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Textiles that can think for themselves! This concept is very progressive, and such textiles are a 

fact technically conceivable today and commercially feasible tomorrow. The technology of 

“Smart Textiles” is an integration of almost all disciplines of applied sciences like: Textile 

technology, Textile chemistry, Material science, Cloth manufacturing technology, Structural 

mechanics, Electronics, Artificial intelligence, Biotechnology. These myriad sciences are 

blended with one another to produce fashionable textiles which make our lives comfortable 

and luxurious. SMART TEXTILES, however, are not just restricted to clothing and apparels 

but extend to many other applications like automobiles, robotics, aircrafts, medicine and 

surgery etc. The importance of these materials is so profound at some places (e.g. military 

battlefields) that they virtually act as lifesaving materials. 

The Smart Textiles and Emerging Technologies (STET) International Conference served as a 

platform for academic researchers and industry experts to exchange knowledge and insights in 

the field of smart textile materials and technologies. 

STET-2024 was a resounding success, attracting academic professionals, industry leaders, and 

research students (Ph.D. and Master’s) from various countries to participate in the two-day 

virtual event. The conference showcased advancements in the smart textile sector through 

engaging presentations by research experts, industry innovators, and students. It offered a 

comprehensive exploration of smart textile materials and emerging technologies.  
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Abstract 

Cellulose nanocrystals (CNCs) loaded nanocomposites, representing a significant 

advancement in materials science, offers a unique combination of environmental sustainability, 

superior mechanical properties, and multifunctionality. Derived from abundant and renewable 

cellulose sources, CNCs are known for their high aspect ratio, exceptional strength, and 

stiffness. One of the primary advantages of CNC-loaded nanocomposites is their 

biodegradability, making them an eco-friendly alternative to conventional petroleum-based 

composites. This characteristic aligns well with the growing global emphasis on sustainable 

materials and reducing environmental footprints. Despite the intriguing properties of CNCs, 

their use as reinforcing fillers in polymer nanocomposites is largely restricted to a limited 

number of hydrophilic polymers. This limitation arises because strong interparticle hydrogen 

bonding causes CNCs to agglomerate when introduced into nonpolar matrices. As a result, the 

weak interface between the matrix and CNCs hinders the enhancement of properties in widely 

https://creativecommons.org/licenses/by-nc-nd/4.0/


International Conference – Smart Textiles and Emerging Technologies 

 ISSN 3021-1239 
 

[2] 

 

used biopolymers such as hydrophobic polylactide (PLA), a well-known commercially 

available biopolymer. Even though PLA has good mechanical, thermal, and physical 

properties, its processability is restricted by a number of drawbacks, including brittleness, slow 

crystallization and low melt strength. One of the most widespread approaches to handle 

aforementioned drawbacks is the production of nanocomposites via incorporation of 

nanoparticles as reinforcing fillers into PLA matrix. CNC is a good candidate to develop PLA-

based nanocomposites; however, aforementioned incompatibilities need to be managed. 

Accordingly, this study aims to emphasize the key points of providing a good CNC dispersion 

within PLA and its blends and the effect of nanoparticle loading on the main properties of 

nanofibers produced through electrospinning technique.   

Keywords: Polylactide, Polybutylene adipate terephthalate, Cellulose nanocrystals, 

Solvent, Dispersion 

 

1 Introduction 

Cellulose nanocrystals (CNCs) are promising nanoparticles for developing eco-friendly 

nanocomposites due to their low density, high aspect ratio, high modulus and strength, and 

being biobased and biodegradable, with potential applications in barrier films, drug delivery 

systems, implants, reinforcing polymer matrices, nanofibers, and textiles (Mali and Sherje, 

2022). However, CNCs tend to agglomerate in hydrophobic polymers due to the presence of 

hydroxyl groups and sulfate half-esters on their surface. Polylactide (PLA) is a leading 

biobased and biodegradable polymer with the potential to substitute conventional fossil-based 

polymers like polystyrene (PS) and polyethylene terephthalate (PET) due to its advantageous 

physical properties, including high modulus and strength (Auras et al. 2004). However, PLA 

processing is limited due to its brittle nature, having slow crystallization, and low melt strength 

(Nofar et al. 2019) There are different approaches to overcome these shortcomings. One 

effective method to enhance PLA's processability is to blend PLA with ductile polymers, such 

as polycaprolactone (PCL), polybutylene succinate (PBS), and polybutylene adipate 

terephthalate (PBAT). Another method for improving its processability is incorporate 

nanoparticles into the PLA matrix to produce PLA-based nanocomposites. For this purpose, 

several nanoparticles, such as graphene, nanoclay, carbon nanotubes, nanosilica, and CNCs 

(Vatansever et al. 2019) have been utilized.  
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Solution casting has been shown to improve CNC dispersion in PLA-based nanocomposites 

compared to melt processing, which tends to form CNC agglomerates (Vatansever et al. 2020). 

Besides, to further enhance CNC dispersion in solution casting films, using of surfactants 

(Moreno et al. 2016), modifying CNC surfaces (Arredondo et al. 2017), and employing polar 

solvents can be favored. Especially using of surfactants, or modifying CNC surface are 

preferred when non-polar solvents, such as dichloromethane (DCM) or chloroform (CHL) are 

employed in the solution casting process. On the other hand, polar solvents, such as 

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), have been employed to disperse 

CNCs in PLA matrix successfully. However, the high toxicity of DMF (Kim and Kim, 2011) 

limits its use in the development of environmentally friendly materials. On the other hand, 

DMSO, a non-toxic polar solvent, is a good alternative that provides better CNC dispersion 

compared to DMF (Ozdemir and Nofar, 2021). Therefore, the choice of solvent is crucial to 

ensure both good CNC dispersion and dissolution of the polymer.  

This study explores the impact of a binary solvent system on CNC dispersion quality in PLA 

and PLA/PBAT blends. In addition, the study evaluates the fiber formation capability of CNC-

loaded polymer solutions and assesses how well-dispersed CNCs affect fiber formation quality. 

2 Materials and methods 

Ingeo™, a low molecular weight PLA (NatureWorks LLC, Minnetonka, MN, USA) was 

utilized since our previous study indicated that low molecular weight PLA indicated better 

CNC dispersion compared to its high and medium molecular weight PLA counterparts (Palak 

et al., 2024). PBAT, Ecoflex® was supplied from BASF, Ludwigshafen, Germany. CNCs were 

provided by CelluForce (Montreal, Canada). Dichloromethane (DCM, Sigma-Aldrich) and 

dimethyl sulfoxide (DMSO, Fisher Chemicals) were utilized without further purification.   

CNCs were dispersed within the DCM/DMSO, i.e., 100%, 75/25%, 50/50%, solvent blends in 

a water bath sonicator, then, PLA/PBAT blends, i.e., 100/0%, 75/25%, 50/50%, were added 

and stirred. Once polymer granules were dissolved, the solutions were poured into glass petri 

dishes, and they were kept in a vacuum oven at 85C for 3 days, then grounded into powder 

form using a grinder. Powdered samples were hot pressed at 190°C to prepare rheological 

samples. A rotational rheometer was employed to conduct rheological analysis. 

The selected polymer solutions were utilized in electrospinning method (Inovenso, 

Nanospinner24). The electrospinning parameters of feed rate, voltage and tip-to-collector 

distance were kept constant at 1.0 mL/h, 18-19 kV, and 15 cm, respectively.  A scanning 
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electron microscope (SEM) was utilized to conduct morphological analysis, and SEM images 

were processed by Image J software (Palak and Karagüzel Kayaoglu, 2023) to calculate the 

average fiber diameter.  

3 Results 

In rheological analysis, the low frequency upturn in complex viscosity indicates the CNC 

networking formation, revealing the increase in the solid-like behavior of the nanocomposites 

(Ozdemir and Nofar, 2021). In Figure 1, no upturns in complex viscosity was observed when 

only DCM was used; therefore, it was concluded that DCM allowed the lowest degree of CNC 

dispersion within PLA due to its non-polar characteristic. On the other hand, solvent blends 

with a DMSO content of 25 v/v % and 50 v/v % enabled the homogenous dispersion of CNC 

in PLA matrix. Besides, PLA has a homogenously distributed and stronger CNC network as a 

result of shorter molecule chains causing less interference. Since a high a DMSO content, i.e., 

50 v/v %, could cause residual solvent in the structure of nanocomposites, DCM/DMSO 

solvent blend was chosen as 75DCM/25DMSO in order to develop PLA/PBAT blend 

nanocomposites. 

 

 

Figure 1 Complex viscosity versus angular frequency graphs of neat PLA and its 

nanocomposite 
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Accordingly, as given in Figure 2, PLA/PBAT blend nanocomposites also showed major 

upturns at low frequencies indicating better CNC dispersion compared to PLA/CNC 

nanocomposites. 

Figure 3 shows the nanofibrous webs of neat PLA and its nanocomposite comprising 3 wt. % 

CNC and 75DCM/25DMSO. The average fiber diameter of neat PLA decreased from 

1510±200 nm to 342±97 nm when the CNC ratio was 3 wt.% due to increased solution 

conductivity with an addition of CNC. On the other hand, some beads were observed in the 

fiber structure since an addition of 3 wt.% CNC may cause agglomeration. 

