of research and commercialization in this area?
The general objective is to bridge the theoretical promise of 3D printing and empirical, scalable realization. By evaluating the state of the art, highlighting

the shortcomings, and seizing new opportunities emerging, the study seeks to feed back to industry practice and feed forward to academic research.

4.8 Purpose and Significance of the Study

The objective of this research is to provide a thorough review of current and prospective applications of 3D printing and digital technologies in fashion
and technical textiles. By critically evaluating advantages, limitations, and knowledge gaps, this paper contributes to the literature on how additive
manufacturing can define fashion innovation and technical textile applications(Dehghani ez al., 2022).

The strength of this study is its interdisciplinary character. It not just addresses the technicalities of 3D printing, but also design, sustainability, customer
experience, and business factors. In doing so, it positions 3D printing as a disruptor force which can transform the textile sector towards greater innovation,

customisation, and sustainability.

5. Literature Review

According to a paper by Rahman (2021) discusses the growing significance of digital technologies in revolutionizing the textile and fashion manufacturing
sector, where three-dimensional printing, digital printing, radio frequency identification, artificial intelligence, and computer vision technologies are

increasingly being implemented to enhance the production process and supply chain effectiveness(Rahman et al., 2021). The study points out that these
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technologies, apart from allowing manufacturers to respond quickly to evolving market demands, promote customer satisfaction via lower product lead
times and greener approaches. It alludes to the fact that the use of such innovations minimizes costs of production while simultaneously increasing
aggregate profitability for companies in this sector. In addition, the research provides valuable insights on how digital printing and three-dimensional
printing can be applied to customize products, remain flexible in designing, and meet customers with higher accuracy. The application of RFID
technologies also makes the monitoring of inventories possible, reducing losses, and optimizing the operation of retail. Artificial intelligence and computer
vision are also recognized as breakthroughs in quality control and defect detection, with improved accuracy and efficiency in textile manufacturing. The
study recognizes that even with these advantages, extensive scholarly literature criticizing the application of such technology is limited, and as such, this
research is an important contribution to closing the gap in existing literature. Furthermore, the study provides proposed models of how such technology
advancements can be applied to textile and fashion companies, giving a structured framework by which firms can adopt and reap the full benefit of
technology-driven operations. By highlighting both the strategic benefits and pragmatic implications of these emerging technologies, the research argues
that their application not only enhances sustainability goals but also ensures global fashion and textile competitiveness.

As per research conducted by Xiao (2022) explains the disruptive effect of three-dimensional printing on the textile and fashion industries, emphasizing
its potential to revolutionize manufacturing through personalization, flexibility, and creativity in design. The article highlights that 3D printing, or additive
manufacturing, facilitates rapid production of complex structures through layer-by-layer deposition with advantages of cost-effectiveness, scalability, and
design flexibility compared to traditional methods. It identifies that there are three notable areas of application in textile manufacturing: printing fibers,
producing flexible structures, and printing onto textile substrates. The research finds that these apps translate into fashion design, functional apparel, and
electronic textiles with potential applications for personalized clothing and improved material properties(Xiao et al., 2022). Despite its benefits, the
research also recognizes problems in mass adoption, namely problems of adhesion between printing materials and textiles, layer stability upon printing,
and limitations in the supply of proper raw materials. These technical problems restrict the scope of polymers and fabrics that can be successfully
incorporated with 3D printing, hence limiting its large-scale commercial use. Yet, the research highlights that the technology has become more popular
with the potential to craft apparel tailored to individual body sizes using 3D scanning and computer-aided design, which can transform consumer fashion
experiences. Also, the integration of 3D printing with wearable electronics and smart textiles holds enormous potential for the design of multifunctional
products. The study ends by highlighting the need for more research to address material as well as adhesion issues, while anticipating a future where 3D
printing will power a sustainable, efficient, and consumer-centric textile and fashion industry.

According to the perspective of Choi (2022) describes how there is greater potential for three-dimensional dynamic fashion design facilitated by digital
technologies, and it describes how virtual simulation systems have the potential to transform the fashion garment design, development, and consumption.
The study emphasizes the fashion product design with interchangeable style, color, and design through collaborations between fashion designers and
digital media professionals using advanced tools such as CLO3D and motion graphics. The study indicates that digital apparel can be presented in dynamic
formats such as short films, offering new ways of expressing fashion collections and heightening consumer engagement with web sites(Choi et al., 2022).
The research further identifies that the technologies open up new potential for customization, co-design, and interactive fashion experiences beyond
traditional physical garments, and are therefore best accommodated within virtual fashion shows, gaming, and online retailing environments. In addition,
the study locates the challenges and discourses of digital avatars such as the uncanny valley effect, along with the efficiency and sustainability benefits
achieved by reducing physical prototyping and waste. With digital fashion gaining momentum due to accelerated digitalization in the wake of global
disruptions such as the pandemic, the study uncovers deep industrial and societal implications, including design process, consumer culture, and business
models increasingly transforming into more experiential and sustainable processes. By examining the technology, beauty, and commercial possibilities
of 3D dynamic clothing, the research highlights the way that computer-supported fashion can change the way that the industry works in the future by
providing more creativity, expressiveness, interactivity, and flexibility in the construction of garments. Lastly, it concludes that integrating dynamic
virtual fashion in online platforms is a significant step towards redefining fashion as both an art and a technological practice in accordance with broader
tendencies towards digital innovation and sustainability.

