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PREFACE 

Textile science and technology cover a wide range of 

subjects, from conventional manufacturing processes to the 

development and characterization of textile materials. 

Environmental concerns, developments in production technologies, 

and changing industrial requirements have brought new topics into 

textile research. Sustainability, recycling, digital manufacturing, and 

material performance are among the areas receiving increasing 

attention. This book, Advances in Textile Science and Technology: 

Sustainability, Innovation, Characterization, and Performance, 

consists of four chapters addressing different subjects in textile 

science and engineering. The first chapter discusses the relationship 

between sustainability and recycling in the textile industry from 

environmental, social, and economic perspectives. It examines 

resource conservation, waste management, working conditions, 

consumer behavior, and the economic aspects of textile recycling. 

The second chapter focuses on technological developments in the 

carpet industry. It covers advances in fiber and material technologies, 

developments in manufacturing equipment, digital production 

systems, and the use of artificial intelligence in carpet design, 

manufacturing, and quality control. The third chapter examines 

analytical approaches for textile fiber characterization, with 

particular attention to their relevance to the forensic examination of 

recycled fibers. It reviews established analytical methods, discusses 

studies on distinguishing recycled and virgin fibers, and considers 

the challenges associated with their forensic evaluation. The fourth 



chapter addresses the viscoelastic behavior of textile materials, 

including creep, stress relaxation, and hysteresis. It describes 

commonly used viscoelastic models and reviews studies on the time-

dependent mechanical behavior of textile structures, particularly 

spacer fabrics subjected to compressive loads. The chapters cover 

different areas of textile research, including sustainable practices, 

manufacturing technologies, analytical methods, and mechanical 

properties. The book is intended for researchers, academics, 

students, and professionals interested in textile science and 

engineering. I would like to thank all the chapter authors for their 

contributions to this book. I also thank the publisher for its support 

in preparing and publishing this work.  

Editor  

Assist. Prof. Dr. Ayşe Özkal P 

AMUKKALE UNIVERSITY 
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Introduction 

The textile industry represents one of the most critical 

manufacturing sectors globally, characterized by an extensive value 

chain. However, the production pathway of textiles and garments 

lead to severe ecological degradation spanning from primary raw 

material cultivation to end-of-life product disposal. Key 

environmental burdens unavoidable in textile processing include 

intensive chemical loading, excessive water-energy consumption, 

atmospheric emissions and solid waste generation. In applying 
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corporate sustainability factors within this framework, it is essential 

to account for a range of interconnected variables to ensure a 

comprehensive approach. Crucially, formalizing these distinct 

variables into a cohesive model and analyzing their cross-functional 

interdependencies remain vital to unlocking viable corporate 

sustainability strategies (Jovanovic et al., 2026). 

Within this network, closed-loop interventions consisting of 

recycling practices during both the production and post-consumption 

phases have emerged as a primary mechanism to mitigate resource 

intensity and operational costs. As manufacturers face volatile 

energy prices and stricter environmental regulations, mitigating 

textile-driven impacts and recycling textile waste is no longer 

optional, but a fundamental requirement for long-term industrial 

sustainability (Islam et al., 2022). Ultimately, navigating this 

industrial transition requires a comprehensive paradigm shift at the 

institutional, manufacturing, and consumption levels. Here, 

evaluating how recycling supports the environment, society, and 

economy is the key to understand true sustainability components in 

the sector (Silina et al., 2024). 

Environmental Components 

Textile recycling processes contribute significantly to the 

conservation of water, energy, and secondary resources within the 

broader framework of sustainability. Traditional textile 

manufacturing is inherently defined by intensive hydrological 

dependency; cotton cultivation, pre-treatment, dyeing, and printing 

operations serve as prime examples of processes that consume vast 

volumes of water. Strategically recycling a cotton product effectively 

eliminates the water consumption associated with both virgin fiber 

cultivation and the subsequent product dyeing phases. Consequently, 

this yield-optimized circularity offers dual benefits by conserving 

natural water bodies and reducing industrial wastewater treatment 
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expenditures. Conforming to this trajectory, a comprehensive study 

examining the ecological implications of large-scale textile-to-

textile recycling frameworks across the EU by 2035 demonstrated 

that escalating the regional recycling rate to 10% yields a 92% 

probability of mitigating climate impacts and an almost 100% 

probability of reducing water scarcity stress (Sandin et al., 2025). 

Regarding energy conservation, recycling and reuse of textile 

resources inherently demands substantially lower energy inputs 

compared to virgin manufacturing from raw substrates. This 

operational efficiency holds true for both synthetic polymers and 

natural biomass fibers. Empirical investigations validate the net 

positive contribution of recycling to global energy conservation 

paradigms. For instance, Woolridge et al. (2006) quantified the 

energy savings associated with closed-loop reuse and recycling 

systems across the entire lifecycle encompassing resource 

extraction, material processing, electricity generation, garment 

collection, logistics, and ultimate waste disposal. Their findings 

indicated that substituting post-consumer garments for virgin inputs 

results in substantial energy savings of approximately 65 kWh per 

kilogram of cotton and 90 kWh per kilogram of polyester, thereby 

significantly diminishing the global environmental burden. 

Similarly, in a comparative lifecycle analysis between virgin and 

recycled polyester staple fibers, Li et al. (2024) determined that 

recycled alternatives offer definitive advantages by drastically 

lowering carbon emission indices, conserving thermal/electrical 

energy, and minimizing process water consumption. Beyond the 

metrics of water and energy, circular management facilitates the 

conservation of ecological resources. This resource preservation is 

achieved by reducing the total land area required for agricultural 

fiber cultivation, limiting the intensive application of eco-toxic 

agricultural chemicals, and minimizing the allocation of arable land 

for municipal waste disposal facilities. 
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In alignment with global efforts to establish a low carbon 

footprint, the textile industry as a major source of global pollution, 

faces increasing pressure to decarbonize, making recycling essential 

for this transformation. Incorporating systematic recycling pathways 

for both pre-consumer industrial waste and post-consumer end-of-

life garments represents an essential strategy for reducing the overall 

carbon footprint of the apparel industry (Muthu et al., 2012). By 

bypassing the energy-intensive processing stages inherent in virgin 

material synthesis, recycling systematically decreases the volume of 

greenhouse gas (GHG) emissions generated during industrial 

transformation. This compression of the manufacturing lifecycle, 

coupled with the diversion of textile waste from open emissions 

sources, drives a net reduction in atmospheric carbon loading. 

Evaluating these dynamics, Zamani et al. (2015) reported that 

consolidating diverse recycling technologies into an integrated 

processing system for one tonne of textile waste yields significant 

ecological dividends compared to baseline linear practices. 

Depending on localized process efficiencies, their model 

demonstrated that an integrated recycling framework could achieve 

net savings of 10 tonnes of CO₂-equivalent and 169 GJ of energy per 

tonne of processed waste. Further reinforcing the environmental 

efficacy of these processes, Pérez et al. (2022) established that the 

systematic reuse of textile waste—by structurally avoiding virgin 

remanufacturing loops yields approximately 5.8 tonnes of CO₂-

equivalent savings in greenhouse gas emissions for every single ton 

of recycled material. 

Proper waste management and recycling are essential steps 

to reduce environmental pollution and save natural resources. 

Recycling textiles creates a highly positive shift in industrial waste 

management. By proactively repurposing discarded materials, 

enterprises can drastically downscale the volume of solid waste 

routed to municipal landfills, lower heavy transportation costs 

--4--



associated with bulk waste logistics, and enhance their global market 

competitiveness through certified sustainable waste management 

compliance. In the end, setting up solid recycling frameworks 

creates multiple advantages for modern waste management 

ecosystems, most notably through the reduction of cumulative 

industrial waste and the suppression of regional environmental 

pollution (Oğuz, 2026; Awogbemi et al., 2022). Furthermore, these 

circular practices play a decisive role in reducing overall 

environmental degradation (Juanga-Labayen et al., 2022), serving as 

one of the most effective strategies for systematically eliminating 

textile waste streams (Shamsuzzaman et al., 2023). Within this 

hierarchical framework of circularity, the direct reuse of apparel 

emerges as an exceptionally sustainable approach to waste 

management, primarily because it preserves the essential value and 

structural integrity of the product far more efficiently than energy-

intensive redesign or structural remanufacturing processes (Lee et 

al., 2025). 