 

Figure 2 Complex viscosity versus angular frequency graphs of PLA/PBAT 

nanocomposites  

 

Figure 3 Nanofibrous webs of neat PLA and its nanocomposite 
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Figure 4 shows the nanofibrous webs of PLA/PBAT blends comprising 3 wt. % CNC and 

75DCM/25DMSO. Bead formation was observed in 100PLA/0PBAT, probably due to a low 

polymer solution viscosity. The addition of PBAT, i.e., 25 w/v% and 50 w/v%, resulted in more 

homogenous fibers having a higher mean fiber diameter because PLA/PBAT nanocomposites 

exhibited higher complex viscosities compared to PLA nanocomposites (Figure 2). Besides, 

the blend of 75PLA/25PBAT demonstrated a higher complex viscosity than the blend of 

50PLA/50PBAT; therefore, the average fiber diameters of nanofibrous webs were in 

accordance with the complex viscosity values. 

 

Figure 4 Nanofibrous webs of PLA/PBAT nanocomposites  

 

Conclusion  

In this study, the role of solvents to provide a good CNC dispersion within PLA and 

PLA/PBAT matrix was investigated. Besides, an overview of how incorporating CNCs may 

affect electrospun fiber formation when using various solvents and polymer blend ratios were 

provided. Our study indicated that using a non-polar solvent solely resulted in the poorest 

dispersion, whereas an addition of a polar solvent dramatically affected CNC dispersion. The 

incorporation of CNCs had a direct impact on the conductivity of the polymer solutions and 

influenced the average fiber diameters of the both PLA and PLA/PBAT blend nanocomposite 

nanofibers produced through the electrospinning process. The produced nanofibrous webs can 

be further developed for applications in tissue engineering, drug delivery and active/smart food 

packaging. 
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Abstract 

As 3D printers become increasingly popular, plastic waste is growing. A survey indicated that 

33% of 3D printouts are discarded. Filament-based 3D printing generates 379,000 kg of plastic 

waste in the UK. Research found that 70% of 3D printer users don't recycle their trash, and 

there is no EoL processing system. 3D printing waste is likely placed in landfills, which is 

terrible for the environment. Recycling plastic garbage is risky due to contamination. A lot of 

3D printed parts look very much the same, no matter what kind of material they are made of. 

For example, PLA and PETG pieces are very similar and can be easily mixed up. This makes 

it hard for both the person who makes the trash and the person who receives it to separate it. 

Mixing plastics might weaken recovered materials, according to All3DP. Most of the time, 

PLA fibre is used for 3D printing. Unfortunately, it can only break down in industrial 

composting environments, and it can contaminate regular recycle streams in a big way. It's 

even worse that there aren't many industrial composting facilities that can handle PLA. This 

means that PLA waste from 3D printing can't be thrown away properly or at a price that isn't 

too high. 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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This paper gives an in-depth look at the losses that come up during 3D printing. The literature 

on the different wastes that have been used to make 3D printable mixes is looked at. This 

includes information on how waste is made, the properties of the materials, and how these 

materials can be used to recycle or make new materials. 

Keywords: 3D printing, Waste Management, Industrial Waste, Recycling 

 

1 Introduction 

The circular economy idea replaces the old straight idea based on the "take—make—dispose" 

model and is meant to solve environmental and social issues (Jawahir and Bradley, 2016, 

Mikula et al, 2020). Plastics, waste from building and demolition, critical raw materials, food 

waste, bioproducts, and biomass are the five most important areas that need specific action in 

the circular economy package. This plan sets goals to recycle 65% of municipal trash, 75% of 

packaging waste, and 10% of landfilling by 2030. Circular economy aims to be a regenerative 

system that benefits society and economy by reducing natural resources, waste, pollution, and 

recovering materials and energy. (Mikula et al, 2020). The circular economy strives to recycle 

resources using the 3R principles of reduce, reuse, and recycle. With the 3R principles, 'recover, 

redesign, and remanufacture' techniques were added, forming the 6R principle (Zhu et al, 

2021). 

3D printing allows waste recycling and material recovery. In 2018, the global market for 3D 

printing technology—hardware, software, materials, and services—was $7.3 billion US 

dollars. Ceramics, metals, and especially polymers are used to rapidly fabricate devices, pieces, 

and tools (Rodríguez-Hernández et al, 2020). The idea of 3D printing is fairly new, but it has 

become very common in the past few years. Because it is easy to use and doesn't cost much, it 

is mostly used for testing and small-scale production. In the past few years, 3D printing has 

become more common in many fields. For example, the aerospace, military, automotive, 

medical, and construction businesses are all using it more and more (Shah et al, 2019).  

When the circular economy idea is combined with additive manufacturing / 3D Printing 

methods, it can give old polymeric parts a new lease on life through spread recycling and 

production. Many polymer wastes can be reused and turned into useful products with additive 

manufacturing once the right methods are developed and widely used (Rashid and Koç, 2023). 
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2 About the 3D printing 

Additive manufacturing, or 3D printing, is a way to make any type of 3D object from a 3D 

model or other electronic data. It does this by adding layers of material one on top of the other 

while a computer controls the process (Lee et al, 2006). 

Following are the general principles of 3D printing process- 

A. Modelling CAD design software or a 3D printer can be used to make 3D models that can be 

printed. Getting geometric data ready for 3D computer graphics by hand is a process similar to 

method sculpting. 3D modelling is the process of looking at an object's shape and figuring out 

how it looks. This information can be used to make 3D models of the scanned item (Gokhare, 

Raut, and Shinde, 2017). 

B. Printing: A "slicer" piece of software must first process an STL file (stereolithographic file) 

to turn it into a series of thin layers and create a G-code file with printer-specific instructions. 

The 3D printer then uses the G-code file to add layers of liquid, powder, or sheet material to 

build a model from a series of cross-sections of a model. These layers, which match the virtual 

cross-sections from the CAD model, are joined or fused to make the final shape of the model 

(Gokhare, Raut, and Shinde, 2017). 

C. Finishing: The resolution that the printer produces is good enough for many tasks, but we 

can get better accuracy by printing an item that is a little bigger than it needs to be in standard 

resolution and then removing material with a higher-resolution process (Gokhare, Raut, and 

Shinde, 2017). 

As of late 1970, a lot of different 3D printing methods and tools have been created. When they 

were first made, the printers were very big and did not make cheaply. There are now a lot of 

different ways to use additive manufacturing. Some of the ways to make the layers melt or 

soften the material, like selective laser melting (SLM), selective laser sintering (SLS), and 

fused deposition modelling (FDM). Other ways use different technologies, like 

stereolithography (SLA) and laminated object manufacturing (LOM), to cure liquid materials 

(Gokhare, Raut, and Shinde, 2017). 

Most of the materials used in 3D printing are thermoplastics. Acetate butadiene styrene (ABS) 

and polylactic acid (PLA) are the most important ones (Mikula et al, 2020). Polyetherimide 

(PEI), polyetheretherketone (PEEK), polycaprolactone (PCL) and different kinds of 

polyethylene (PE), such as LDPE (low-density PE), LLDPE (linear low-density PE), and 
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HDPE (high-density PE), make up the last group of materials. People often print daily things 

like car parts, surgical instruments, prototypes, different kinds of packaging, small garden 

structures, toys, and a lot more with these kinds of materials (Mikula et al, 2020). 

3 Advantages and disadvantages 

3D printing allows ideas to develop more quickly. 3D printing enables the fabrication of 

components and/or tools at far lower rates than traditional machining. It is far cheaper to 3D 

print a test prototype than to redesign or modify an existing mould. With a prototype, we may 

test the market by displaying it at a tradeshow. Getting buyer feedback on the product before 

it goes into production is an important technique to ensure that it has market potential. With 

3D printing, one may personalize and customize a part to uniquely match their demands, 

allowing for custom fits and encouraging people to expand their ideas in a new world. One 

may now 3D print almost anything they imagine after designing it out virtually or by hand. In 

a relatively short period of time, an idea, concept, dream, or invention can transform from a 

basic thought to a manufactured component (Gokhare, Raut, and Shinde, 2017). 

Despite its benefits, 3D printing generates a lot of waste, which is caused by unsuccessful prints 

or rejected support structures. Furthermore, the ability to generate components without 

machining or tools means that many prints are utilized as throwaway prototypes. As additive 

technology advances, the number of thermoplastic prints grows, posing a waste management 

challenge (Mikula et al, 2020). Currently, 3D printers can operate with around 100 different 

raw materials. This is minor when compared to the vast number of raw materials utilized in 

traditional manufacturing (Gokhare, Raut, and Shinde, 2017). With the time, more raw 

materials would be introduced which will make the waste management of 3D printing more 

complex. 

4 3D printing waste 

The buildup of micro- and nano plastics in freshwater, marine water, and soil, which can't be 

stopped because of plastic waste, has become a worldwide environmental issue. (Rodríguez-

Hernández et al, 2020). Dey et al (2022) has provided comprehensive review about the 

utilization of industrial waste in 3D concrete printing process. In this paper, potential of various 

industrial wastes which consume the natural resources and responsible for 8-9% of the total 

global anthropogenic CO2 emissions, which results the severe environmental consequences 

including disposal into landfills and pollution of ground water, are selected to propose suitable 

for 3D printed/digital concrete.   
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Pollution from plastics is known to be very bad for the environment. Still, there are more and 

more new ways to use and apply plastic. Three-dimensional resin printers have become more 

popular and useful around the world thanks to these new uses. Their yearly sales have grown 

by a huge amount. However, this technology is also the origin of residues generation from the 

alcohol cleaning process at the end of each printing. When this alcohol and resin mix is used, 

it can accidentally create very small pieces of plastic that are not thrown away properly and 

end up out in the world (Rodríguez-Hernández et al, 2020) 

Because of its accuracy, precision, and efficiency, polymer 3D printing has received a lot of 

interest in dentistry. Polymer-based biomaterials, like as PLA, have been regarded as the most 

promising dental materials due to their distinct qualities, which include great mechanical, 

physical, and biological capabilities. For example, 3D printed PLA models for schooling, 3D 

printed polycaprolactone (PCL) to help the periodontium regeneration, 3D printing implants 

and scaffolds for oral defects repair (Zhu et al, 2021). 