According to a study by Glogar (2025) discusses how digital technologies play their role in driving sustainable change in the fashion and textiles industry,
and exactly how Industry 4.0 concepts that promote circular economy strategies and resource optimization are being integrated. The research emphasizes
that the switch from conventional manufacturing systems to digitally enabled ones is not only required but also urgent to reduce the environmental impact
while stimulating innovation and competitiveness(GlogaS et al., 2021). It identifies how advancements such as the Internet of Things, artificial
intelligence, and blockchain have improved traceability, energy efficiency, and customization, aligning textile production with sustainable goals. The
study continues to focus on computer-aided design and manufacturing systems, digital printing, and three-dimensional technologies and how they increase
accuracy, minimize wastage, and promote sustainable solutions. Based on analysis of the existing digital revolution, the article points out that the emerging
technologies have made the apparel industry a high-tech industry with flexibility in designing and being environmentally friendly. Furthermore, the
research points towards the importance of online platforms in making virtual product design, e-tailing, and consumer interaction possible, which contribute
towards making the supply chain efficient and accelerating product development cycles. Although the research points towards the prospect, it also refers

to the threats in the form of the need for interdisciplinary collaboration, effective regulatory measures, and investment in manpower training to enable
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easy adoption and integration of such technologies. It reaches the conclusion that embracing digital ecosystems is the most important aspect of creating
a sustainable, future-proof, and resilient textile industry that not only reduces its carbon footprint but gains the trust of consumers as well as incites
favorable social influence. With sustainability at the forefront of digital change, the research imagines a future roadmap where innovation, efficiency,

and sustainability converge to redefine the world of textiles and fashion.
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Figure 2: 3D and 4D printing technologies
(Source: Manaia et al., 2023)
A survey by Rocha (2023) discusses how fashion has evolved from three-dimensional printing technologies to the general advancement of digital fashion,
emphasizing how the advancements are changing the design processes and patterns of consumption. The research indicates that 3D printing can produce
clothing with elastic filaments and configurations on various textile substrates and present new possibilities in customization, sustainability, and
exploratory design. It points to the fact that biodegradable materials are increasingly utilized in 3D fashion, a sign of the greater emphasis on sustainability
in practices(Rocha et al., 2023). Furthermore, the study reiterates the manner in which top fashion brands have already incorporated additive
manufacturing and digital technology into their designs, signifying a deviation from the traditional clothing production towards newer, tech-forward
directions. Beyond physical fashion created using 3D printing, the research also examines the rise of digital fashion, which exists only in virtual
environments and can be utilized for web displays, game platforms, or virtual representation of identity. This phenomenon reflects larger cultural and
commercial trends, where the consumer engages with fashion not only in the form of physical products but also through interactive, immersive digital
content. The study also focuses on the role of digital fashion in minimizing waste and sustainable processes through the elimination of physical prototypes
and samples. While it acknowledges limitations such as availability, technological limitations, and the need for new business models that will cater to
both physical and digital consumption. Finally, the research concludes that 3D printing and digital fashion integration is a game-changer for the industry,
converging material innovation with virtual creativity and sustainability to redefine the future of fashion as both physical and digital.
Consistent with a research study by Akram (2022) explains the convergence of digitalized technologies to the Fashion Industry 4.0 context, identifying
opportunities as well as challenges that arise in harmonizing the industry with global sustainability goals. The research highlights the fact that the fashion
industry, as one of the biggest world manufacturing industries, must address environmental and social challenges coupled with ensuring economic
significance. It examines ways in which the Internet of Things, artificial intelligence, blockchain, augmented reality, and virtual reality can transform the
industry by promoting sustainable consumption, resilient infrastructure, and innovative production systems (Akram ez al., 2022). The study enumerates
different practical applications of the technologies, including smart clothing for health monitoring, supply chain transparency with blockchain, Al-driven
fashion forecasting, circular economy operations via IoT, and immersive purchases with augmented and virtual reality. These innovations not only
contribute to increased operational efficiency and consumer engagement but also ensure sustainable operations through waste reduction and product
lifecycle maximization. However, the study also provides challenges such as the need for universal adoption of blockchain in supply chain management,
energy storage limitations in smart textiles, and the need for coherent integration of IoT, Al, and edge computing to synchronize digital frameworks. In
addition, the research points to the potential of smart clothing for specific uses, including health prediction and rescue operations, as it underlines the
broader societal benefits of adopting technology. While the horizon of innovation and sustainability is expansive, proper utilization of Fashion Industry
4.0 calls for strong coordination, high-level infrastructure, and sustained investment in technology development. The study concludes digital
transformation to be a necessary way for the fashion industry to attain growth, customer demands, and sustainability and reinvent itself as a green and
leading industry.
Dehghani (2022) discusses the application of three-dimensional printing as a sustainable solution for textile fabric design and development as an
alternative to addressing the most critical environmental issues of the global textile industry. The research mentions that the conventional textile business