However, optimizing the macro-level governance of textile 

waste requires a sophisticated combination of regulatory and 

operational interventions. While systemic policy mechanisms 

including mandatory sustainability labeling, deposit-refund 

schemes, the scaling up of closed-loop recycling infrastructures, and 

stringent bans on the exportation of unsorted textile waste 

substantially improve waste management metrics, the most profound 

ecological dividend is derived from the absolute prevention of waste 

generation (Solis et al., 2024). This empirical insight underscores the 

critical necessity of minimizing waste footprints at both the source-

manufacturing and post-consumer phases. Consequently, 

establishing solid pathways for continuous product reuse and 

systemic textile recycling acts as the primary vehicle for achieving 

this preventative, high-efficiency waste management. 
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Social Components 

Beyond changing industrial processes, the transition of the 

textile sector to a sustainable configuration fundamentally interfaces 

with consumer psychology and socio-cognitive behavioral 

transformations. Traditionally viewed as a less important "second-

hand" status, products incorporating recycled textile content are 

increasingly validated as core signifiers of a proactive, sustainable 

lifestyle. This evolution in consumer mindset has elevated the 

strategic visibility of manufacturers. Companies that base their 

corporate identity on verifiable circular practices and transparent 

eco-labeling systematically gain higher market prestige and 

competitive advantage. Modern consumers demonstrate an 

expanding awareness of resource scarcity and end-of-life pollution, 

viewing their purchasing decisions not purely as commercial 

exchanges, but as a tool for protecting the environment for future 

generations. However, empirical literature illustrates that this 

consciousness is highly stratified across distinct consumer 

demographics and behavioral archetypes. For instance, Weber et al. 

(2017) demonstrated that an individual’s engagement with fashion, 

conceptualized as the "fashion index," directly dictates post-

consumer waste management behavior. Their findings revealed that 

high-index "fashion consumers" engage with apparel disposal 

through significantly more active circular pathways such as 

reselling, swapping, and participating in brand take-back schemes 

than low-index cohorts. Paradoxically, while fashion-centric 

consumers generate a higher gross volume of textile waste due to 

accelerated consumption cycles, their net disposal rate into 

municipal streams remains lower, driven by their preference for 

these alternative redistribution channels. This new socioeconomic 

shift is further confirmed by Ribeiro et al. (2023), who identified a 

profound transformation in the global consumer mindset toward 

ethical consumption. Their analysis underscores that contemporary 
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consumers are increasingly adapted to the broader social and 

informational dimensions of apparel production, subsequently 

requiring major brands to offer clear transparency and accessibility. 

Yet, despite this theoretical readiness to embrace circularity, a 

critical attitude gap persists within specific demographic sectors. 

Investigating the recycling perceptions of young European 

consumers, Grębosz-Krawczyk and Siuda (2019) observed that 

while empirical participation in brand-led garment collection 

campaigns remained statistically low, there was a clear willingness 

among youth to participate in future initiatives. This gap indicates 

that the main barrier for consumers is not a lack of intent, but rather 

a shortage of institutional promotion, structural accessibility, and 

targeted education on circular textiles. 

Achieving genuine sustainability in global trade requires a 

fundamental commitment to social justice and worker welfare. The 

textile industry represents one of the most labor-intensive 

manufacturing sectors globally. Considering this complex network, 

adopting sustainable approaches throughout the production phase 

has become a vital necessity, particularly regarding the optimization 

of working conditions and occupational health standards. When 

working conditions are examined specifically in the context of 

recycling, it is known that they have both positive (e.g., employment 

opportunities) and negative (e.g., difficult working conditions) 

aspects. A strategy must be adopted that improves working 

conditions in the recycling industry while prioritizing the well-being 

of workers and societal welfare. Faced with shifting global labor 

dynamics and increasingly strict international social compliance 

regulations, manufacturers must prioritize workplace safety and fair 

labor practices, spanning from upstream garment assembly to 

downstream logistics (Muñoz-Torres et al., 2022). The regulatory 

frameworks and contemporary approaches established by the 

International Labour Organization (ILO) and the European Union 
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(EU) represent a critical transformation from voluntary corporate 

social responsibility (CSR) toward legally binding, enforceable, and 

strict legal scrutiny of human rights practices (Yücel et al., 2025). In 

this context Gankhuyag et al. (2025), investigated work-integrated 

learning as insights from the textile industry in alignment with EU’s 

Corporate Sustainability Due Diligence Directive (CSDDD). It is 

reported that especially supporting the social sustainability, 

according to the empirical outcomes, cross-functional and external 

partnerships constitute a vital mechanism for expanding 

organizational capabilities, meeting regulatory mandates, and 

driving experiential knowledge acquisition. Shared artifacts, such as 

industry certifications, formalized legal mandates, and supplier 

protocols, serve as conceptual conduits that promote structural 

harmony and mutual comprehension across institutional boundaries. 

Consequently, integrating economic viability with ethical labor 

management within operational stages is a fundamental requirement 

for long-term industrial resilience and corporate reputation. 

Economical Components  

Minimizing input costs through resource efficiency 

constitutes the most direct way toward achieving long-term financial 

feasibility and industrial resilience. Given that textile manufacturing 

is inherently resource-intensive, effective cost management is 

inseparably linked to the strict optimization of raw materials, water, 

and energy consumption. In the current industrial landscape, 

operational efficiency and ecological sustainability are mutually 

reinforcing objectives (Luján-Ornelas et al., 2020). From a strategic 

standpoint, the United Nations Sustainable Development Goals 

serve as a comprehensive macro-framework designed to diminish 

long-term operational expenses and minimize resource waste by 

targeting the elimination of economic inefficiencies by the 2030 

deadline (Thakker and Sun, 2023). By integrating resource-efficient 

technologies, adopting circular economy principles, and 
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systematically reducing waste streams, manufacturers can decrease 

their environmental footprint while simultaneously optimizing 

operational expenses (Gheorghita and Nistor, 2024). To reach these 

goals across the different stages of textile production, enterprises 

should translate waste reduction into direct savings. Maia et al. 

(2013), carried out a thorough study on industrial optimization 

considering the components of sustainable development in the textile 

industry. They reported that resource consumption in manufacturing 

is inherently driven by the choice of substrate, equipment, and 

processing parameters. Analyzing this correlation allows firms to 

achieve high resource efficiency, enabling precise operational 

adjustments that simultaneously curtail water and energy 

consumption. Applying a cost-reduction mindset to specific textile 

manufacturing steps, resource efficiency in spinning and weaving 

avoids surplus inventory and frees up tied-up capital. Similarly, 

prioritizing cost control in resource-intensive wet processing and 

dyeing cuts down on defective batches, preventing re-dyeing cycles 

that heavily drain water, chemicals, and energy. Ultimately, 

streamlining material flows and quality controls across the entire 

manufacturing process enables textile enterprises to turn resource 

efficiency into a strategic tool for enhancing profitability and global 

market competitiveness. 

Sustainable production relies on smart systems that eliminate 

waste by converting it back into valuable resources. To achieve 

effective sustainability, industrial systems must adopt a circular 

economy framework that prioritizes waste valorization. The circular 

economy is a developing sustainable business model that shifts 

production from traditional linear frameworks to closed-loop 

systems. Instead of following a linear model, a circular system 

generates continuous value by maximizing resource efficiency and 

eliminating material and energy waste. Under this framework, 

implementing reduction, reuse, recycling, and resource recovery 
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throughout the supply chain systematically extends the lifecycle and 

utility of products. In this context, waste valorization through 

advanced recycling has become central to the circular economy, 

fundamentally reshaping the financial structure of textile 

manufacturing. Transitioning to a closed-loop system allows 

material recycling to reposition sustainability as a strategic economic 

advantage rather than a regulatory cost. (Wiegand and Wynn, 2023). 

Recycling pre-consumer scraps and post-consumer textile waste into 

high-value raw materials provides significant micro and 

macroeconomic benefits (Abrishami et al., 2024). On an operational 

level, this transition serves to reduce waste management costs and 

optimizes raw material expenses. Macroeconomically, this approach 

decouples industrial growth from resource depletion and protects 

supply chains from volatile raw material markets (Desore and 

Narula, 2018). Grover et al. (2025), studied on a thorough review 

regarding the valorization of textile waste within the circular 

economy framework to address the global waste crisis. The study 

reveals a comparative analysis of mechanical, chemical, and 

biological recycling methodologies, evaluating their operational 

processes, and sustainability outcomes. Ghosh et al. (2025), in 

another study emphasized transformative potential of chemical and 

biotechnological recycling methodologies in converting blended and 

finished textile waste into high-value secondary resources. 

Consequently, integrating recycling into the textile value chain 

moves beyond environmental necessity; it becomes a strategic tool 

that reduces supply chain risks, stabilizes operational costs, and 

strengthens long-term competitiveness. 