 3D printing has recently become very popular in the toy business. Polymers and other types 

of plastic are used to turn complicated geometric shapes into appealing 3D toys. For example, 

PLA roly-poly toys can be 3D printed. It has been successfully printed onto clothes by 3D 

utility. According to new study, PLA is a good 3D printing material because it meets the normal 

lab requirements for strength, accuracy, compatibility with vacuums, and electrical properties. 

Precision manufacturing of complicated structures can also be used to cut down on noise by 

turning materials into structures that block noise. Plastic surgery is common all over the world, 

and 3D printing can meet the wants of customers (Zhu et al, 2021). 

5 Challenges 

A lot of trash is made by 3D printing because some prints do not work and/or support structures 

are rejected. According to this study, 33% of 3D prints end up being useless. This could be 

about 379,000 kg of waste plastic made every year in the UK alone (Filamentive, 2024). A lot 

of 3D printed parts look very much the same, no matter what kind of material they are made 

of. For example, PLA and PETG pieces are very similar and can be easily mixed up. This 

makes it hard for both the person who makes the trash and the person who receives it to separate 

it. There are a lot of problems with how to recycle 3D printing trash. Plastic doesn't weigh 

much compared to its bulk, which makes it expensive and inefficient to collect and move. 

Sorting, reprocessing, manufacturing, and management all cost a lot of money on top of the 

logistics costs. People in different types of businesses are more likely to be willing to pay for 
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trash management than people who are just doing it for fun. A recent LinkedIn poll identified 

the main sources of 3D printing waste: Failed 3D Prints (31%), Support Structures (41%), 

Unwanted Prototypes/Parts (24%), and Other (5%) (Toor, 2023).  

Three-dimensional printing has some problems right now, with the tools, the environment, the 

materials, and other things. The rate of 3D printing products right now is only 30–50%. A 

relevant report says that with 3D printing, the amount of plastic used hit 18,500 tons in 2020. 

However, it is not clear how much 3D printing waste there is. It is likely that at least 5,000 tons 

of 3D printing trash would be made (Zhu et al, 2021). 

Not much research has been done on recycling 3D printing waste. Most of the time, physical 

recycling methods are used to deal with 3D printing trash, like shredding and reprocessing after 

melting or high-temperature degradation. But it's hard to recycle efficiently and 

environmentally with these ways. 

Conclusion and recommendations 

As usual, this is where the setup for the additive manufacturing or 3D printing process 

(specifically the FFF/FDM process) begins, with a brand-new material being used to make the 

feedstock material for 3D Printing. It is best to use as few new materials as possible at this 

point to protect the world from the damage that comes from using up natural resources and 

putting things in landfills or damping them down when they're no longer useful. Depending on 

how many times they are recycled, the materials may break down. However, adding the right 

reinforcement (natural or synthetic) will help get the properties of the recovered polymeric 

materials back. 

Biodegradable polymers like PLA are used most in tissue engineering and bone restoration. 

PLA is an important medical 3D printing biomaterial in terms of cost, performance, and other 

factors. Plastic deterioration is non-reusable. With recent scientific and technological advances, 

catalysts and solvents can degrade 3D printed goods. Ester polymers can be decomposed to 

pure polymer or monomer, but not other plastics. 

With reference to the above 3D printing waste can be managed, recycled, and reduced by 

implementing Waste Management Strategies, Recycling Methods and Reduction Strategies. 

3D printed products should be Design with recyclability in mind. 3D printing materials that are 

recyclable or biodegradable should be chosen. Sorting can be executed in 3D printing waste by 

material type for efficient recycling. Shred or grind 3D printing waste into smaller pieces for 
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reuse by mechanical recycling. 3D printing waste can be break down into raw materials using 

chemical processes. Convert 3D printing waste into energy through processes like pyrolysis or 

gasification. 

By implementing these strategies, we can reduce waste, promote sustainability, and create a 

more circular economy for 3D printing. Sustainability is an ongoing process of enhancement 

rather than an endpoint of flawlessness. This encompasses investing in research for waste-

reduction solutions and fostering a culture of environmental responsibility. It is essential for all 

stakeholders — including manufacturers, designers, and end-users of 3D printers — to 

collaborate in formulating and implementing strategies that reduce waste, thereby aligning the 

objectives of innovation with environmental sustainability. In the future, it is imperative to 

minimize waste and attain a circular economy. 
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Abstract 

It is of paramount importance to enhance professional competence in the field of smart textiles, 

which is defined as the multidisciplinary combination of textiles, electronics and informatics. 

This can be achieved through the implementation of innovative teaching methods, which will 

adequately prepare future specialists to this growing market. This paper offers insight into a 

project that employs a combination of innovative teaching methods with the objective of 

reinforcing professional competences and expertise with game-based elements for individuals 

currently engaged in studies textile and clothing engineering. This project employs a Design-

Based Research approach, integrating pedagogical strategies such as 'Students as Partners' and 

'Learning through Teaching', along with methods like Design Thinking and EMPAMOS, with 

the objective of facilitating students' acquisition of the skills essential for smart textiles. As part 

of the project, the existing teaching and learning arrangements were subjected to analysis by 

master’s students using the EMPAMOS methodology. Based on this analysis, a concept was 

developed that integrates elements of game design, such as storytelling, role allocation and 

cooperative forms of play, with the objective of enhancing the motivational value of the 

arrangement. A flexible learning environment and construction kit facilitate experimentation 

and allow for the anticipation of potential errors, while also fostering social integration of 
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learners. The project is evaluated through the use of participant observation and learning 

reflection, and the integration of game design elements has been shown to foster motivation, 

as evidenced by a pilot workshop in which Master's students taught Bachelor's students. The 

advantages associated with the promotion of interdisciplinary competencies are outlined, along 

with the prospective opportunities for transferability and the possibility of integrating these 

skills into lifelong learning initiatives within academic or corporate settings. 

Keywords: Smart Textiles, Teaching, Gamification, Motivation, Professional Proficiency 

 

1 Introduction 

The emerging field of smart textiles is an interdisciplinary area of study that integrates textiles 

with electronics and computer science, with the aim of developing products with enhanced 

functionalities. To illustrate, for example illuminated jackets can enhance safety in low-

visibility conditions, while textile-based wound plasters may facilitate healing through 

electronic stimulation. Given the anticipated significant market impact, it is of the utmost 

importance to equip students with the relevant skills for them to contribute effectively to this 

evolving sector. 

In order to succeed in this rapidly evolving field, students must not only develop their technical 

expertise but also cultivate innovation capabilities and demonstrate an ability to respond 

effectively to market needs. In accordance with the German Qualifications Framework for 

Lifelong Learning, professional competence entails the sustainable utilisation of knowledge 

across professional and personal domains (Bundesministerium für Bildung und Forschung).  

The emphasis placed on theoretical knowledge in traditional educational settings may result in 

graduates who are inadequately prepared to meet the demands of the industry. Our approach 

employs different pedagogical techniques and is designed to bridge the gap between theory and 

practice by fostering collaborative problem-solving aligned with industry needs. 

This paper outlines the redesigned learning framework's methods, presents the evaluation 

outcomes based on student feedback, discusses the experiences gained during implementation, 

and examines the framework's adaptability to other educational settings.” 

2 Methods and experimental part 

The subject area of smart textiles has hitherto been taught at the Albstadt-Sigmaringen 

University of Applied Sciences as part of a project-based approach, commencing with a 
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practical exercise utilising a construction kit for smart textiles. The construction kit was 

employed as a means of introducing the subject matter of textile sensors and actuators, as well 

as microcontroller programming. In a preliminary study, the teaching-learning arrangement 

was evaluated over several semesters. The evaluation employed qualitative research methods, 

in particular participant observation, with the objective of gaining in-depth insights into 

complex educational processes and interactions (Münst 2004). Additionally, the students' 

performance was evaluated qualitatively. 

The analysis of data from this study revealed several areas of concern that require further 

investigation. Firstly, there was a notable heterogeneity in processing speed, content-related 

discussion, and motivation among the students, which at times resulted in demotivation or 

social isolation. Secondly, despite a lack of prior knowledge, some students exhibited a 

tendency to skim over introductory materials, which subsequently led to difficulties in further 

processing the tasks. Thirdly, many students encountered challenges in transferring theoretical 

knowledge into practical applications.  

Conversely, the incorporation of playful elements, which were met with a favourable response 

from the majority of students, should be emphasised. These findings facilitated the targeted 

redesign of the teaching and learning arrangement towards a more inclusive and practical 

educational experience in the field of smart textiles. The redesign was conducted as part of the 

course "Innovative Textile and Clothing Systems" with six female master’s students and 

resulted in a half-day workshop pilot attended by 15 fourth semester bachelor's students  

(5 male, 10 female).  