is one of the most wasteful industries, with high water usage and vast quantities of waste, the majority of which flows straight into the landfills with little
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recyclable material taken out (Dehghani et al., 2022). To counter these problems, studies investigate additive manufacturing as a greener production
process and consider its prospects for lowering raw material usage, energy consumption, and waste creation through zero-waste sustainable designing
principles. Through the addition of only the required amount of filament within melting, fusing, or binding, 3D printing offers a more resource-light and
eco-friendly process to produce fabric compared to conventional procedures. The study narrates a pilot study in which various textile samples were
developed from various raw materials and 3D printing technologies, ultimately concluding on thermoplastic polyurethane and thermoplastic polyethylene
as the most suitable materials and FDM and SLA as ideal printing technologies. The results show that 3D printing not only complements sustainable
development but also presents viable means towards sustainable cleaner, quicker, and more responsive production of fabrics. The study also highlights
the fact that additive manufacturing facilitates a more fluid movement from design idea to end product, promoting innovation in fabric design while at
the same time minimizing the environmental impact of the industry. It concludes that the application of 3D printing in textiles has an enormous potential
to revolutionize manufacturing processes by combining creativity, greenness, and technological efficiency, ultimately shaping the future of textile
production towards realizing worldwide aspirations for environmental sustainability and resource conservation.

A research work by Tantawy (2024) explores the evolution of three-dimensional digital technology for virtual fashion design and how this technology is
gaining usage in the industry as well as in education, with a focus on the potential of these technologies to reflect real clothes accurately in virtual settings.
This research explores the integration of cutting-edge digital software such as 3D Studio Max, Poser, Adobe Photoshop, and Adobe Illustrator into the
fashion design process with the introduction of a design concept known as the "temporary bridge," symbolizing harmony between the past, present, and
future through the connection of nature, human, and technology (Tantawy et al., 2024). The study points out that digital fashion design is not only
transforming creative practices but is also becoming an integral aspect of vocational learning, equipping students with computer-aided designs and
preparing them for the digital transformation of the fashion industry. By incorporating digital sketching, body proportion modeling, and garment
visualization into the curriculum, the study highlights how computer fashion programs can enhance creativity, enhance technical accuracy, and breed
innovation among students. It also emphasizes the importance of comparing different software packages in order to find out their unique capabilities so
that designers and students may use the optimal instruments in creating virtual clothing. Also, the research points out the broader implications of online
fashion for the advancement of sustainability as a result of its facilitation of testing, prototyping, and displaying designs without the use of physical
materials, thereby saving resources and limiting wastage. The study concludes that the application of three-dimensional digital fashion technology not
only allows for more possibilities of creative design but also responds to the growing demand for technology-based education and community-driven
innovation, ultimately redefining a new generation of designers poised to thrive in virtual and real-world fashion fronts.

According to the view of Tolmag (2023) describes the role of three-dimensional printing as a new creative tool and aesthetic vocabulary in fashion and
textile design, citing its potential to produce textile-like surfaces and enable garment construction. The research was specifically conducted on fused
deposition modeling technology, testing materials such as polylactic acid, acrylonitrile butadiene styrene, and thermoplastic polyurethane to check
whether they are appropriate for elastic textile structures. PLA and ABS were found to have stiffness that was not suitable, whereas thermoplastic
polyurethane came out to be the most ideal material with the required flexibility to be used in garment manufacturing. Inspired by Vivaldi’s “Four
Seasons,” the study applied the findings to design a full garment collection that demonstrated how 3D-printed flexible filaments could merge with
traditional fabrics. It not only underscored the capability of 3D printing to replicate the characteristics of fabrics but also placed it as a viable substitute
manufacturing process in the fashion world (Tolmag et al, 2023). The research contributes to the growing debate on material and digital fashion
innovation, illustrating that effective material selection and design strategies are able to overcome the technology constraints of rigidity in 3D printing to
offer innovative opportunities for exploration of fashion aesthetics, creative practice, and sustainable production processes.