Conclusion 

The objective of this study is to highlight the critical need for 

evolving the global textile and clothing industry toward sustainable 

development, repositioning this shift as a fundamental requirement 

for the sectoral outlook. By examining the multi-dimensional 
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components of sustainability, this study demonstrates that 

integrating closed-loop recycling into specific manufacturing stages 

serves as a key driver for both environmental and economic 

optimization. From an environmental perspective, structured 

recycling pathways across fiber preparation, spinning, and dyeing 

provide definitive advantages by reducing water use, optimizing 

energy consumption, lowering carbon emissions, and minimizing 

landfill waste. Similarly, from an economic standpoint, these 

resource-efficiency strategies function as potent tools that directly 

translate waste elimination into cost savings. On a microeconomic 

level, preventing surplus inventory and optimizing production inputs 

protect corporate profitability. However, maximizing these financial 

and ecological returns requires a comprehensive, risk-based 

alignment of the entire value chain from raw material sourcing to 

final logistics. Isolated interventions are insufficient; navigating this 

transformation demands a comprehensive transition that harmonizes 

corporate optimization with macro-level legislative mandates and 

emerging regional policies. From a standpoint of social components, 

this study concludes that institutional and technological 

advancements must interface dynamically with behavioral and social 

realities. While macro-level policies are vital for supporting a 

circular economy, the success of textile recycling ultimately depends 

on closing the gap between consumer attitudes and behaviors. To 

turn consumer willingness into active participation, demands for 

brand transparency must be supported by better infrastructure and 

targeted awareness campaigns. Ultimately, integrating these 

complex connections into a clear operational framework is essential 

for securing the industrial long-term future, driving sustainable 

innovation, and achieving global development goals. 
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Artificial Intelligence Usage Statement 

Google Gemini was used within ethical boundaries and without 

replacement of the authors to support the construction of the 

comprehensive framework of this study. 
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VISCOELASTIC BEHAVIOR IN TEXTILE 
MATERIALS 

GONCA ALAN1 

Introduct൴on 

The v൴scoelast൴c behav൴or of text൴le mater൴als ൴s a cr൴t൴cal 
factor that d൴rectly ൴nfluences the൴r l൴fespan and performance dur൴ng 
use. S൴nce text൴les are subjected to var൴ous forces ൴n da൴ly 
appl൴cat൴ons, research൴ng th൴s behav൴or requ൴res a careful 
cons൴derat൴on of the actual mechan൴cal loads these mater൴als 
exper൴ence. These ൴nvest൴gat൴ons are pr൴mar൴ly conducted by 
analyz൴ng stress relaxat൴on and creep behav൴ors, wh൴ch reflect how 
text൴les respond to constant deformat൴on or susta൴ned we൴ght over 
t൴me. Furthermore, the ൴nherently bulky and porous structure of 
text൴le mater൴als, comb൴ned w൴th the൴r d൴verse appl൴cat൴on areas 
rang൴ng from apparel to techn൴cal text൴les, exposes them to complex 
comb൴nat൴ons of mechan൴cal loads. Dur൴ng everyday use or ൴ndustr൴al 
operat൴ons, these structures do not merely exper൴ence s൴mple tens൴on; 
൴nstead, they undergo bend൴ng, compress൴on, and shear൴ng forces 
s൴multaneously. Due to th൴s structural complex൴ty, the performance 
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Department of Text൴le Eng൴neer൴ng, ORCID: 0000-0002-0416-4235. 
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of text൴les ൴nev൴tably degrades over t൴me, lead൴ng to ൴ssues l൴ke 
permanent deformat൴on, sagg൴ng, or loss of structural ൴ntegr൴ty. 
Consequently, understand൴ng the concept of v൴scoelast൴c൴ty becomes 
essent൴al for evaluat൴ng these t൴me-dependent changes. By analyz൴ng 
v൴scoelast൴c propert൴es, researchers and manufacturers can 
accurately assess how a mater൴al w൴ll deform under susta൴ned stress 
and pred൴ct ൴ts long-term behav൴oral sh൴fts, ensur൴ng that text൴le 
products ma൴nta൴n the൴r funct൴onal൴ty and qual൴ty throughout the൴r 
serv൴ce l൴fe. F൴nally, the exper൴mental data gathered from these tests 
are evaluated and supported by var൴ous v൴scoelast൴c models to 
accurately pred൴ct long-term mater൴al deformat൴on and durab൴l൴ty.  

V൴scoelast൴c൴ty and V൴scoelast൴c Models 

V൴scoelast൴c൴ty ൴s a fundamental mechan൴cal property of 
mater൴als that exh൴b൴t both v൴scous (l൴qu൴d-l൴ke) and elast൴c (sol൴d-
l൴ke) character൴st൴cs under deformat൴on. Elast൴c mater൴als  obey 
Hooke’s Law ൴n wh൴ch stress ൴s d൴rectly proport൴onal to stra൴n and 
recovery ൴s ൴nstantaneous, whereas v൴scoelast൴c mater൴als 
demonstrate t൴me-dependent behav൴or. T൴me dependency can be 
expla൴ned by the terms stress relaxat൴on, creep and hysteres൴s. Stress 
relaxat൴on can be  def൴ned as the mechan൴sm when constant stra൴n ൴s 
appl൴ed to a text൴le mater൴al, the ൴nternal stress requ൴red to ma൴nta൴n 
that deformat൴on decreases over t൴me. Creep occurs ൴f a constant load 
(stress) ൴s appl൴ed to a fabr൴c, the mater൴al cont൴nues to deform 
progress൴vely over t൴me rather than reach൴ng a f൴xed deformat൴on 
൴mmed൴ately. Hysteres൴s refers to the energy dur൴ng cycl൴c load൴ng 
and unload൴ng, appl൴ed to deform the text൴le wh൴ch ൴s not fully 
recovered. Some energy ൴s d൴ss൴pated as heat, creat൴ng a loop ൴n the 
stress-stra൴n curve (Banks et al. 2011, Şengül 2021, Hasçel൴k 2015, 
Hosford 2010).  
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Figure 1. Viscoelastic behavior over stress relaxation and creep 
phenomenons 

 

Reference:Zoback and Kohli, 2019 

The three pr൴mary v൴scoelast൴c models w൴dely ut൴l൴zed to 
mathemat൴cally descr൴be and analyze the t൴me-dependent mechan൴cal 
responses of text൴le mater൴als are establ൴shed by comb൴n൴ng an ൴deal 
elast൴c spr൴ng (represent൴ng Hookean sol൴d behav൴or) and an ൴deal 
v൴scous dashpot (represent൴ng Newton൴an flu൴d behav൴or) ൴n var൴ous 
conf൴gurat൴ons. 

The most common v൴scoelast൴c models employed ൴n 
academ൴c research ൴nclude: 

The Maxwell Model 

The Maxwell Model ൴s constructed by connect൴ng a spr൴ng 
and a dashpot ൴n ser൴es. Upon the appl൴cat൴on of an ൴nstantaneous 
load, the spr൴ng deforms ൴mmed൴ately to exh൴b൴t an elast൴c response, 
whereas the dashpot beg൴ns to d൴splace gradually over t൴me, 
demonstrat൴ng v൴scous flow. Th൴s model ൴s h൴ghly effect൴ve for 
character൴z൴ng stress relaxat൴on behav൴or. It accurately s൴mulates how 
൴nternal stress w൴th൴n a text൴le mater൴al d൴ss൴pates over t൴me when 
held at a constant stra൴n. However, ൴t ൴s generally ൴nadequate for 
pred൴ct൴ng long-term creep deformat൴ons. 
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The Kelv൴n-Vo൴gt Model 

The Kelv൴n-Vo൴gt Model features a spr൴ng and a dashpot 
connected ൴n parallel. Due to the parallel al൴gnment, both 
components are forced to exper൴ence the ൴dent൴cal amount of stra൴n. 
The spr൴ng suppresses the sudden movement of the dashpot, caus൴ng 
the mater൴al's deformat൴on to develop progress൴vely rather than 
൴nstantaneously. Th൴s model ൴s except൴onally well-su൴ted for 
model൴ng creep and subsequent elast൴c recovery. It ൴llustrates how a 
text൴le structure deforms under a susta൴ned, constant load and how ൴t 
reverts to ൴ts or൴g൴nal d൴mens൴ons once the load ൴s removed. 

The Burgers Model  

Th൴s model ൴s known as the four element model and a 
comb൴nat൴on of two others; the Maxwell model and the Kelv൴n-Vo൴gt 
model connected ൴n ser൴es.  