The present study is an exploratory investigation conducted in accordance with the principles 

of Design-Based Research (DBR) (Reinmann 2023). Its objective is to test the effectiveness of 

a new didactic-methodological approach in iterative cycles. The objective is to foster 

motivation and enhance professional competence among students. The teaching and learning 

arrangement is based on two distinct pedagogical approaches. The first principle is that of 

"Students as Partners" (SaP), whereby students are actively involved in the development of the 

course and provide feedback on an equal footing, thereby minimising the power asymmetry 

between teachers and students (Mercer-Mapstone et al. 2017) . Secondly, the concept of 

"learning through teaching" (LdL), which encourages students to prepare didactic content 

themselves and act as teachers, while teachers take on the role of coaches (Kolbe and Martin 

2024). The approach is based on a constructivist understanding of learning, which emphasises 
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active, independent, problem-based and action-oriented learning. This not only promotes 

understanding and retention, but also the application of knowledge in new contexts, with a 

focus on social interactions and independent learning through experience (Reusser 2016). The 

illustration provides an overview of the individual process steps. 

 

Figure 1: Overview of process steps 

 

The EMPAMOS methodology has its origins in the EMPAMOS project (Empirical Analysis 

of Motivating Game Elements), which aims to transfer the motivational principles inherent to 

games to non-game contexts. The project was initially conceived by the Technical University 

of Nuremberg and has since been developed into a comprehensive methodology, which is 

presented in detail in reference (Bröker, Voit, and Zinger 2021) The EMPAMOS methodology 

diverges from the prevalent approach of superimposing game principles on pre-existing 

learning processes, which is frequently observed in gamification strategies. Rather, it abstracts 

the essential processes of teaching and learning into a system of game elements. For this 

purpose, the EMPAMOS kit was developed with different sets of cards, which are as follows: 

Game Design Misfits, Motivation, Game Design Elements and Game Design Molecules. 

3 Results 

The students employed the EMPAMOS methodology, initially analysing the misfits and 

motivational needs, and subsequently reworking the teaching-learning setting with the 

6. Evaluation of the in-process evaluation

5. Piloting of the workshop by Master students with Bachelor students

4. Develop and implement game elements to redesign the workshop

3. Redesign using the game design elements from EMPAMOS

2. Analysis of misfits and motivational needs through EMPAMOS

1. Gain experience in the Smart Textiles workshop
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assistance of game design elements. In contrast with conventional gamification initiatives, the 

workshop was not based on extant structures; rather, it was rethought and entirely restructured. 

The incorporation of gamified elements, which have been demonstrated to engage learners in 

a positive manner with their educational journey, represents a key aspect of this restructuring. 

A central component is the alteration to an empowerment activity which is supported by a 

detailed storyline and case studies. These activities provide students with the opportunity to 

engage with complex real-world scenarios and develop solutions, thereby facilitating a deeper 

understanding of the practical applications that arise from such scenarios. A significant aspect 

of the revised workshop is the incorporation of distinct phases within the game, accompanied 

by a progress indicator that elucidates the learners' advancement in knowledge. A further key 

aspect of the concept is the organisation of group work in randomly assembled teams that 

operate under self-chosen team names for their fictive companies. This approach has the effect 

of enhancing social interaction and integration among learners, while also encouraging a 

dynamic exchange of diverse perspectives and ideas within the group. The contribution of 

working in teams rather than individually to the development of teamwork and communication 

skills is significant. In order to guarantee a realistic simulation of the professional environment, 

the various roles within the teams are visually represented through role cards. This role 

distribution serves as a game mechanic to promote collaboration and provide students with a 

deeper understanding of the different responsibilities and processes involved in a project. 

Through this method, students learn to coordinate their tasks efficiently and collaborate across 

disciplines. The following figure illustrates the workshop materials on site.  

 

Figure 2: Physical workshop material 
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The teaching and coaching are provided by master’s students who act as mentors. They assume 

an advisory role, utilising consulting cards to provide assistance to bachelor’s students. This 

pedagogical approach enables master’s students to consolidate their own knowledge while 

acquiring valuable didactic experience.  

The incorporation of physical extensions ensures that the learning process remains concrete 

and perceptible. This structured approach is designed to enhance student motivation by 

establishing clear objectives and ensuring transparency in the learning process. Furthermore, 

participants have digital access to course materials, along with in-depth content (referred to as 

"deep dives"), which facilitates integration between physical and digital learning. This 

combination of analogue and digital resources provides a comprehensive learning experience 

through flexible access to knowledge, allowing students to engage with topics in greater depth 

on an individual basis. 

 

Figure 3: Screenshot of the digital course on the internal learning platform ILIAS 
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Conclusion and recommendations 

The Master's involvement demonstrated a favourable response to innovative teaching and 

learning concepts, despite initial reservations.  The Bachelor's reaction to the pilot programme 

was markedly positive. In addition to the acquisition of technical knowledge, there was a 

notable enhancement in the development of soft skills. This shows that the integrated methods 

facilitate not only the expansion of subject-specific knowledge but also the empowerment of 

students to actively participate in their learning journey. This prepares them for successful 

careers in the emerging field of smart textiles.  

The paper offered insights into the facilitation of multidisciplinary competence within the 

context of didactic investigations, and the findings can be applied to other learning 

opportunities within a variety of disciplines. 
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Abstract 

The textile industry's shift towards sustainable practices has increased demand for eco-friendly 

and renewable materials. This review explores the potential of banana fibres as a viable 

alternative to conventional textile fibres, aligning with circular economy principles and green 

material development. Derived from the pseudo-stem of the banana plant, banana fibres offer 

advantages such as renewability, biodegradability, and local abundance. The review analyses 

various banana fibre extraction methods, evaluating their efficiency, cost-effectiveness, and 

environmental impact. It also examines the physical, mechanical, and thermal properties of 

banana fibres, highlighting their suitability for diverse textile applications. The spinnability of 

banana fibres is assessed for compatibility with yarn production and fabric formation processes. 

Additionally, the dyeing behaviour and colour fastness of banana fibres are critically evaluated, 

considering their performance with natural and synthetic dyes and their potential for achieving 

desirable colour hues and durability standards. The review also explores the incorporation of 
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banana fibers into composites and nonwoven materials, evaluating their reinforcement 

capabilities and potential applications in sustainable packaging and technical textiles. By 

providing a detailed analysis of banana fibres’ properties, processing techniques, and 

applications, this review serves as a valuable resource for researchers, industries, and 

stakeholders interested in sustainable and circular textile practices. The findings underscore the 

promising role of banana fibres in driving eco-friendly innovations, contributing to a more 

sustainable and environmentally conscious textile industry, and promoting the use of locally 

abundant resources. 

Keywords: Banana Fibre, Fibre Extraction, Natural Fibre, Banana Textiles, Plant Fibre, 

Composite, Woven fabric, Spinning 

1 Introduction 

The textile industry's growing emphasis on sustainable practices has led to increased demand 

for eco-friendly and renewable materials. In this context, banana fibers have emerged as a 

promising alternative to conventional textile fibers, aligning with circular economy principles 

and green material development (Bhatnagar et al., 2015; Vigneswaran et al., 2015). As the 

world's largest banana producer, India cultivates approximately 29,725 thousand tons from 803 

thousand hectares annually, presenting significant opportunities for value addition through 

fiber utilisation (Anonymous, 2014). However, current post-harvest waste management 

remains suboptimal, with less than 2% conversion into value-added commodities compared to 

40-50% in developed nations (Roy et al., 2000; Patil and Rawale, 2009). The banana plant's 

versatility extends beyond its nutritional value, with every part offering utility and value (Lal 

et al., 2017; Reyes et al., 2021). The plant's fibers, particularly from the pseudo-stem, possess 

remarkable properties including weatherproofing and UV protection, attributed to their lignin 

content (Ahmed and Abbas, 2019). Research has shown that these fibers can contribute 

significantly to preventing and alleviating various material challenges in industries ranging 

from textiles to composites (Lal et al., 2017; Mohapatra et al., 2010). 

The widespread cultivation of banana in India, while economically significant, creates 

substantial biomass waste after fruit harvesting. This presents an opportunity for sustainable 

material development through fiber extraction and utilisation (Tripathi and Anju, 2000). The 

cultural significance of banana in India, coupled with its abundant availability, makes it an 

ideal candidate for sustainable fiber production (Mohapatra et al., 2010; Kumar et al., 2012). 

The exploration of banana fibers as a sustainable resource is particularly relevant as industries 
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shift towards more environmentally conscious practices. This review paper aims to provide a 

comprehensive exploration of banana cellulosic fibers, focusing on their extraction methods, 

properties, and diverse applications. By examining the potential of these fibers, we seek to 

highlight their importance in developing sustainable and circular textile practices. The paper 

investigates the morphological and physical properties of banana fibers, compares them with 

other natural fibers, and explores their applications in various fields, including textiles, 

composites, and even leather alternatives (Sengupta et al., 2020; Subagyo and Chafidz, 2018). 

As we navigate through the challenges of resource depletion and environmental degradation, 

the utilisation of agricultural by-products like banana fibers presents a promising avenue for 

sustainable material development. This review contributes to the growing body of knowledge 

on natural fibers and their potential to revolutionise various industries, particularly textiles, 

while promoting eco-friendly practices and supporting local economies. 