In a paper by Yan (2025) discusses the revolutionary role of three-dimensional printing and smart fabrics in the fashion industry, identifying their role
towards creativity, consumerism, and market appropriateness. Both designer and consumer perspectives are discussed in the study and conclude that 3D
printing provides unprecedented innovation through the means of designers' freedom to study new structures and shapes beyond the boundaries of
traditional methods. Smart textiles are highlighted for the ability to bring upscale functionality to apparel, boosting customer satisfaction and promoting
fashion experiences based on individualization. The study also underlines that adoption of the technologies positively affects brand reputation and allows
fashion companies to remain competitive in a rapidly evolving market fueled by consumer passions for customization and interactivity. Besides, the
research unfolds how digital technologies, including 3D printing, offer inclusive and diverse design options, allowing designers to cater to a greater range
of body types, preferences, and cultural palates. Through the integration of technology with design practice, the research presents an innovative vision
for fashion in the future, showing how future innovations can achieve creativity, functionality, and customer engagement in balance (Yan et al., 2025).
In conclusion, the study positions 3D printing and smart fabrics as essential movers in creating a future of fashion that is more innovative, sustainable,

inclusive, and consumer-centric, providing essential input to designers and businesses which want to be forward-looking in the future of fashion

6. Methodology

The research methodology adopted in this investigation is purposed to investigate systematically the applications, potential, and limitations of 3D and 4D

printing technologies for fashion and textile industries. By virtue of the dynamic nature of digital textile production, a narrative review approach was
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employed. This enables a comprehensive synthesis of peer-reviewed academic literature, industry reports, and case studies for formulating a
comprehensive image of the subject. The focus was on documenting not only the technological innovations but also the context drivers behind their

adoption, including sustainability requirements, acceptability by users, and commercial potential.

6.1 Research Design

The research design was a narrative review design, which is less formal than a systematic review and has a broader analytical scope (Bataglini ef al.,
2021). A narrative review is less structured with inclusion and exclusion criteria compared to very structured systematic reviews, has interpretative
synthesis between diverse sources, and is therefore appropriate for a cross-disciplinary topic such as textiles and digital fabrication.
The structure involved four basic steps:
1. Domain scoping — Identification here of the range of themes that are relevant to 3D and 4D printing technology in textiles like developments
in hardware, software, materials, design processes, and end-use products was done.
2. Source selection — Sources published between the years 2018 and 2025 from academic and industrial sources were examined to cover
scholarly debate as well as technical use in fashion and technical textiles.
3. Thematic categorization — Findings were categorized into six themes: technological innovation, materials, design procedures, uses,
advantages, and disadvantages. This gave a rational argument that connects technical innovation with industrial needs (Yang et al., 2024).
4. Critical analysis — Comparative analysis was employed to highlight the intersection of practice and research and acknowledging current
integration gaps, comfort, and sustainability.
The research design was chosen to ensure that the study is not restricted to descriptive mapping and rather presents a critical, forward-looking assessment

of how 3D and 4D printing technologies possess the potential to transform textiles.

6.2 Data Collection

Data collection was a process of incorporating academic research products, industry case studies, and technology releases by producers and innovators

(Kumelachew et al., 2023). Triangulation approach fortified the reliability of findings by ensuring insights were not limited to one source type.

. Scholarly Sources: Peer-reviewed journals in the disciplines of materials science, textile engineering, additive manufacturing, and fashion
technology were consulted. Scopus, Web of Science, and ScienceDirect databases were primarily searched to access corresponding research
papers. Utilizing studies published after 2018 ensured the incorporation of the most recent advancements since this period witnessed great
leaps in digital fabrication technologies.

e  Industrial Case Studies: Reports and white papers from textile mills, fashion apparel firms, and additive manufacturing businesses were
included to observe how theoretical concepts are being put into practice on the ground. This was crucial in bridging the gap between innovation
in the lab and products ready for industry.

. Manufacturer Announcements: Major 3D printing companies' press releases, new product announcements, and technical datasheets were
read to look for current trends in materials and machine capability. Announcements provided real-time insight into where the industry is
headed.

Utilizing diverse data sources permitted a complex understanding of the discipline, with an appreciation of both the scientific formality of academic

research as well as the application-oriented relevance of industrial developments(Cheng et al., 2022).

6.3 Data Analysis

Analysis of data entailed a thematic and comparative evaluation approach. After the collection of sources, material was coded systematically in line with

pre-established themes that were constructed through scoping.

1. 1.Technological Advances: Studies and reports were reviewed to capture the advancement in 3D and 4D printing machines such as multi-
material printers, hybrid machines, and computer-aided design software. The different technology platforms were compared on the basis of
speed, accuracy, scalability, and usability in textiles.