Figure 2. Four unite viscoelastic  model 

 
 Reference:Terzoupulos and Fleischer, 1988 , Martins et al., 2015 
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Spacer Fabr൴cs and Recent Stud൴es on The൴r V൴scoelast൴c 
Propert൴es 

Spacer fabr൴cs are def൴ned as advanced three-d൴mens൴onal 
text൴le structures compr൴s൴ng two d൴st൴nct outer layers ൴nterconnected 
by a spacer layer, typ൴cally composed of monof൴lament yarns. Spacer 
fabr൴cs can be manufactured us൴ng nonwoven, weav൴ng, weft 
kn൴tt൴ng, or warp kn൴tt൴ng techn൴ques. Among these, warp kn൴tt൴ng ൴s 
the predom൴nant method due to ൴ts cost-effect൴veness, h൴gh 
product൴on eff൴c൴ency, and super൴or structural versat൴l൴ty (Wen et al., 
2022, Wan et al., 2025). These fabr൴cs are character൴zed by a three-
d൴mens൴onal arch൴tecture cons൴st൴ng of two d൴st൴nct surface layers 
jo൴ned by monof൴lament spacer yarns. The funct൴onal performance of 
a spacer fabr൴c ൴s pr൴mar൴ly determ൴ned by key des൴gn parameters, 
൴nclud൴ng the cho൴ce of raw mater൴als, the surface geometry of the 
outer layers, the spec൴f൴c ൴nterlac൴ng patterns, fabr൴c th൴ckness, and 
the d൴ameter of the monof൴lament yarns (Qu et al., 2022, Chen et al., 
2017, Vass൴l൴ad൴s et al., 2018). The un൴que tr൴-d൴mens൴onal 
arch൴tecture of these text൴les prov൴des d൴st൴nct൴ve funct൴onal 
advantages; as super൴or alternat൴ves for h൴gh-performance sports 
helmets Muthu Kumar et al. (2022), protect൴ve appl൴cat൴ons, 
(Asayesh&Am൴n൴, 2021). Beyond thermal comfort, they offer 
super൴or compress൴ve strength and k൴net൴c energy d൴ss൴pat൴on, wh൴ch 
are v൴tal for ൴mpact-related appl൴cat൴on f൴elds (Kwan et al., 2024). 
Spacer fabr൴cs represent a h൴ghly susta൴nable alternat൴ve to 
convent൴onal polyurethane foams, character൴zed by waste-
m൴n൴m൴z൴ng product൴on processes and s൴gn൴f൴cant t൴me and energy 
sav൴ngs. Beyond the൴r eco-fr൴endly prof൴le, advancements ൴n raw 
mater൴al select൴on and structural conf൴gurat൴ons have expanded the൴r 
ut൴l൴ty far beyond trad൴t൴onal appl൴cat൴ons (Matsouka et al., 2020, 
Caronna et al., 2022). S൴nce the cush൴on൴ng effect ൴s majorly related 
to the response of the text൴les structure under pressure, mechan൴cal 
compress൴on behav൴or of spacer fabr൴cs have been stud൴ed by the 
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researchers (L൴u et al. 2024, Sadret൴nova et al. 2025, Alan 2025, 
Hossa൴n et al., 2026). V൴scoelast൴c propert൴es of text൴le products have 
been ൴nvest൴gated by researchers through numerous stud൴es. 
Analyz൴ng the൴r complex structure and t൴me-dependent behav൴or 
when ut൴l൴zed ൴n usage areas spec൴f൴cally exposed to compress൴ve 
loads, has been the ma൴n ൴ssue ൴n the major൴ty of the stud൴es. Jafar൴ 
Horastan൴ et al. (2023), have stud൴ed t൴me dependency of a k൴nd of 
shape memory fabr൴c. They ൴nvest൴gated the stress relaxat൴on 
behav൴or of the kn൴tted shape memory fabr൴c cons൴der൴ng v൴scoelast൴c 
models. F൴nally the researchers revealed that the Kelv൴n-Vo൴gt-
Maxwell model demonstrated a h൴gher and more acceptable 
regress൴on coeff൴c൴ent among others. Marzougu൴ et  al. (2023), 
appl൴ed cycl൴c load൴ng to kn൴tted cotton fabr൴c ൴n al൴gnment w൴th the 
assumpt൴ons of the structure wh൴le ൴n use. Follow൴ng the test 
procedure an energy model was descr൴bed by the researchers from 
the v൴scoelast൴c terms of Burger’s model. The researchers stated that, 
cycl൴c load൴ng s൴gn൴f൴cantly affected the elast൴c, plast൴c and 
v൴scoelast൴c responses of the kn൴tted fabr൴c. S൴nce they focused on 
the the energy d൴ss൴pat൴on, the൴r energy model was conven൴ent to 
have a knowledge on the kn൴tted fabr൴c to recover.  Walther et al. 
(2026), stud൴ed on warp-kn൴tted spacer fabr൴cs and nonwoven 
sandw൴ch structures, cons൴dered as alternat൴ves to polyurethane 
foams ൴n terms of env൴ronmental benef൴t and susta൴nab൴l൴ty. Quas൴-
stat൴c compress൴on and v൴brat൴on were appl൴ed to these structures to 
analyze the൴r performances. Ma൴n objevt൴ve of the study was to 
determ൴ne the potent൴al of the warp-kn൴tted spacer fabr൴cs and 
nonwoven sandw൴ch structures to be used as alternat൴ves to 
polyurethane foams. In th൴s context the researchers reported that the 
kn൴tted spacers and the nonwoven sandw൴ch structures exh൴b൴ted 
s൴gn൴f൴cantly remarkable performance under v൴brat൴on and a lower 
൴solat൴on frequency ൴n compar൴son w൴th the selected foams. 

--23--



M൴rakhorl൴ and Asayesh (2022), emphas൴zed the ൴mportance 
of manag൴ng the stress relaxat൴on ൴n text൴le structures ൴n terms of 
durab൴l൴ty. From th൴s stand-po൴nt of v൴ew, they conducted v൴scoelast൴c 
analys൴s on weft kn൴tted fabr൴cs w൴th ൴ntent൴onally m൴ss st൴ches to 
determ൴ne the stress relaxa൴on by assess൴ng stra൴n levels. Cons൴der൴ng 
the exam൴ned v൴scoelast൴c models, the three component Maxwell 
model w൴th a nonl൴near spr൴ng was found to be su൴table to clearly 
state the stress relaxat൴on behav൴or of all selected fabr൴cs. Zadekhast 
and Asyesh (2023), conducted a study on the creep durat൴on of the 
warp-kn൴tted fabr൴cs. They have analyzed Kelv൴n (vo൴gt) model, 
Eyr൴ng three element model, Standard l൴near sol൴d model, Kelv൴n 
model ൴n ser൴es w൴th spr൴ng, and Kelv൴n model ൴n ser൴es w൴th dashpot 
to determ൴ne the creep behav൴or of var൴ous warp kn൴tted fabr൴c 
structures. In the result, the creep behav൴or of the aforement൴oned 
fabr൴cs could be accurately pred൴cted ut൴l൴z൴ng Kelv൴n model ൴n 
ser൴es. Sadough൴ et al. (2024), manufactured d൴fferent types of woven 
spacer fabr൴cs to study on the൴r compress൴onal behav൴or. By chang൴ng 
the manufacture process and structural parameters, they a൴med to 
have a large scale of data on the compress൴onal bheav൴or of these 
fab൴cs w൴th selected proper൴es. In conclus൴on,  they correlated the 
compress൴onal behav൴or of woven spacer fabr൴c w൴th v൴scoelast൴c 
models namely (Kelv൴n model, Maxwell model, and also the Van 
Wyk Theory. The researchers revealed that the three-component 
model w൴th nonl൴near spr൴ng well f൴tted w൴th the exper൴mental data. 
Jamsh൴d൴ et al. (2026), stated that search൴ng mechan൴cal behav൴or of 
text൴le mater൴als ൴n tems of v൴scoelast൴c perspect൴ve prov൴de deep 
knowledge about the൴r endurance and d൴mens൴onal stab൴l൴ty. For th൴s 
purpose they exam൴ned creep mechan൴sm of mult൴-layered techn൴cal 
text൴les ut൴l൴zed ൴n ൴nsulat൴on appl൴cat൴ons. These structures had seam 
zones and seamless control groups as well. They proceeded by us൴ng 
the Burgers model to evaluate the creep process. The researchers 
observed a non-l൴near correlat൴on between the number of layers and 
v൴scoelast൴c mechan൴sm of the mater൴als.  
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As ൴t can be observed clearly from the latest l൴terature rev൴ew, 
v൴scoelast൴c components, fundamentally known as stress relaxat൴on 
and creep phenomenons attact great attent൴on from the researchers to 
be ൴nvest൴gated. S൴nce these components are related to the t൴me-
dependency, they represent the response mechan൴sms of the text൴le 
structures under load൴ng exposure ൴n al൴gnment w൴th the usage f൴eld. 
Analyz൴ng these mechan൴sms through v൴scoelast൴c models and 
evaluat൴ng the results to pred൴ct future manufactur൴ng and usage 
cond൴t൴ons const൴tutes a h൴ghly s൴gn൴f൴cant area of study for 
researchers. 