2 Banana plant and cultivation 

The banana plant, with its prehistoric origins traced to Southeast Asia, has India as one of its 

main centres of origin (Simmonds, 1962). Two main species, Musa acuminata and Musa 

balbisiana, are the progenitors from which cultivated bananas, and their hybrids have evolved 

(De Langhe et al., 2009). Global banana production reaches approximately 86 million tonnes 

annually, with India leading at 14.2 million tonnes per year (FAO, 2020). Within India, 

Maharashtra leads production with yields of 65.70 metric tons per hectare, significantly 

surpassing the national average of 30.5 tonnes per hectare (Kumar et al., 2012). The plant's 

structure is unique, being a giant herb rather than a tree. The stem is composed of leaf sheaths 

forming a pseudostem that can grow 2-8 meters in height (Simmonds, 1966; Turner et al., 

2007). The true stem remains underground, producing suckers that develop into new plants. 

Banana leaves, among the largest in the plant kingdom, can reach lengths of 2.7 meters and 

widths of 60 cm (Robinson and Saúco, 2010). For optimal cultivation, banana plants require 

rich, fertile soils and temperatures between 60-80°F (15-27°C) (Stover and Simmonds, 1987). 

The soil must be kept consistently moist, though plants cannot withstand flooding (Karamura 

et al., 2012). Traditional post-harvest practices involved discarding the entire plant as biowaste, 

but industries increasingly utilise this biomass, particularly for fiber extraction, contributing to 

more sustainable agricultural practices (Subagyo and Chafidz, 2018). Propagation occurs 

through suckers, as each stem produces flowers and fruits only once (Ploetz et al., 2007). After 

harvesting, the fruiting stem is removed to allow new suckers to emerge, ensuring continuous 
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production (Robinson and Saúco, 2010). The major banana-producing states, their production 

quantities in tonnes, and the main varieties grown are detailed by Ahmed and Abbas (2019). 

3 Economic importance 

The banana plant's economic value extends beyond its fruit production, with its by-products 

offering significant commercial potential. The fruit, being low-priced and highly nutritious, 

contributes to global food security (Singh et al., 2016; Kumar et al., 2012). Beyond fresh 

consumption, the banana industry includes processed products creating additional revenue 

streams (Graefe et al., 2011). Of particular relevance is the pseudo-stem fiber, which has 

emerged as a valuable textile material and composite component. In India, where banana 

cultivation supports millions of livelihoods, the utilization of pseudo-stem for fiber extraction 

represents an important value addition opportunity (National Horticulture Board, 2022; FAO, 

2020). The textile industry's growing interest in banana fibers for sustainable fabric production 

has created new economic opportunities, particularly in rural areas (Vigneswaran et al., 2015). 

4 Extraction of banana fibre from the plant 

Banana fiber extraction has evolved from traditional manual methods to more efficient 

mechanised processes. In Indian communities, hand scraping with a dull metal edge remains 

common, though it yields relatively low fiber output (Mohapatra et al., 2010). The development 

of the Banana Fiber Separator Machine has significantly improved extraction efficiency 

(Subagyo and Chafidz, 2018). The extraction process typically begins with cutting down the 

plant post-harvest and peeling the trunk. The pseudo-stem is then cut at an angle to extract 

fibres, which are removed either manually or mechanically. Following extraction, the fibres 

are cleaned to remove non-fibrous material, sun-dried to whiten them, and finally segregated 

based on size and quality (Basu et al., 2013). Mechanical extraction methods have improved 

fibre yield and quality, allowing for larger-scale processing (Pereira et al., 2014). Countries 

like the Philippines, Uganda, China, and Indonesia have implemented systematic extraction on 

a larger scale, while some regions still use traditional techniques (Padam et al., 2014; 

Tholkappiyan, 2016). Recent innovations have led to the production of silk-quality fibres from 

banana waste, creating value for the textile and handicrafts industries (Preethi and Balakrishna 

Murthy, 2013). This shift towards efficient extraction methods not only improves yield and 

quality but also contributes to sustainable agriculture by maximising use of the entire plant 

(Subagyo and Chafidz, 2018). 
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5 Morphological properties 

Banana fibers, classified as bast fibers, possess a complex structural composition characterized 

by lignocelluloses, comprising cellulose microfibrils coiled within an amorphous matrix of 

lignin and hemicelluloses (Deepa et al., 2011). The mechanical properties are primarily dictated 

by cellulose concentration and microfibril angle, with higher cellulose content and lower 

microfibril angles contributing to superior mechanical qualities (Mukhopadhyay et al., 2008). 

Optical microscopy examination of banana plant pseudo-stem fibers reveals a multicellular 

structure similar to other vegetable fibers, with cells exhibiting an average diameter of around 

10 μm and a length of approximately 4.5 μm, resulting in a high L/D ratio of 450 (Idicula et 

al., 2006). 

The cell wall thickness of banana fibers falls between that of sisal and ramie fibers. Scanning 

electron microscopy analysis of raw and chemically treated banana pseudo-stem fibers depicts 

a scaly and cellular structure with intact vegetable matter, indicating a bundle structure 

comprising several fibrils (Manimaran et al., 2018). The hollow nature of the banana pseudo-

stem suggests favourable insulation and absorbance properties, with alkali or acid treatments 

potentially enhancing fiber quality. For instance, treatment with 10% NaOH results in clearer 

fiber surfaces, revealing visible fibers and fibrils (Venkateshwaran et al., 2012). 

6 Physical properties of banana fibres 

Banana fibre exhibits remarkable specific strength properties comparable to glass fibre, while 

having a lower density (Mukhopadhyay et al., 2008). The pseudo-stem yields fibres with 

varying characteristics depending on their location (Preethi and Balakrishna Murthy, 2013). 

Venkateshwaran et al. (2012) found that fibre diameter significantly influences mechanical 

properties, with 150 μm diameter fibres showing the highest initial Young's Modulus (8.561 

GN/m²) and breaking strength (297.104 MN/m²). Kulkarni et al. (1983) further explored these 

properties across various diameters. Banana fibre's moisture content (10-15%) is comparable 

to other natural fibres, while its tensile strength (142.9 MPa) surpasses that of coir and bagasse 

(Justiz-Smith et al., 2008). Chemically, banana fibre contains approximately 43.6% cellulose, 

14% hemicellulose, and 11% lignin (Reddy and Yang, 2005). These characteristics make 

banana fibre promising for various applications, particularly in composites and textiles. The 

fibre's tenacity ranges from 2.4-3.7 g/den, with elongation of 1.0-3.5% (Satyanarayana et al., 

1984). These properties, combined with banana fibre's biodegradability and renewability, 

underscore its potential as a sustainable material in multiple industries. 
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7 Comparative study of banana fibres with other natural fibres 

Satyanarayana et al. (1990) conducted a comprehensive study comparing various natural fibers, 

including coir, banana, sisal, pineapple leaf, and palmyra. Their analysis revealed that banana 

fibers possess competitive characteristics, particularly in terms of elongation and tensile 

strength. Banana fibers demonstrate a tensile strength range of 54-754 MPa, surpassing coir 

(106-175 MPa) and comparable to sisal (568-640 MPa). The initial modulus of banana fibers 

(7.7-20.0 GPa) is higher than that of coir (4-6 GPa) and palmyra (4.4-6.1 GPa), indicating 

superior stiffness. 

In terms of physical properties, banana fibers show a moisture content of 10-15%, which is 

comparable to coir (10-12%) and slightly higher than bagasse (8.8%) (Justiz-Smith et al., 

2008). The chemical composition analysis by Reddy and Yang (2005) provides further insight 

into the unique properties of banana fibers. With 11% lignin, 43.6% cellulose, and 14% 

hemicellulose, banana fibers have a balanced composition that contributes to their mechanical 

properties and potential applications. This composition differs notably from coconut fibers, 

which have higher lignin content (59.4%) but lower cellulose (32.65%), and bagasse, which 

has similar lignin (13%) but lower cellulose (30.27%) and higher hemicellulose (56.73%). 

Table 1 Comparative properties of banana fibers and other natural fibers 

Property  Banana  Coir  Sisal  Pineapple  

Leaf 

Bagasse 

Tensile Strength (MPa) 54-754  106-175  568-640  413-1627  20-290 

Initial Modulus (GPa)  7.7-20.0  4-6  9.4-15.8  34.5-82.5  2.7-5.5  

Elongation at Break (%) 10.35  17-47  3-7  0.8-1  1.1  

Moisture Content (%) 10-15  10-12  10-22  11.8  8.8  

Cellulose Content (%) 43.6  32.65  67-78  70-82  30.27  

Lignin Content (%)  11  59.4  8-11  5-12  13  

* Satyanarayana et al., 1990; Justiz-Smith et al., 2008; Reddy and Yang, 2005; Mohapatra et al., 2010; Pickering 

et al., 2016 
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8 Applications of banana fibre 

Banana fiber, from the pseudo-stem, offers versatile applications across industries, particularly 

notable in textiles (Ahmed and Abbas, 2019). In textiles, the fiber creates products ranging 

from coarse tablecloths and curtains (outer fibers) to delicate kimonos and traditional Japanese 

textiles (inner fibers) (Mohapatra et al., 2010). European markets have adopted it for sock 

manufacturing (Vigneswaran et al., 2015). The composite industry utilizes banana fiber-

reinforced materials in automotive parts, furniture, and construction, offering strength and 

environmental sustainability (Venkateshwaran and Elayaperumal, 2010). In paper production, 

it serves as an alternative to wood pulp, suitable even for specialty papers and currency notes 

(Kumar et al., 2013; Subagyo and Chafidz, 2018). Recent innovations include sustainable 

masks (Cuison et al., 2021) and environmental applications like heavy metal removal from 

industrial effluents (Anirudhan and Shibi, 2007). In the handicraft sector, banana fiber creates 

decorative items like bags, pots, and wall hangings, supporting local artisanal economies 

(Padam et al., 2014). The fiber's biodegradability and unique physical properties make it 

valuable for sustainable development across these diverse applications. 