2. Materials: Priority was accorded in the evaluation of new polymers, smart materials, and biologically based composites used in print finishing
of textiles. The performance of the materials in flexibility, durability, and eco-friendliness was also considered in the analysis.

3.  Design Workflows: Case studies were analyzed to see how digital design workflows are merged with traditional textile operations (Murugesan
et al., 2024). CAD tool usage, generative design algorithms, and digital twins in augmenting customization and efficiency were debated
critically.

4.  4.Uses: Uses were categorized as fashion products (clothing, accessories, haute couture) and technical products (medical textiles, protective
clothing, sporting goods). Contrasts in adoption drivers among these two fields were highlighted in the study.

5.  S5.Benefits: Information were synthesized to highlight the benefits of 3D and 4D printing in textiles, i.e., waste reduction, design flexibility,
speed prototyping, and mass customization. Comparative evaluations were used to illustrate how these benefits position digital textiles against

traditional practices.
6. Challenges: Finally, the challenges such as scalability, cost constraints, sustainability challenges, and wearability challenges were extensively explored.
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By comparing different studies and industry examples, the analysis also identified common challenges and areas for possible improvement.
Thematic analysis not only organized the findings but also allowed for a critical comparison of different studies and practices, revealing inconsistencies,

contradictions, and research gaps that must be investigated further (Hossain et al., 2024).

6.4 Ethical Considerations

Although this study is based on secondary data and hence not an immediate experiment with either human or animal subjects, there was a strong emphasis
on ethical considerations in the research exercise. Two areas, in particular, were highlighted in the research:
1. 1l.Intellectual Property and Source Integrity: Intellectual contributions from all sources read were given due acknowledgement. Critical
appropriation and paraphrasing of literature rather than verbatim quotation avoided plagiarism.
2.  Environmental Ethics and Sustainability: As textile manufacture has long been prone to invite ethical questions about pollution, labor
conditions, and over-consumption, the sustainability aspects of 3D and 4D printing were considered in detail. The debate seriously looked at
whether emerging technologies are serving to reduce the toll on the environment or simply shifting the issue to new ways of material use and

energy use (Papachristou et al., 2022).
Methodological position recognizes that textile technology adoption is not purely a technical matter but an ethical responsibility. Discussion of the

findings therefore considers sustainability and social responsibility as part of the consideration of new technologies.

6.5 Rational for Methodological Choice

Selecting narrative review, rather than experimental or systematic review design, was deliberate. The field of 3D and 4D printing within textiles is
evolving extremely rapidly, and it would be impossible to undertake experimental work at this point and account for all the width of developments that
are occurring across academia and industry. Similarly, while systematic reviews are very strong in terms of rigour, they would possibly be too restrictive
within this interdiscipline, precluding non-jurisdictional industrial and conceptual expertise.

By adopting a narrative review strategy, this study delivers depth and scope, uniting empirical fact, practice within industry, and conceptual debate into

aunified analysis (Lee et al., 2022). This method ensures that the research not only captures the state of the art but also the direction of future development.

7. Results

The review findings are structured into four thematic categories: technologies, materials, design processes, and applications. Taken together, these

highlight the advancements, potential, and current issues in the convergence of 3D and 4D printing technologies in textile and fashion industries.

7.1 Technologies

The fashion sector has embraced a number of AM technologies, each with different strengths and limitations in resolution, versatility, scalability, and
fabric compatibility. Most popular technologies are Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS), Stereolithography (SLA), and
Direct Ink Writing (DIW).

. *Fused Deposition Modeling (FDM): The least and cheapest technology, it is the most affordable. The light lattice structure it can produce
makes it suitable for prototyping as well as shoe design. FDM is limited in surface finish and mechanical strength, especially in wearable
devices(Meena et al., 2025).

e Selective Laser Sintering (SLS): SLS enables the formation of elastic textile-like structures through sintering nylon powders. SLS has been
used in the production of seamless clothing and elastic lattices. Equipment is expensive and post-processing is still a barrier to
commercialization.

e <Stereolithography (SLA): SLA creates high-resolution prints with smooth finishes, which is appropriate for fashion couture and jewelry-
inspiration-based textile designs. Although it has its aesthetic benefit, the brittleness of parts produced by SLA diminishes wearability in active
textile contexts.

. Direct Ink Writing (DIW): It allows for the extrusion of functional inks such as conductive, shape-memory, or biomaterials. DIW is central
to 4D printing applications, where fabrics are able to change shape under stimulus from heat, light, or moisture(Behera et al., 2021).

4D printing represents a revolution that creates self-shaping textiles that, in real time, react to environmental stimuli. For example, shape-memory-
polymer-embedded apparel can shift porosity to regulate thermal comfort. The technology remains in its infancy and requires breakthroughs in material

science to enable stable, large-scale application.