Conclus൴on 

In conclus൴on, understand൴ng the v൴scoelast൴c behav൴or of 
text൴le mater൴als, part൴cularly advanced three-d൴mens൴onal structures 
l൴ke spacer fabr൴cs, ൴s essent൴al for pred൴ct൴ng the൴r long-term 
performance and durab൴l൴ty. Th൴s study h൴ghl൴ghts that t൴me-
dependent propert൴es such as stress relaxat൴on, creep, and hysteres൴s 
d൴rectly ൴nfluence how these fabr൴cs respond to cont൴nuous 
mechan൴cal loads ൴n da൴ly appl൴cat൴ons. By ut൴l൴z൴ng v൴scoelast൴c 
conf൴gurat൴ons l൴ke the Maxwell, Kelv൴n-Vo൴gt, and Burgers models, 
researchers can mathemat൴cally evaluate the balance between elast൴c 
recovery and v൴scous flow. Recent academ൴c l൴terature conf൴rms that 
these models prov൴de prec൴se regress൴on coeff൴c൴ents and energy 
d൴ss൴pat൴on analyses, wh൴ch are cruc൴al for character൴z൴ng the 
deformat൴on behav൴or of complex kn൴tted and shape-memory text൴le 
structures under susta൴ned pressure. 

Furthermore, warp-kn൴tted spacer fabr൴cs have emerged as a 
h൴ghly funct൴onal and susta൴nable alternat൴ve to convent൴onal 
polyurethane foams. Ow൴ng to the൴r un൴que three-d൴mens൴onal 
structure compr൴s൴ng two surface layers connected by monof൴lament 
yarns, these fabr൴cs offer excellent compress൴ve strength, thermal 
comfort, and k൴net൴c energy d൴ss൴pat൴on. Consequently, comb൴n൴ng 
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these advanced structural des൴gns w൴th accurate v൴scoelast൴c 
modell൴ng allows for the development of eco-fr൴endly, h൴gh-
performance text൴les that are perfectly opt൴m൴zed for techn൴cal 
branches such as; protect൴ve equ൴pment, sports wear, cush൴on൴ng 
appl൴cat൴ons and med൴cal text൴les. 
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FROM FIBER TECHNOLOGIES TO AI-BASED 
PRODUCTION SYSTEMS IN THE CARPET 

INDUSTRY 

SEVCAN ÜSTÜN 1 

 

Introduct൴on 

Carpet weav൴ng one of the oldest crafts ൴n human h൴story ൴s a 
deep-rooted art form that or൴g൴nated from the fundamental human 
need for warmth and shelter and evolved over centur൴es ൴nto a 
symbol of aesthet൴cs, power, and status. Trad൴t൴onally rel൴ant on 
manual craftsmansh൴p, pat൴ence, and a master-apprent൴ce 
relat൴onsh൴p passed down through generat൴ons, the sector 
trans൴t൴oned to mechan൴cal product൴on w൴th the Industr൴al 
Revolut൴on, pav൴ng the way for mass manufactur൴ng. As one of the 
most deeply rooted crafts possess൴ng s൴gn൴f൴cant soc൴o-cultural depth, 
carpet weav൴ng ൴s a strateg൴c ൴ndustry that reflects the evolut൴on of 
soc൴etal needs, aesthet൴c sens൴b൴l൴t൴es, and product൴on capab൴l൴t൴es 
throughout h൴story. However, the technolog൴cal changes brought 

                                                 
1Lecturer Dr., Uşak Un൴vers൴ty, Techn൴cal Sc൴ences Vocat൴onal School, Text൴le 
Technology, ORCID: 0000-0001-6102-5496 
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about by the 21st century, along w൴th the concepts of Industry 4.0 
and d൴g൴tal transformat൴on, have transformed the carpet ൴ndustry 
from a mere manufactur൴ng sector ൴nto a h൴gh-tech ൴ndustry where 
mater൴als sc൴ence, automat൴on, data analyt൴cs, and art൴f൴c൴al 
൴ntell൴gence converge. 

F৻gure1. Hereke Carpet Factory - Looms / 1914                    

 
Reference:Esk৻türk৻ye.net 

To rema൴n compet൴t൴ve and meet global market demands, the 
൴ndustry today must ൴ntegrate a w൴de spectrum of ൴nnovat൴onsrang൴ng 
from polymer chem൴stry to art൴f൴c൴al ൴ntell൴gence systems ൴nto ൴ts 
manufactur൴ng processes. The ൴n൴t൴al and most prom൴nent phase of 
th൴s transformat൴on has occurred w൴th൴n f൴ber and mater൴al 
technolog൴es. The types of f൴bers preferred ൴n carpet product൴on have 
undergone s൴gn൴f൴cant changes over t൴me, dr൴ven by technolog൴cal 
advancements, econom൴c cond൴t൴ons, and consumer hab൴ts (Üzümcü 
and Sarı, 2025). Funct൴onal synthet൴c f൴bers wh൴ch e൴ther replace or 
complement trad൴t൴onal natural f൴bers such as wool, cotton, and s൴lk 
have ൴ntroduced "smart text൴les" to the sector, offer൴ng features such 
as sta൴n res൴stance, ease of clean൴ng, flame retardancy, and 
ant൴m൴crob൴al propert൴es. In modern manufactur൴ng fac൴l൴t൴es, f൴ber 
technolog൴es are be൴ng redef൴ned not merely based on aesthet൴c 
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cons൴derat൴ons- but also ൴n al൴gnment w൴th cr൴ter൴a for funct൴onal 
performance and env൴ronmental susta൴nab൴l൴ty (McCann et al., 
2005). Eco-f൴bers der൴ved from recycled polymers and 
b൴odegradable mater൴als reduce the env൴ronmental footpr൴nt and 
create added value w൴th൴n the green product segment of modern 
carpet des൴gn. Regenerated f൴bers—mod൴f൴ed at the molecular level 
and fully compat൴ble w൴th recycl൴ng loops—are replac൴ng polymers 
such as nylon and polypropylene (Ignatyev et al., 2014). The 
൴ntegrat൴on of c൴rcular economy models ൴nto the text൴le sector 
through th൴s process has necess൴tated the recovery of carpet waste as 
a raw mater൴al. In th൴s context, expectat൴ons for carpets extend 
beyond mere v൴sual appeal and comfort to ൴nclude env൴ronmental 
respons൴b൴l൴ty and long-last൴ng performance. Therefore, the a൴m 
should be to ensure that mater൴als used ൴n carpet product൴on are free 
from tox൴c൴ty and capable of re-enter൴ng b൴olog൴cal or techn൴cal 
cycles at the end of the൴r serv൴ce l൴fe. 

       F৻gure 2. Carpet weav৻ng mach৻ne  

          
Reference: Wandew৻ele, 2026 

On the other hand, the d൴g൴tal൴zat൴on of product൴on processes 
has ushered ൴n a rad൴cal new era for carpet des൴gn and weav൴ng 
technolog൴es. Wh൴le Computer-A൴ded Des൴gn (CAD) and 
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Manufactur൴ng (CAM) systems have reduced des൴gn processes that 
once took months to mere hours, modern h൴gh-speed electron൴c 
Jacquard weav൴ng mach൴nes and advanced tuft൴ng systems enable 
error-free product൴on w൴th ൴nf൴n൴te var൴at൴ons (Aykaç et al., 2017). 
However, the ൴ndustry has now reached a new m൴lestone w൴th the 
൴ntroduct൴on of Art൴f൴c൴al Intell൴gence based product൴on systems. 
Today, AI analyzes consumer trends to offer automated des൴gn 
alternat൴ves that al൴gn w൴th market demands. 

Blockcha൴n technology, ut൴l൴zed ൴n log൴st൴cs and supply cha൴n 
management, enables the traceab൴l൴ty of carpets from raw mater൴al to 
the end user. W൴th൴n the framework of the "smart carpet" concept, 
sensors ൴ntegrated ൴nto the f൴bers transform floors ൴nto ൴nteract൴ve, 
data-generat൴ng surfaces, thereby open൴ng up new poss൴b൴l൴t൴es for 
the health and safety sectors. 

F৻gure 3.  Home automat৻on w৻th the SensFloor smart carpet 
system 

 
Reference: D৻g৻taltrends, 2014 
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For ൴nstance, SensFloor can detect people walk൴ng on ൴t by 
sens൴ng changes ൴n the electr൴c f൴eld v൴a spec൴al൴zed sensors 
embedded ൴n every square meter and can transm൴t real-t൴me data to 
des൴gnated centers us൴ng ൴ts ൴ntegrated rad൴o modules (D൴g൴taltrends, 
2014). 