8.1 Spinnability of banana fibre 

Banana fiber offers excellent spinnability, making it a valuable alternative fiber source (Ray et 

al., 2013). Its fineness, typically measuring 2400 nm, contributes to its spinning potential. 

Tholkappiyan (2011) found that a combined treatment of NaOH, H2O2, and Na2CO3 results in 

a suitable fineness of 5.8 Tex for spinnability. Mohiuddin et al. (2014) noted that banana fibre’s 

spinning behaviour resembles that of bamboo and ramie fiber, but with finer and better 

spinnability. The fibre's shininess depends on extraction and spinning techniques. Both open-

end and ring spinning methods have been successfully used with banana fibers, often blended 

with other fibers like cotton or polyester for optimal yarn properties (Mukhopadhyay et al., 

2008). 

8.2 Dyeing behaviour of banana fibre and its washing fastness 

Banana fibers show good dyeability with both natural and synthetic dyes. Natural dyes derived 

from Hibiscus, Pomegranate, Henna, and Harifra plants work well on banana fibre (Preethi and 

Balakrishna Murthy, 2013). Kurein (1981) compared the dyeing behaviour of banana fiber with 

cotton, finding that banana fibre's light fastness is inferior to cotton's, possibly due to lignin 

content. However, banana fibers dyed with vat dyes showed good dye uptake, wash-fastness, 

and light fastness. Reactive dyeing on banana fibre produces darker and less saturated colours 
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with good colour yields (Balakrishnan et al., 2019). The wash fastness of dyed banana fiber is 

generally "good to excellent" (4-5 on the grey scale), making it suitable for various textile 

applications (Islam et al., 2019). 

8.3 Yarn to fabric 

The process of converting banana fiber to fabric follows similar steps to other natural fibers. 

After spinning, the yarn undergoes preparatory processes like bleaching and sizing before 

weaving. Bleaching enhances the fabric's whiteness by breaking down natural coloring 

materials. Sizing increases the yarn's tensile strength and weaving efficiency, particularly 

important for blended yarns (Vigneswaran et al., 2015). The flexibility of the yarn increases 

during sizing, which also helps maintain fabric quality by reducing hairiness and brittleness 

while increasing yarn smoothness and absorbency. After these preparatory steps, the yarn is 

woven into fabric using standard weaving techniques. The resulting banana fabric can range 

from coarse to fine, depending on the fiber quality and processing methods. Recent research 

has also explored the development of nonwoven fabrics using banana fibers, either in 100% 

composition or blended with other fibers like polypropylene, offering new possibilities for 

sustainable textile production (Sengupta et al., 2020). 

8.4 Composites from banana fibre 

Banana fibre-reinforced composites have gained significant attention for their eco-friendly 

nature and mechanical properties, finding applications in automotive, construction, and sports 

equipment. Studies have shown that increasing fibre content up to 16% improves tensile 

strength and impact strength in banana/epoxy composites (Venkateshwaran and Elayaperumal, 

2010), while investigations of banana fibre-reinforced polyester composites revealed increased 

storage modulus with fibre loading (Pothan et al., 2003). In sports manufacturing, these 

composites show potential in replacing glass/carbon fibres, particularly in hockey equipment, 

reducing costs and environmental impact (Manimaran et al., 2020). However, challenges like 

moisture absorption and fibre-matrix adhesion need addressing for wider adoption (Sanjay et 

al., 2019). 

8.5 Sustainable craft solution 

Banana fibres offer sustainable solutions in the craft industry, preserving traditional techniques 

while promoting eco-friendly practices. Lin and Lin (2022) studied the use of banana fibres in 

the craft traditions of the Kavalan people of Taiwan, applying Material Driven Design (MDD) 

methods to explore sustainable and culturally significant applications. The versatility of banana 
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fibres allows for the creation of various handicrafts, including bags, mats, and decorative items. 

This not only adds value to agricultural waste but also supports local artisanal economies 

(Padam et al., 2014). Initiatives like those by Studio Lim in Taiwan demonstrate how traditional 

craftsmanship can be combined with modern manufacturing techniques. Their use of banana 

fibre in creating lightweight, durable, and textured products showcases the material's potential 

in sustainable design (Lin and Lin, 2022). These sustainable craft solutions align with circular 

economy principles, promoting the use of local resources, reducing waste, and preserving 

cultural heritage. 

8.6 Leather from banana 

Recent research has explored the potential of banana fibres and pseudo-stem in creating leather 

like materials, offering a sustainable alternative to animal leather. Singaraj et al. (2021) 

conducted a study comparing the structural, mechanical, and thermal properties of banana 

fabrics with buffalo shrunken grain leather. Their findings revealed that most physical 

characteristics of banana materials were superior to or comparable with buffalo leather. 

Notably, banana textiles demonstrated better rubbing and lightfastness characteristics than 

traditional leather. The process of creating banana leather typically involves extracting fibres 

from the pseudo-stem, treating them with eco-friendly chemicals, and then processing them 

into a leather-like material. This approach not only provides a vegan alternative to animal 

leather but also contributes to waste reduction in banana cultivation. While banana leather 

shows promise, challenges remain in scaling up production and achieving consistent quality. 

However, its potential as a sustainable material in the fashion and accessories industry is 

significant, aligning with the growing demand for eco-friendly and cruelty-free products. 

Conclusion 

This comprehensive review has highlighted the significant potential of banana cellulosic fibers 

as a sustainable alternative in various industries, particularly textiles and composites. The 

extensive analysis of extraction methods, morphological and physical properties, and 

comparative studies with other natural fibers demonstrates that banana fibers possess unique 

characteristics that make them suitable for a wide range of applications. The spinnability, 

dyeing behaviour, and versatility in fabric production further underscore their value in the 

textile industry. Moreover, the exploration of banana fiber-reinforced composites and their 

applications in sectors such as automotive, construction, and sports equipment manufacturing 
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reveals promising avenues for reducing environmental impact while maintaining product 

quality. 

As the global focus shifts towards sustainable and circular economic practices, banana fibres 

emerge as a valuable resource that aligns with these principles. Their biodegradability, 

renewability, and the potential for value addition to agricultural waste make them an attractive 

option for eco-conscious industries and consumers alike. While challenges such as 

standardization of extraction methods, optimization of processing techniques, and scaling up 

production remain, the continued research and development in this field suggest a bright future 

for banana fiber utilization. By harnessing the full potential of this abundant and versatile 

material, industries can contribute significantly to reducing environmental footprints, 

supporting local economies, and driving innovation in sustainable material development. 
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Abstract 

The growing buildup of textile waste presents major environmental challenges, creating a 

demand for innovative recycling solutions. This study focuses on developing eco-friendly 

sound absorption panels from recycled textile wastes, such as denim (cotton) and woven label 

selvedge (polyester), addressing the growing environmental impact of textile waste 

accumulation. By converting these wastes into fibers through mechanical shredding and 

layering them with polypropylene as a binder, the panels were formed via hot pressing under 

controlled conditions as single and double-layer structures. Acoustic analysis revealed higher 

sound absorption in cotton-based panels, with sample C2 achieving a sound absorption 

coefficient of 0.73 at 2000 Hz. Blending cotton with polyester improved the acoustic 

performance of polyester-based panels in both single and double-layer structures, while 

increased panel thickness further enhanced sound absorption. These findings highlight the 

potential of using recycled textile waste to create sustainable alternatives to conventional 
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materials, offering environmental and acoustic benefits for applications in buildings and 

automotive panels. 

Keywords: Textile Waste, Cotton Fiber, Polyester Fiber, Recycling, Sound Absorption, 

Acoustic Panel 

 

1 Introduction 

The growing accumulation of textile waste has emerged as a major environmental issue, largely 

due to the widespread use of both natural and synthetic fibers in the global textile sector, even 

though the common belief is that textiles are essential for human life (Yalcin-Enis et al., 2019). 

The development of eco-friendly sound absorption materials from recycled textiles offers a 

promising opportunity. Acoustic insulation is critical in reducing noise pollution and enhancing 

comfort in various environments, including residential and commercial buildings, as well as in 

the automotive industry (Borkowski et al., 2020). Traditional sound-absorbing materials, while 

effective, often rely on non-renewable resources or energy-intensive production processes. 

Recycled textile fibers, by contrast, present an environmentally friendly alternative that not 

only reduces waste but also contributes to resource efficiency and supports circular economy 

principles (Astrauskas et al., 2021). 