7.2 Materials

Material selection is another very important issue that affects performance as well as comfort of 3D-printed fabrics. Recent advances highlight some

material categories:



International Journal of Research Publication and Reviews, Vol (6), Issue (10), October (2025), Page — 1772-1783 1780

Thermoplastics: PLA, TPU, and nylon (PA12) are the most popular materials for textile 3D printing. PLA is biodegradable and easily
available but could be less flexible and durable for extended wear clothing usage. TPU possesses elasticity and hardness, making it suitable
for shoes midsoles and wearable products. Nylon is strong and flexible but requires optimisation towards comfort(Wu et al., 2022). Vinyl
Filme (VF) is less popular but could replace PLA in the future.

Conductive materials: Novel conductive filaments and inks introduce electronic capability into clothing, enabling smart wearables. They are
crucial for sensors, energy storage, and interactive clothing. Conductivity is not permanent, however, after washing and repeated use.
*Shape-memory polymers (SMPs): They are required for 4D printing applications. SMPs possess the capacity to regain original shape after
deformation upon exposure to external stimuli. Their adaptive sportswear and medical device applications are tremendous but are hampered
by high-cost production.

Hybrid composites: New research. Combinations of polymers with natural fibers, graphene, or metallic nanoparticles introduce added
functionality. Strength, antimicrobial properties, and light-weight strength are provided at the cost of textile softness and breathability(Lin et
al., 2022).

The primary challenge is to reconcile performance-driven properties (strength, conductivity, flexibility) with comfort-driven properties (washability,

flexibility, softness).

7.3 Design Workflows

Design workflow innovations are also key to the success of 3D-printed textiles. The process of textile design is digitized by parametric modeling,

generative design, and integration with body-scanning technologies.

*Parametric modelling: This enables the design of tailored lattice structures optimized for weight, strength, and flexibility. Such strategies
are used in the design of breathable sportswear or lightweight fashion clothing(Hassan ef al., 2024).
*Generative design software: Design platforms based on Al allow designers to define performance goals (e.g., ventilation, elasticity), and
the platforms create optimized textile geometries. This has opened up innovations in sportswear, protective equipment, and medical support
braces.
*Body scanning integration: 3D body scanning ensures that garments are sized for individual anthropometrics, eliminating ill-fitting issues.
Custom-fit footwear and fashion haute couture ranges are leading the way in making use of scanning data.

. Virtual prototyping: Designers can pre-test performance (stretchiness, ventilation, wear resistance) before actual manufacturing

with simulation software, reducing waste and shortening development time.

These processes break away from handcraft to computational design, allowing fabrics to be functional, beautiful, and sustainable concurrently.
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Figure: Most-Used 3D Printing Technologies

(Source: Beyerlein et al., 2020)
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7.4 Applications

Applications of 3D and 4D printing technologies in textiles could be broadly classified as fashion, footwear, medical textiles, wearable electronics, and
industrial fabrics.
. Fashion: High-end fashion designers apply SLA and SLS technologies to produce innovative garments shown at global fashion weeks. These
products are typically conceptual with an emphasis on style over comfort(Jin et al., 2025).
. Footwear: The most commercially adopted market has been footwear. Brands like Adidas and Nike employ 3D printing for midsoles, shock
absorption, and lightweight lattice structures. TPU has been the go-to material for this market.
e Medical textiles: 3D-printed prosthetics, braces, and supports offer enhanced patient comfort and tailoring. Shape-memory polymers offer
prospects for adaptive compression garments and wound-healing orthoses.
. Wearable electronics: Conductive inks and printed circuits make it possible for apparel to integrate sensors for health monitoring, sports
analysis, and human—computer interaction. Washability and durability remain top challenges despite advancements(Manaia et al., 2023).
e  Industrial textiles: Filtration, insulation, and aerospace are examples that showcase the potential of AM to produce high-functionality, non-
wearable fabrics in target geometries.

Commercial success varies by application, with prototyping and footwear being the most advanced and wearable electronics and 4D applications still

emerging.
Table 1: Summary of 3D/4D Printing Technologies, Materials, Design Workflows, and Applications in Textiles

Category Key Developments Applications Limitations

Technologies FDM, SLS, SLA, DIW, 4D | Prototyping, fashion couture, | High cost, low scalability,
printing footwear, responsive fabrics durability issues

Materials PLA, TPU, Nylon (PA12), | Footwear, wearable | Comfort challenges,
conductive inks, SMPs, hybrid | technology, adaptive | washability, SMPs’ high cost
composites sportswear, medical supports

Design Workflows Parametric modeling, | Custom-fit garments, | Software complexity, limited
generative  design, body | sportswear, protective wear, | designer accessibility
scanning, virtual prototyping haute couture

Applications Fashion, footwear, medical | Couture collections, sports | Limited comfort, regulatory
textiles, wearable electronics, | shoes, prosthetics, e-textiles, | gaps, still in research phase
industrial fabrics filtration

8. Discussion

The results reveal that 3D printing is highly beneficial in prototyping efficiency, customization, and design freedom. Compared to traditional textile
methods, additive manufacturing reduces waste and enables functional integration, which is appealing to both technical textile engineers and fashion
designers(Jeong et al., 2021).