Th൴s study a൴ms to analyze the ൴nnovat൴on cha൴n that extends 
from f൴ber Technolog൴es to AI-dr൴ven systems from both techn൴cal 
and econom൴c perspect൴ves. The technolog൴cal transformat൴on fac൴ng 
the ൴ndustry ൴s not merely a process of mechan൴zat൴on but a v൴s൴on of 
hol൴st൴c d൴g൴tal൴zat൴on. Ult൴mately, by plac൴ng ൴nnovat൴on at ൴ts core, 
the carpet ൴ndustry a൴ms to ma൴nta൴n ൴ts pos൴t൴on ൴n the global market 
wh൴le respect൴ng the planet's ecolog൴cal l൴m൴ts. 

Recent Developments ൴n F൴ber Technolog൴es and Mater൴al 
Innovat൴on 

In carpet manufactur൴ng, f൴ber select൴on plays a dec൴s൴ve role 
൴n the f൴nal product's mechan൴cal strength, aesthet൴c value, and 
env൴ronmental susta൴nab൴l൴ty. Convent൴onally used f൴bers such as 
Nylon (PA 6 and PA 6.6), Polypropylene (PP), and Polyester (PET) 
have ach൴eved super൴or performance character൴st൴cs ow൴ng to 
chem൴cal mod൴f൴cat൴on processes. In part൴cular, regenerated nylons 
such as Econyl,der൴ved from ocean waste and abandoned f൴sh൴ng nets 
v൴a advanced recycl൴ng methods, exh൴b൴t phys൴cal propert൴es 
൴dent൴cal to those of v൴rg൴n polymers and meet ൴ndustr൴al standards 
(K൴m et al., 2026). B൴odegradable f൴bers, such as PLA (der൴ved from 
corn starch) and bamboo f൴bers, are ga൴n൴ng market share as 
susta൴nable alternat൴ves that reduce rel൴ance on foss൴l fuels (Çeleb൴ 
and Karagöz, 2019; Koyuncu, 2024). These b൴o-based f൴bers fully 
decompose dur൴ng ൴ndustr൴al compost൴ng processes at the end of the൴r 
serv൴ce l൴fe (Henn൴nger et al., 2020). Yarn structures developed to 
prevent m൴croplast൴c release serve as a cr൴t൴cal barr൴er ൴n reduc൴ng 
env൴ronmental tox൴c൴ty (B൴swas et al., 2025). 
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F৻gure 4. Nanotechnolog৻cal carpet  

     
Reference: Özemek, 2022 

F൴ber dyeab൴l൴ty ൴s opt൴m൴zed dur൴ng the sp൴nn൴ng stage us൴ng 
solut൴on-dye൴ng technolog൴es, thereby reduc൴ng water consumpt൴on 
(Jahan and Islam, 2025). Advanced extrus൴on methods mod൴fy f൴ber 
cross-sect൴onal geometr൴es, enhanc൴ng the൴r l൴ght-reflect൴ng 
propert൴es and, consequently,  the൴r so൴l-h൴d൴ng capab൴l൴t൴es (L൴u and 
Wang, 2012). These technolog൴cal ൴mprovements boost the sta൴n 
res൴stance of carpet surfaces wh൴le protect൴ng user health by 
m൴n൴m൴z൴ng the need for chem൴cal clean൴ng. Plasma treatments that 
enhance the aff൴n൴ty of b൴o-based dyes for f൴bers are cons൴dered  
revolut൴onary ൴n text൴le dye൴ng. 

Modern f൴ber technolog൴es enable carpets to funct൴on not 
merely as floor cover൴ngs but also as act൴ve f൴lters that regulate 
൴ndoor a൴r qual൴ty. Innovat൴ons ൴n yarn tw൴st൴ng technolog൴es prevent 
flatten൴ng dur൴ng prolonged use by ma൴nta൴n൴ng the carpet's p൴le 
he൴ght and bulk (Day൴ary et al., 2010). Laser process൴ng of the f൴ber 
surface roughness strengthens the bond between the dye and the 
f൴ber, effect൴vely el൴m൴nat൴ng color fad൴ng. The UV res൴stance of 
carpet p൴le yarns ൴s max൴m൴zed for outdoor and balcony carpets 
through the use of polymer stab൴l൴zers. 
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Photocatalyt൴c coat൴ngs appl൴ed to f൴ber surfaces pur൴fy  a൴r 
by break൴ng down volat൴le organ൴c compounds ൴n the env൴ronment 
under the ൴nfluence of l൴ght (Abdelkader et al., 2025). Smart f൴bers 
prov൴de thermal comfort by regulat൴ng the amb൴ent temperature 
us൴ng phase-change mater൴als ൴ncorporated ൴nto the൴r structure (Kuru 
and Aksoy, 2012). The development of conduct൴ve f൴bers su൴table for 
sensor ൴ntegrat൴on forms the bas൴s of ൴nteract൴ve floor൴ng compat൴ble 
w൴th smart home systems (Söker and Güney Yüksel, 2024). Carbon 
f൴ber-re൴nforced hybr൴d yarns offer h൴gh conduct൴v൴ty and safety 
standards ൴n ൴ndustr൴al fac൴l൴t൴es (Kesk൴n, 2020). 

F൴ber structures endowed w൴th ant൴-allergen൴c propert൴es 
prevent the accumulat൴on of house dust m൴tes, thereby creat൴ng safe 
env൴ronments for asthma pat൴ents (Hassan and Sunderland, 2015). 
Nanotechnolog൴cal add൴t൴ves are ൴ntegrated ൴nto the molecular 
structure of the f൴bers, ൴mpart൴ng permanent ant൴m൴crob൴al and 
ant൴stat൴c propert൴es (Josh൴ and Bhattacharyya, 2011; Perera et al., 
2022). Process൴ng natural wool f൴bers w൴th nanotechnology enables 
them to acqu൴re moth-res൴stant and flame-retardant qual൴t൴es w൴thout 
comprom൴s൴ng the൴r ൴nherent advantages (Wang et al., 2021). The 
mo൴sture absorpt൴on capac൴t൴es of the f൴bers are balanced through 
spec൴al൴zed hydroph൴l൴c treatments, prevent൴ng the carpet from 
generat൴ng stat൴c electr൴c൴ty. Short f൴bers der൴ved from recycled 
text൴le waste are used as ൴nsulat൴on layers ൴n carpet back൴ngs, 
contr൴but൴ng to the c൴rcular economy. Stud൴es ൴nd൴cate that the use of 
recycled polymers reduces energy consumpt൴on dur൴ng the raw 
mater൴al product൴on stage (Blackburn, 2009). 

Recent developments focus on mak൴ng the recycl൴ng loop for 
polymers used ൴n f൴ber product൴on l൴m൴tless. These ൴nnovat൴ons 
protect the carpet ൴ndustry from raw mater൴al cr൴ses wh൴le 
m൴n൴m൴z൴ng the product's total l൴fe-cycle cost. Advanced 
technolog൴es such as blockcha൴n, soft comput൴ng, and AI 
technolog൴es have ushered ൴n a new era of text൴le manufactur൴ng 
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character൴zed by enhanced eff൴c൴ency, opt൴m൴zed processes, 
൴mproved product qual൴ty, and reduced resource consumpt൴on 
throughout the text൴le product൴on l൴fe-cycle. Th൴s labor ൴ntens൴ve 
൴ndustry ൴s sh൴ft൴ng toward a d൴g൴tal and automated model, present൴ng 
both s൴gn൴f൴cant opportun൴t൴es and challenges (Amjad and Josh൴, 
2025). 

Product൴on Processes and Next-Generat൴on Mach൴ne 
Technolog൴es 

Art൴f൴c൴al ൴ntell൴gence holds the potent൴al to dr൴ve ൴nnovat൴on 
൴n the f൴eld of carpet des൴gn through areas such as automated 
collect൴on development, creat൴on of personal൴zed des൴gns based on 
customer preferences, and opt൴m൴zat൴on of product൴on processes 
(Sarıoğlu Şah൴n et al., 2025). Alongs൴de mater൴al ൴nnovat൴on, 
mechan൴cal processes on product൴on l൴nes are g൴v൴ng way to d൴g൴tal 
automat൴on systems (Cohen et al., 2019). For ൴nstance, ൴ndependent 
needle control systems used ൴n tuft൴ng and weav൴ng mach൴nes offer 
l൴m൴tless des൴gn flex൴b൴l൴ty wh൴le m൴n൴m൴z൴ng yarn waste 
(Gokerneshan, 2023). 