Cotton, a natural fiber, is known for its softness, breathability, and biodegradability, making it 

a popular choice for clothing and textiles. However, its widespread use also contributes to large 

volumes of waste, particularly in the form of post-consumer products such as denim wastes 

(Oztemur et al., 2021). On the other hand, cotton, with its porous structure, has excellent sound 

absorption capabilities due to the larger surface area it provides for sound wave interaction, 

enabling efficient dissipation of sound energy through friction and vibration (Voora et al., 

2020). Polyester is a synthetic fiber derived from petrochemicals. It is valued for its strength, 

durability, and resistance to stretching and shrinking, but its non-biodegradable nature poses 

long-term environmental risks when disposed of improperly. Furthermore, polyester, which is 

frequently used in the woven label selvedge industry, stands out as an environmentally friendly 

alternative by undergoing mechanical recycling (Sakthivel et al., 2021). Both fibers dominate 

the textile market and contribute significantly to textile waste. These fibers present a unique 

opportunity for recycling, where their complementary properties can be leveraged to develop 

innovative materials. Moreover, beyond the choice of materials for acoustic panels, factors 

such as panel thickness and material combinations also play a crucial role in determining the 
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overall performance of the final product (Dissanayake et al., 2021, Iasnicu et al., 2016, 

Sakthivel et al., 2021, Sezgin et al., 2021).  

This study aims to explore the potential of combining textile wastes—denim (cotton) and 

woven label selvedge (polyester)—to create eco-friendly sound absorption panels. By 

repurposing these materials, the research addresses sustainability and waste management 

challenges, offering an alternative to traditional sound absorbers with comparable or superior 

performance. The study also investigates how physical properties, such as material construction 

and thickness, affect acoustic performance. Aligned with circular economy principles, this 

work promotes resource efficiency and waste minimization, supporting the use of recycled 

textiles in various applications. 

2 Materials and methods 

Woven polyester label selvedge waste is sourced from Öztek Etiket (Istanbul, Turkey), waste 

cotton denim fabrics were obtained from Küçükçalık Tekstil (Istranbul, Turkey), and 

polypropylene fiber (PP) was provided by Hassan Tekstil (Istranbul, Turkey). 

2.1 Fiber preparation and carding 

Textile waste materials, including 100% cotton denim and 100% polyester woven label 

selvedge, are processed into fibers using a rag-pulling machine (Balkan Machinery, Izmir, 

Turkey). Unopened fabric pieces are manually removed, especially those resistant to the 

process. The fibers are then carded via carding machine (Mesdan, Brescia, Italy) to align and 

clean them, with separate processing of cotton and polyester fibers. PP fibers, used as a binder, 

are also carded to achieve a smooth, homogeneous structure.  

2.2 Sandwich-structured web and insulation panel preparation 

Three groups of sandwich-structured fiber webs are prepared (Figure 1): 

In the first group, a total of 140 g of cotton and 60 g of PP are used. To achieve a layered 

structure, 5 segments of 12 g PP and 4 segments of 35 g cotton are prepared and sequentially 

fed into the carding machine in the following order: 12 g PP, 35 g cotton, 12 g PP, 35 g cotton, 

12 g PP, 35 g cotton, 12 g PP, 35 g cotton, and finally 12 g PP. This method results in a layered 

structure formed by winding the fibers onto the collection drum. The choice of these specific 

amounts is based on balancing the mechanical properties and ensuring structural integrity 

suitable for subsequent analysis. 
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In the second group, 140 g of polyester and 60 g of PP are utilized. The layering process 

involves preparing 5 segments of 12 g PP and 4 segments of 35 g polyester, which are fed into 

the carding machine in the sequence: 12 g PP, 35 g polyester, 12 g PP, 35 g polyester, 12 g PP, 

35 g polyester, 12 g PP, 35 g polyester, and 12 g PP at the end. The fibers are similarly wound 

on the drum to create a cohesive layered structure. The choice of polyester aimed to explore its 

influence on the structural and mechanical characteristics when combine with PP. 

For the last group, a hybrid structure incorporating both cotton and polyester is developed. A 

total of 60 g of PP, making up 30% of the total weight, is combined with 70 g of cotton and 70 

g of polyester, divided into 35 g segments. The materials are layered in the carding machine in 

the following order: 12 g PP, 35 g cotton, 12 g PP, 35 g polyester, 12 g PP, 35 g cotton, 12 g 

PP, 35 g polyester, and 12 g PP at the end. The carding machine operated under controlled 

conditions to ensure uniform distribution, and fiber webs are wound onto the drum until the 

entire weight was processed. The multi-layered fiber webs are then removed from the drum 

using scissors to achieve the final structure. 

 

Figure 1 A. measured fibers ready to be fed to the carding machine, B. cross 

section of the hybrid fiber web, C. the polyester, PP and cotton fibers sent 

sequentially to the carding machine 
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The webs are cut into 500x500 mm sheets and pressed using hot-press machine (MKA 

Hidrolik, Istanbul, Turkey) to melt the PP fibers, bonding the layers to form insulation panels. 

Optimized parameters (150°C, 35 minutes, 10 tons of pressure) are used for pressing. Metal 

bars ensured uniform thickness, and the panels are cooled before cutting into test dimensions. 

The sample codes and their specifications are given in Table 1 while representative drawings 

of the samples are illustrated in Figure 2. 

Table 1 Sample codes and their specifications 

Samples Layer Cotton Ratio 

(%) 

Polyester Ratio 

(%) 

Polypropylene 

Ratio (%) 

C1 1 70 - 30 

P1 1 - 70 30 

CP1 1 35 35 30 

C2 2 70 - 30 

P2 2 - 70 30 

CP2 2 35 35 30 

 

 

Figure 2 Representative drawings of the samples 
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2.3 Performance tests 

Physical testing 

After producing the insulation materials, three 10 cm x 10 cm specimens are cut from each of 

the obtained samples. The weights and thicknesses of the produced composite structures are 

determined using a standard digital micro gauge (Hexagon Metrology, Turkey).  

Acoustic performance testing 

The sound absorption performance of the panels is tested using a TestSens Impedance Tube, 

following the ISO 10534-2 standard. Samples from each category (P1, P2, C1, C2, CP1, CP2) 

are prepared by cutting them into circular shapes with a diameter of 29 mm. The sound 

absorption coefficient is measured across a frequency range of 200 Hz to 6400 Hz using a two-

microphone impedance tube. Each test is repeated five times for each sample group to ensure 

reliable and accurate results. 

3 Results 

Physical testing 

The thickness values of the samples can be seen in Table 2. Cotton-containing samples has 

greater thickness values than that of the polyester-based ones. Although the applied 

temperature is below the melting point of polyester, it is hypothesized that, as a thermoplastic 

material, polyester softens and compacts slightly under heat, leading to a reduced thickness 

value. 

Table 2 Sample codes and the thickness values 

Samples Thickness (cm) 

C1 1.71  ± 0.15 

P1 1.20 ± 0.09 

CP1 1.08 ± 0.06 

C2 2.10 ± 0.13 

P2 1.38 ± 0.03 

CP2 1.73 ± 0.04 

 

Acoustic performance testing 

Sound absorption test results for both single and double-layer samples are shown in Figure 3. 

While the values are quite close, the highest sound absorption is observed in the cotton (C) 

samples, followed by the cotton-polyester (CP) and polyester (P) samples, respectively. This 

superior performance in cotton can be attributed to the porous structure of its fibers, which 
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increases the surface area for sound wave interaction. Cotton’s porous nature allows sound 

energy to be dissipated more effectively than polyester, converting it into heat through friction 

and vibration at high frequencies (Yalcin-Enis and Sezgin, 2023). Additionally, it has been 

observed that the cotton-polyester blended structure enhances the acoustic performance of 

polyester webs in both single-layer and double-layer panel constructions. 

  

Figure 3 Sound absorption graph of single layer samples 

When analyzing the effect of thickness on sound absorption within the same sample type 

(Figure 4), the results demonstrate that increased thickness significantly improves sound 

absorption. For example, the sound absorption coefficient of sample C1 is 0.35, while sample 

C2, which is thicker, exhibits a coefficient of 0.73 at 2000 Hz—approximately twice that of 

C1. This trend aligns with the general principle that thicker materials provide a longer path for 

sound waves, allowing for greater energy dissipation through friction and conversion into heat. 

Thicker materials are particularly effective in absorbing mid to high-frequency sounds, where 

longer wavelengths benefit from extended interaction with the material's structure.  
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Figure 4 Sound absorption graph of double layer samples 

These findings are further supported by literature. Bogale et al. (2023) examined six recycled 

cotton/PET nonwoven samples and found that sample 100% cotton sample had a thickness of 

12.03 mm with a sound absorption coefficient (SAC) of 0.15 at 4000 Hz, while 30% cotton, 

70% PET sample had a higher thickness (13.02 mm) and the highest SAC of 0.361. Similarly, 

Sezgin et al. (2021) reported improved sound absorption with increased thickness in recycled 

cotton/polyethylene and cotton/polypropylene panels. For cotton/polyethylene sample, a 20 

mm panel had an SAC of 0.25 at 1000 Hz, compared to 0.05 for the 5 mm panel. Yalçın and 

Sezgin (2023) also observed a 40-50% increase in SAC when doubling the thickness of 

composite panels made from post-industrial textile waste from 5 mm to 10 mm at 4000 Hz. 

These results confirm that thicker materials, irrespective of fiber composition, enhance acoustic 

performance by providing a more complex sound wave path and increased energy dissipation 

through fiber friction and porosity. 