Relative to previous literature, in the current work it is confirmed that couture uses remain concept-based, while footwear and medical textiles are more
scalable. What is new is the higher use of direct printing on fabrics for improved comfort and elasticity.

But there are still some limitations. Current materials cannot be made as soft, breathable, and resistant to wear as conventional fabrics. Wash-and-care
palatability and maintenance of printed apparel are not yet completely addressed, limiting consumer adoption. From an economic perspective, additive
manufacturing cannot rival mass production textile production, so it's more suited for small-series, personalized, or high-performance niches(Dilek et al.,
2021).The significance of these results is that there is potential for redirecting the textile industry toward sustainability and customization. It does require,

however, advances in recyclable materials, lifecycle evaluations, and performance testing criteria to turn potential into reality.

9. Conclusion

This study demonstrates that 3D printing and digital technology are transforming the future of textiles by enabling cutting-edge designs, bespoke fashion,
and technical multi-functional fabrics. Applications in footwear and medical textiles emphasize the most pressing potential, whereas couture extends the
aesthetic boundaries on. Direct textile printing and the production of e-textiles are the most promising routes for wearable technologies.

The most significant implications are opportunities for sustainable manufacturing, reduction of waste, and new business models of customization and
local production. However, great challenges in material development, durability, scalability, and environmental effect assessment remain.

The future research agenda needs to focus on flexible, recyclable materials, standardization of printed textiles, and accessible pathways for industrial
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production. Cross-disciplinary collaboration among designers, engineers, material scientists, and policymakers will be key in shaping the next generation

of textile innovation.

REFERENCE LIST

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

Akram, S.V., Malik, P.K., Singh, R., Gehlot, A., Juyal, A., Ghafoor, K.Z. and Shrestha, S., 2022. Implementation of digitalized technologies
for fashion industry 4.0: Opportunities and challenges. Scientific Programming, 2022(1), p.7523246.

Bataglini, W.V., Dal Forno, A.J., Steffens, F., de Souza, A.A.U. and Kipper, L.M., 2021, April. 3D Printing Technology: An overview of the
textile industry. In Proceedings of the International Conference on Industrial Engineering and Operations Management, Sao Paulo,
Brazil (pp. 5-8).

Behera, R.K. and Samal, O.P., 2021. An overview on 3D printing technology: Technological, materials, and applications. Dogo Rangsang
Res. J. UGC Care Group 1J, 8(14), pp.944-953.

Cheng, F., 2022, October. Comparative study on the application of 3D printing and digital printing technology in fashion design. In 2022
World Automation Congress (WAC) (pp. 202-206). IEEE.

Choi, K.H., 2022. 3D dynamic fashion design development using digital technology and its potential in online platforms. Fashion and
Textiles, 9(1), p.9.

Dehghani, M. and Goyal, P., 2022. Design and development of textile fabrics using 3D printing technology. ECS Transactions, 107(1),
p.19313.

Dilek, E., Yildirim, M.I. and Uzun, M., 2021. Additive manufacturing (3D printing) in technical fashion industry applications. Tekstilna
industrija, 69(2), pp.4-15.

Dutta, S. and Bansal, P., 2024. Evolution of sustainable wearables: Integrating cutting-edge techniques for future textile innovation. Research
Journal of Textile and Apparel.

Franco Urquiza, E.A., 2024. Advances in additive manufacturing of polymer-fused deposition modeling on textiles: from 3D printing to
innovative 4D printing—a review. Polymers, 16(5), p.700.

Glogar, M., Petrak, S. and Mahni¢ Nagli¢, M., 2025. Digital technologies in the sustainable design and development of textiles and clothing—
a literature review. Sustainability, 17(4), p.1371.

Glogar, M., Petrak, S. and Mahni¢ Nagli¢, M., 2025. Digital technologies in the sustainable design and development of textiles and clothing—
a literature review. Sustainability, 17(4), p.1371.

Hassan, R., Acerbi, F., Rosa, P. and Terzi, S., 2024. The role of digital technologies in the circular transition of the textile sector. The Journal
of The Textile Institute, pp.1-14.

Hossain, M.T., Shahid, M.A., Limon, M.G.M., Hossain, I. and Mahmud, N., 2024. Techniques, applications, and challenges in textiles for a
sustainable future. Journal of Open Innovation: Technology, Market, and Complexity, 10(1), p.100230.