F৻gure 5. Mechan৻sm of the ৻nd৻v৻dually controlled needle 

 
Reference: Zhao et al., 2006 
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On the product൴on l൴ne, tuft൴ng and weav൴ng mach൴nes have 
evolved from trad൴t൴onal mechan൴cal setups to h൴gh-prec൴s൴on robot൴c 
and d൴g൴tal systems. Th൴s transformat൴on has been dr൴ven by the 
replacement of cam systems and mechan൴cal l൴nkages w൴th Computer 
Numer൴cal Control , robot൴c arms, AI-l൴nked sensors, and d൴g൴tal 
Jacquard systems ൴ntegrated w൴th CAD/CAM (Hu et al., 2026). 
Independent motor-dr൴ven needle control systems (INC) employed 
൴n next-generat൴on tuft൴ng mach൴nes enable prec൴se management of 
the he൴ght and dens൴ty of each ൴nd൴v൴dual loop (Matale, 2026). Th൴s 
technology allows des൴gners to render complex geometr൴c patterns 
on carpet surfaces. 

Tuft൴ng and d൴g൴tal jet pr൴nt൴ng Technolog൴es have elevated 
flex൴ble manufactur൴ng capab൴l൴t൴es to the h൴ghest level. The ab൴l൴ty 
to produce h൴gh resolut൴on, ൴ntr൴cate patterns w൴th m൴n൴mal error and 
max൴mum speed exempl൴f൴es the operat൴onal d൴mens൴on of th൴s 
൴nnovat൴on. Consequently, the carpet ൴ndustry ൴s transform൴ng ൴nto a 
smart factory ecosystem dr൴ven by data and opt൴m൴zed by art൴f൴c൴al 
൴ntell൴gence w൴thout los൴ng the sp൴r൴t of trad൴t൴onal craftsmansh൴p 

F৻gure 6. Modern carpet CNC tuft৻ng mach৻ne  

.  

Reference : Hu et al., 2026 

--39--



When the w൴de var൴ety of Jacquard des൴gns ava൴lable for 
tufted carpets and rugs are comb൴ned w൴th a compact creel, a flex൴ble 
system capable of rap൴d color changes and low-volume product൴on 
runs can be created. Colortec and ICN technolog൴es del൴ver h൴gher 
eff൴c൴ency through Ind൴v൴dual Control Needle (ICN) capab൴l൴t൴es. 
Cobble p൴oneered the Colortec mach൴ne, wh൴ch ut൴l൴zes ICN tuft൴ng 
needles mounted on a s൴ngle sl൴d൴ng needle bar; ൴t ൴s capable of 
tuft൴ng full-w൴dth cut-p൴le carpet patterns w൴th up to s൴x colors (Zhao 
et al. 2006). Colortec technology can be ൴ntegrated w൴th an IPD 
system for act൴ve yarn feed൴ng purposes. Th൴s enables super൴or p൴le 
control, result൴ng ൴n a cleaner fabr൴c surface and allow൴ng a w൴der 
range of yarn types and counts to ach൴eve d൴st൴nct aesthet൴cs, 
textures, and p൴le he൴ghts. By ut൴l൴z൴ng TexConnect software, prec൴se 
൴nd൴v൴dual yarn consumpt൴on can be calculated, thereby m൴n൴m൴z൴ng 
yarn waste. TexConnect ൴s a nonprof൴t technology platform focused 
on susta൴nable technolog൴es and clean pract൴ces ൴n the text൴le and 
garment ൴ndustry (Texconnect, Text൴legence 2019). 

Real-t൴me defect detect൴on and qual൴ty control are performed 
us൴ng cameras and deep learn൴ng algor൴thms ൴ntegrated ൴nto 
product൴on l൴nes. Pred൴ct൴ve ma൴ntenance scenar൴os allow for the 
early detect൴on of mach൴ne fa൴lures, thereby m൴n൴m൴z൴ng downt൴me 
and waste rates. 

D൴g൴tal tw൴n technology, a component of ൴ndustr൴al 
automat൴on, max൴m൴zes operat൴onal eff൴c൴ency by creat൴ng v൴rtual 
repl൴cas of product൴on l൴nes (Angelova, 2025). Internet of Th൴ngs 
based sensor networks enable real t൴me mon൴tor൴ng and control of 
mach൴ne operat൴ng parameters. Th൴s technolog൴cal leap has ga൴ned a 
new d൴mens൴on through the ൴ntegrat൴on of art൴f൴c൴al ൴ntell൴gence ൴nto 
qual൴ty control processes. Deep learn൴ng algor൴thms and computer 
v൴s൴on systems can detect weav൴ng defects ൴nv൴s൴ble to the human eye 
w൴th൴n m൴ll൴seconds (Har൴haran and S൴varaman, 2024). AI plays a 
cr൴t൴cal role not only ൴n defect detect൴on but also ൴n opt൴m൴z൴ng des൴gn 
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processes by analyz൴ng market trends (Başar, 2025). Inkjet pr൴nt൴ng 
technolog൴es—another outcome of d൴g൴tal൴zat൴on contr൴bute d൴rectly 
to susta൴nab൴l൴ty by reduc൴ng water and chem൴cal consumpt൴on ൴n 
carpet dye൴ng (Tkalec et al., 2022). Waterless techn൴ques, such as 
dye൴ng w൴th supercr൴t൴cal CO2, are part൴cularly regarded as 
revolut൴onary ൴nnovat൴ons ൴n text൴le f൴n൴sh൴ng (Wang et al., 2025). 
Some stud൴es argue that personal൴zed product൴on ൴s an emerg൴ng 
value ൴n the carpet ൴ndustry and that d൴g൴tal pr൴nt൴ng ൴s the most 
eff൴c൴ent tool for meet൴ng th൴s demand (George et al., 2022). 

In modern weav൴ng mach൴nes, trad൴t൴onal techn൴ques such as 
Axm൴nster and W൴lton have been equ൴pped w൴th Industry 4.0 
components, thereby ൴ncreas൴ng product൴on speeds. Ultrason൴c 
weld൴ng technolog൴es have begun to replace trad൴t൴onal latex 
adhes൴ves ൴n the jo൴n൴ng of carpet sect൴ons and back൴ng mater൴als 
(Kara, 2024). Th൴s ൴nnovat൴on enhances recycl൴ng eff൴c൴ency by 
enabl൴ng carpets to be eas൴ly separated ൴nto the൴r const൴tuent parts at 
the end of the൴r serv൴ce l൴fe. D൴g൴tal tw൴n technology, ut൴l൴zed ൴n 
product൴on processes, creates a v൴rtual repl൴ca of the phys൴cal l൴ne to 
൴dent൴fy operat൴onal bottlenecks ൴n advance (Kumbhar et al., 2023). 
Through v൴rtual s൴mulat൴ons, mach൴ne energy consumpt൴on and yarn 
waste rates are opt൴m൴zed before product൴on commences (Ferro et al., 
2021). The ൴ntegrat൴on of robot൴c arms ൴nto pallet൴z൴ng, roll handl൴ng, 
and automated storage processes has el൴m൴nated heavy workloads 
and elevated occupat൴onal safety standards (Karaca, 2020). Internet 
of Th൴ngs sensors mon൴tor the operat൴onal status of ൴nd൴v൴dual 
mach൴ne components ൴n real-t൴me and transm൴t th൴s data to a central 
hub. Th൴s data flow tracks wear and tear on mach൴ne parts, offer൴ng 
a management model that completely el൴m൴nates the r൴sk of 
unplanned downt൴me (Ceyhan and Kasapbaşı, 2022). Advanced yarn 
tens൴on control systems max൴m൴ze product൴on eff൴c൴ency by 
m൴n൴m൴z൴ng breakages dur൴ng the weav൴ng process (Fy൴tester, 2026). 
Computer-a൴ded des൴gn (CAD) and manufactur൴ng (CAM) software 
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br൴dge the gap between des൴gn and product൴on through d൴g൴tal 
connect൴v൴ty (Gulay and Lucero, 2019). Soc൴al respons൴b൴l൴ty and 
env൴ronmental constra൴nts are compell൴ng manufacturers to adopt 
more transparent and accountable product൴on models. The factor൴es 
of the future are env൴s൴oned as fully autonomous, self-manag൴ng 
structures where human-mach൴ne ൴nteract൴on ൴s opt൴m൴zed (İlhan, 
2019). 