Jeong, J., Park, H., Lee, Y., Kang, J. and Chun, J., 2021. Developing parametric design fashion products using 3D printing technology. Fashion
and Textiles, 8(1), p.22.

Jin, Y., Zhu, X., Zhang, X., Wang, H. and Liu, X., 2025. Business model innovation of 3D-printing garment enterprises in digital
transformation: business model innovation canvas approach. European Journal of Innovation Management, 28(6), pp.2251-2284.
Kumelachew, D.M., Wagaye, B.T. and Adamu, B.F., 2023. Digital textile printing innovations and the future. In Digital Textile Printing (pp.
241-259). Woodhead Publishing.

Lee, Y.A., 2022. Trends of emerging technologies in the fashion product design and development process. Leading edge technologies in
fashion innovation: Product design and development process from materials to the end products to consumers, pp.1-16.

Lin, M., 2022. A brief introduction to body-oriented parametric design for 3D-printed fashion and textiles. Textile, 20(1), pp.55-73.

Ma, H. and Yamaoka, J., 2022, October. SenSequins: Smart Textile Using 3D Printed Conductive Sequins. In Proceedings of the 35th Annual
ACM Symposium on User Interface Software and Technology (pp. 1-13).

Manaia, J.P., Cerejo, F. and Duarte, J., 2023. Revolutionising textile manufacturing: a comprehensive review on 3D and 4D printing
technologies. Fashion and Textiles, 10(1), p.20.

Meena, C.R. and Hada, J.S., 2025. Digital Printing and Applications in the Textiles. In Advancements in Textile Coloration: Techniques,
Technologies, and Trends (pp. 349-364). Singapore: Springer Nature Singapore.

Murugesan, B., Jayanthi, K.B. and Karthikeyan, G., 2024. Integrating Digital Twins and 3D Technologies in Fashion: Advancing
Sustainability and Consumer Engagement. In /llustrating Digital Innovations Towards Intelligent Fashion: Leveraging Information System
Engineering and Digital Twins for Efficient Design of Next-Generation Fashion (pp. 1-88). Cham: Springer Nature Switzerland.
Papachristou, E. and Anastassiu, H.T., 2022. Application of 3D virtual prototyping technology to the integration of wearable antennas into
fashion garments. Technologies, 10(3), p.62.

Rahman, M.M., 2021. Applications of the digital technologies in textile and fashion manufacturing industry. Technium: Romanian Journal of
Applied Sciences and Technology, 3(1), pp.114-127.

Rocha, M.V, 2023. Fashion: from 3D printing to digital fashion. Advances in 3D printing, p.401.

Tantawy, R.R., Muhammad, K., Farghaly, S.T., Alaswad, M.H., Fiad, N.S. and Hassabo, A.G., 2024. Advancements in 3d digital technology
for virtual fashion design and education. Journal of Textiles, Coloration and Polymer Science, 21(2), pp.477-485.

Tufan Tolmag, N. and Ismal, O.E., 2024. A new era: 3D printing as an aesthetic language and creative tool in fashion and textile
design. Research Journal of Textile and Apparel, 28(4), pp.656-670.



International Journal of Research Publication and Reviews, Vol (6), Issue (10), October (2025), Page — 1772-1783 1783

28.

29.

30.

31.

32.

33.

34.

Wu, S., Zeng, T., Liu, Z., Ma, G., Xiong, Z., Zuo, L. and Zhou, Z., 2022. 3D printing technology for smart clothing: A topic
review. Materials, 15(20), p.7391.

Xiao, Y.Q. and Kan, C.W., 2022. Review on development and application of 3D-printing technology in textile and fashion
design. Coatings, 12(2), p.267.

Yan, H., 2025. Human—Computer Interaction in Fashion: The Role of 3D Printing and Smart Fabrics. International Journal of Human—
Computer Interaction, pp.1-17.

Yang, L., Meng, J., Xue, T., Wang, Y., Shi, G., Gao, X. and Zhi, C., 2024. Application of 3D printing cellulose fabrics based on cotton fibers
in the textile and fashion industry. Additive Manufacturing, 81, p.104000.

Xiao, Y.Q. and Kan, C.W. 2022. Review on development and application of 3D-printing technology in textile and fashion
design. Coatings, 12(2), p.267.

Manaia, J.P., Cerejo, F. and Duarte, J., 2023. Revolutionising textile manufacturing: a comprehensive review on 3D and 4D printing
technologies. Fashion and Textiles, 10(1), p.20.

Beyerlein, S. and Aboushama, M., 2020. Evaluation of continuous fiber reinforcement desktop 3D printers desktop 3D printers
overview. Technische Hochschule Ingolstadt.