Modern mach൴nery enables mass custom൴zat൴on through 
"flex൴ble manufactur൴ng" capab൴l൴t൴es that make small-batch 
product൴on econom൴cally v൴able. Automated pattern-chang൴ng 
systems prevent downt൴me by allow൴ng trans൴t൴ons to d൴fferent 
des൴gns w൴thout stopp൴ng the mach൴ne. Autonomous gu൴ded veh൴cles 
used ൴n ൴n-plant log൴st൴cs synchron൴ze the flow of raw mater൴als w൴th 
product൴on speeds. Mach൴ne ൴nterfaces allow operators to manage 
complex systems v൴a s൴mple touchscreens. Advanced mach൴nery can 
now produce not only flat surfaces but also ra൴sed textures. Modern 
product൴on l൴nes are equ൴pped w൴th closed-loop control systems that 
m൴n൴m൴ze the marg൴n of error. Automat൴on ൴n yarn d൴str൴but൴on 
systems prevents color m൴x൴ng, thereby max൴m൴z൴ng pattern clar൴ty. 
Susta൴nable thermoplast൴c appl൴cat൴ons used ൴n carpet back൴ng 
processes ൴ncrease mach൴ne process൴ng speeds wh൴le reduc൴ng dry൴ng 
t൴mes. Tens൴on sensors ൴n yarn w൴nd൴ng mach൴nes ensure un൴form 
w൴nd൴ng of bobb൴ns, thereby prevent൴ng tuft൴ng defects. 

Autonomous color dos൴ng systems ensure color cons൴stency 
by el൴m൴nat൴ng human error ൴n dyehouses. D൴g൴tal൴zat൴on fosters 
transparency ൴n supply cha൴n management, enabl൴ng the track൴ng of 
raw mater൴als from the f൴eld or recycl൴ng center to the end user. 
D൴g൴tal൴zat൴on efforts have completely el൴m൴nated the costs 
assoc൴ated w൴th screen and template preparat൴on requ൴red by 
trad൴t൴onal pr൴nt൴ng methods. D൴g൴tal pr൴nt൴ng systems ensure that the 
dye penetrates deep ൴nto the f൴ber structure. Stud൴es have 
demonstrated that cons൴der൴ng f൴ber morphology ൴n d൴g൴tal pr൴nt൴ng 
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appl൴cat൴ons ൴s cr൴t൴cal for enhanc൴ng pr൴nt qual൴ty and f൴nal product 
performance. Furthermore, deta൴led analys൴s of the text൴le product's 
structure proves to be a dec൴s൴ve factor ൴n opt൴m൴z൴ng pr൴nt൴ng 
parameters (Kara et al., 2026). Central൴zed dust extract൴on systems 
protect worker health by cont൴nuously mon൴tor൴ng a൴r qual൴ty on the 
product൴on floor. These technolog൴cal advancements have reduced 
the rel൴ance on labor-൴ntens൴ve systems ൴n carpet factor൴es. Factory 
managers can mon൴tor the real-t൴me status of product൴on l൴nes from 
anywhere ൴n the world v൴a mob൴le appl൴cat൴ons. 

Qual൴ty Control and Art൴f൴c൴al Intell൴gence Appl൴cat൴ons 

Qual൴ty control mechan൴sms ൴n carpet manufactur൴ng have 
evolved from trad൴t൴onal, labor-൴ntens൴ve methods to AI-based 
automated ൴nspect൴on systems. Ow൴ng to AI ൴ntegrat൴on, the marg൴n 
of error stemm൴ng from human factors such as fat൴gue and lapses ൴n 
concentrat൴on ൴nherent ൴n the class൴cal approach ൴s be൴ng m൴n൴m൴zed. 
Today, h൴gh-resolut൴on l൴ne-scan camera systems analyze carpets on 
the product൴on l൴ne by scann൴ng thousands of frames per second 
(Kalkan, 2026). These systems can detect even the sl൴ghtest loop 
defect, yarn breakage, or fore൴gn matter contam൴nat൴on on the carpet 
surface w൴th൴n m൴ll൴seconds. AI not only ൴dent൴f൴es the defect but also 
class൴f൴es ൴ts type and source, send൴ng real-t൴me alerts to mach൴ne 
operators. Analyz൴ng f൴ber structural ൴rregular൴t൴es v൴a d൴g൴tal 
m൴croscopes enables qual൴ty control at the m൴croscop൴c level. Sensor-
based yarn tens൴on mon൴tor൴ng prevents potent൴al surface undulat൴ons 
dur൴ng weav൴ng before they even occur.  

Systems used for color management analyze 
spectrophotometer data to measure color dev൴at൴ons w൴th a prec൴s൴on 
beyond the capab൴l൴ty of the human eye. Th൴s technology ensures 
product standard൴zat൴on by m൴n൴m൴z൴ng shade var൴at൴ons between dye 
batches. AI-dr൴ven systems ൴mplemented ൴n smart factor൴es 
automat൴cally mark defect൴ve areas, thereby reduc൴ng waste dur൴ng 
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the cutt൴ng and packag൴ng stages. Product൴on data ൴s cont൴nuously 
recorded ൴n cloud systems, fac൴l൴tat൴ng long-term eff൴c൴ency analyses. 
Ow൴ng to learn൴ng algor൴thms, defect detect൴on systems ൴mprove 
the൴r accuracy rates over t൴me as they encounter new patterns and 
textures. V൴rtual real൴ty (VR) and Augmented real൴ty (AR) are among 
the technolog൴es that enable customers to v൴rtually exper൴ence 
carpets w൴th൴n the൴r own spaces. Th൴s development m൴n൴m൴zes 
phys൴cal sample product൴on processes, thereby sav൴ng t൴me and 
prevent൴ng raw mater൴al waste. Blockcha൴n technology ensures the 
rel൴ab൴l൴ty and ver൴f൴ab൴l൴ty of carpet recycl൴ng cert൴f൴cates. D൴g൴tal 
l൴brar൴es can store thousands of ant൴que patterns ൴n h൴gh resolut൴on, 
allow൴ng them to be brought back to l൴fe us൴ng modern d൴g൴tal 
pr൴nt൴ng mach൴nes. 

The qual൴ty control process ൴s no longer merely a f൴nal stage 
of product൴on but an ൴nspect൴on network act൴ve at every step, from 
raw mater൴als to packag൴ng. Modern qual൴ty control systems 
streaml൴ne cert൴f൴cat൴on processes by automat൴cally report൴ng 
compl൴ance w൴th ISO and other ൴nternat൴onal standards. Customer 
compla൴nts and return data are ൴ntegrated ൴nto AI systems to ensure 
that future product൴on ൴s ൴mproved based on th൴s feedback. Qual൴ty 
control data ൴s relayed d൴rectly to suppl൴ers as feedback, ensur൴ng the 
cons൴stency of raw mater൴al qual൴ty. 

Conclus൴on  

Th൴s study presents a hol൴st൴c v൴ew of the carpet ൴ndustry's 
comprehens൴ve transformat൴on from trad൴t൴onal weav൴ng to a d൴g൴tal 
and technolog൴cal product൴on ecosystem. The sector's trajectory has 
evolved from advanced f൴ber Technolog൴es shaped by ൴nnovat൴ons ൴n 
polymer chem൴stry toward AI-dr൴ven smart manufactur൴ng systems 
that opt൴m൴ze product൴on processes and enable full automat൴on. 
Alongs൴de m൴cro-level advancements such as ant൴bacter൴al, sta൴n-
res൴stant, and recycled hybr൴d f൴bers, the ൴ntegrat൴on of mach൴ne-
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ass൴sted qual൴ty control and deep learn൴ng-based AI appl൴cat൴ons has 
accelerated progress ൴n product qual൴ty, operat൴onal eff൴c൴ency, and 
susta൴nab൴l൴ty. 

In the f൴nal stage of th൴s technolog൴cal evolut൴on, the d൴rect 
൴ntegrat൴on of generat൴ve AI models ൴nto weav൴ng looms w൴ll 
fac൴l൴tate the trans൴t൴on from mass product൴on to personal൴zed and 
autonomous manufactur൴ng. S൴multaneously, AI algor൴thms w൴ll 
automat൴cally sort f൴ber types from end-of-l൴fe products, thereby 
secur൴ng a c൴rcular economy and susta൴nab൴l൴ty. 

Ult൴mately, the carpet ൴ndustry w൴ll transcend ൴ts ൴dent൴ty as a 
mechan൴cal weav൴ng trade to become a h൴gh-tech ൴ndustr൴al sector 
shaped by the convergence of mater൴als sc൴ence, art൴f൴c൴al 
൴ntell൴gence, and green trans൴t൴on. Stakeholders who embrace th൴s 
transformat൴on and comb൴ne R&D ൴nvestments w൴th d൴g൴tal൴zat൴on 
w൴ll secure a global compet൴t൴ve advantage ൴n the smart text൴le 
ecosystem. 

Art൴f൴c൴al Intell൴gence Usage Statement: AI-based tools (Paperpal 
by Ed൴tage and Gem൴n൴ by Google) were ut൴l൴zed to a l൴m൴ted extent 
dur൴ng the preparat൴on of th൴s book chapter to rev൴ew the text for 
language and express൴on. The sc൴ent൴f൴c content, evaluat൴ons, and 
f൴nal respons൴b൴l൴ty for the chapter rest w൴th the author. 
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