Conclusion and recommendations 

One of the most pressing environmental issues is the vast amount of textile waste generated 

daily. Given that many commercial acoustic insulators adversely affect human health and the 

environment, the importance of sustainable construction practices is increasingly clear. This 

study aims to develop eco-friendly acoustic panels by combining natural and synthetic fibers 

from various textile wastes wirth different combinations and layers. Key findings include that 
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increased panel thickness enhances sound absorption properties, with double-layered panels 

outperforming single-layered ones. The double-layer cotton sample (C2) achieved the highest 

performance, with a sound absorption coefficient of approximately 0.73 at 2000 Hz. These 

results indicate that composite panels made from waste textile materials can improve interior 

sound insulation while aiding waste management. 
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Abstract 

This study was initiated to address two critical needs in the textile industry: the sustainable 

utilization of waste from sueding machines and the reduction of production costs by reusing 

dyed waste fibres, thereby eliminating the need for additional dyeing processes. The primary 

objective was to create siro-mélange yarn from such dyed waste fibres using the ring spinning 

process, which was then analysed for its feasibility and industrial applicability. To achieve this, 

three different counts of siro-mélange yarn were produced and evaluated based on yarn quality 

parameters. This research found that ring-spun siro-mélange yarn produced from dyed waste 

fibre showed a 41.8% increase in unevenness, an 8.7% rise in hairiness, and a 7.3% reduction 

in strength compared to ring-spun regular mélange yarn made from viscose fibre. The findings 

revealed that although the yarn quality was slightly compromised due to the shorter length of 
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the raising waste fibres, significant benefits were observed. These benefits include efficient 

utilization of waste material, cost savings in dyeing processes, reduced water and energy 

consumption, and a lower carbon footprint. The economic analysis indicated that the cost of 

producing siro-mélange yarn was competitive, with potential savings being substantial for a 

factory of a certain capacity. This is primarily due to the reduction in raw material and dyeing 

costs. Additionally, this process significantly reduces pollution and resource consumption, 

aligning with sustainable and circular economy principles. In conclusion, the production of 

siro-mélange yarn from dyed waste fibre waste is not only feasible but also presents a 

sustainable alternative to traditional yarns, offering both economic and environmental 

advantages. 

Keywords: Sustainable Process, Dyed Waste Fibers, Siro-Mélange Yarn, Cost Reduction 

 

1 Introduction 

The overexploitation of virgin materials in the textile industry has resulted in increased levels 

of landfill waste, which has further exacerbated environmental impacts. This has led to the 

depletion of natural resources and a significant increase in the production of greenhouse gases, 

mainly carbon dioxide, contributing to climate change. To mitigate these harmful effects, 

textile waste must be recycled and reused (Arafat and Uddin, 2022). This shift towards 

recycling will not only reduce the consumption of virgin materials but also lower the industry's 

ecological footprint, conserve energy, and reduce carbon emissions. Beyond waste reduction, 

recycling fibres and textile waste within sustainable production cycles presents a significant 

opportunity for creating a more environmentally friendly and resource-efficient industry. 

Recent advances in recycling technologies have also sparked interest in utilizing pre- and post-

consumer textile waste for producing new yarns and fabrics. Researchers have explored the 

potential of making sustainable textiles from recycled fibres (Zaman et al., 2023). For instance, 

post-consumer waste has been successfully used in yarn production, including recycled 

polyester, cotton, and even textile remnants that would otherwise end up in landfills. These 

efforts align with the concept of a circular economy, which emphasizes minimizing waste and 

reusing raw materials in a closed-loop production cycle (Singh et al., 2019). Despite these 

advancements, a substantial amount of textile waste remains unutilized, particularly the fibres 

generated during mechanical finishing processes. 
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A promising source of recyclable textile waste is the raising waste fibres produced by sueding 

machines during the fabric finishing process. Sueding machines, used to impart texture to 

fabrics, generate large amounts of fibre waste, commonly known as brushing waste. This waste 

is typically discarded in landfills. However, utilizing this fibre waste for value addition presents 

an opportunity not only for waste reduction but also for resource optimization in textile 

production (Purushothama, 2018). 

In this research, we propose incorporating dyed waste fibres aka raising waste fibres from 

sueding machines into the production of siro-mélange spun yarn. Siro-mélange is a pseudo-

two-fold yarn made by twisting two untwisted roving strands. Compared to standard worsted 

yarn, siro-mélange yarn exhibits improved properties, including higher tenacity, lower 

hairiness, and enhanced abrasion resistance (Cheng and Yuen, 1997). By reusing raising fibres, 

we aim to retain the desirable properties of siro-mélange yarn while promoting environmentally 

friendly practices. This approach contributes to a reduction in the use of viscose, a material 

with a high environmental impact, and supports the principles of the circular economy, 

emphasizing zero waste and responsible resource consumption (Sehnem et al., 2019). 

Furthermore, incorporating recycled materials into the manufacturing process has the potential 

to lower raw material costs and further the industry's transition to a greener and more resource-

efficient future. 

This study not only addresses the environmental impact of virgin material overuse but also 

provides a solution for the effective management of fibre waste in textile production. By 

utilizing raising waste fibre in siro-mélange yarn, we contribute to reducing the ecological 

footprint of textile production while ensuring the development of high-quality, sustainable 

yarns. This research aligns with global efforts to minimize the environmental impact of textile 

manufacturing while offering an economically viable approach to waste management. 

This research is targeted to work for the development of an eco-friendly yarn, siro-mélange, 

using wastes generated within the fleece fabric production process. This yarn is supposedly 

used instead of conventional mélange yarn, which is produced with black viscose, involving 

some environmental and economic disadvantages. Incorporation of the recycled fibres within 

yarn manufacturing also contributes to the development of sustainable practice within the 

textile industry and helps to save natural resources. Besides, this will reduce at least some of 

the harmful materials, decrease production costs, and in general, the ecological footprint from 

textile production will be lower. 
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Besides that, the current project will also evaluate the industrial production by using siro-

mélange yarn from the point of view of its commercial feasibility with low water and energy 

consumption, considering environmental safety. This research therefore contributes to the 

development of sustainable practices within the textile industry and to the approach of the 

circular economy by valorising wastes and efficiently using resources. 

Not many significant research or projects have been exclusively devoted to yarn production; 

the only exception being a project by Bangladesh University of Engineering and Technology 

where even the prime focus was on making paper sheets (Hasan et al., 2018), not yarn. 

2 Material and methods 

Cotton was collected from Multazim Spinning Mills Ltd. Raising waste fibre was used in this 

work for blending with cotton which was collected from Reedisha Knitex Ltd. The ratio of 

Polyester and Cotton in raising waste fibre is 85:15. 

For the production of siro-mélange yarn, two rovings were prepared: one made of 100% cotton 

fibre and the other one was a 50:50 blend of cotton and raising waste fibre. The cotton fibre 

was tested by High Volume Instrument (HVI) for fibre length, fibre strength, micronaire, 

colour, moisture content (Table 1) and raising waste fibre was tested by Advance Fibre 

Information System (AFIS) (Table 2, Table 3). Waste fibre is tested by AFIS because the 

amount of short fibre remains in raising waste fibre is so significant that it can’t be tested by 

HVI machine. 

Table 1: Properties of cotton fibre from HVI machine 

Country 

of Origin 

SC

I 

Mic Ma

t 

Mois

t 

UHML 

(mm) 

UQL 

(mm

) 

UI 

(%) 

SFI 

(%) 

Elg 

(%

) 

Str 

(gm/ 

Tex) 

Rd +b 

Benin 133 4.17 0.86 6.4 28.97 29.25 82.05 10.6 2.8 31.3 72.2 9.9 

Burkina 

Faso 

133 3.99 0.86 5.8 29.17 29.5 81.49 9.4 5.7 30.8 75.7 9.5 

Mali 123 4.07 0.86 6.1 28.38 28.85 81.85 9.5 5.7 27.8 75.6 9.7 

Abbreviation: SCI = Spinning Consistency Index; Mic = Micronaire; Mat = Maturity Index; Moist = 

Moisture; UHML = Upper Half Mean Length; UQL = Upper Quartile Length; UI = Uniformity Index; 

SFI = Short Fiber Index; Elg = Elongation; Str = Strength; Rd = Reflectance; +b = Yellowness. 

 

Here is percentage of cotton (from different country of origin) used in Blowroom line: Benin: 

40.53% + Burkina: 26.55% + Mali: 32.92%. 
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Figure 1 Raw cotton (Left) and raising waste fibre (Right) 
 

Table 1: AFIS report (NEP Module) for raising waste fibre 

 
Total Nep 

Count 

Total Nep 

Mean Size 

Fiber Nep 

Count 

Fiber Nep 

Mean Size 

SC Nep 

Count 

SC Nep 

Mean Size 

Mean 49 613 49 613 0 0 

Std. Dev 11 28 11 28 0 0 

CV% 22.5 4.6 22.5 4.6 0.0 0.0 

 

Table 2: AFIS report (LEN Module) for raising waste fibre 

 L(w) 

[mm] 

L(w) 

CV

% 

SFC(w)

% 

< 

12.7mm 

UQL

(w) 

[mm] 

L(n) 

[mm] 

L(n) 

CV

% 

SFC(n)

% < 

12.7mm 

5% 

L(n) 

[mm] 

Finene

ss 

[mtex] 

Maturi

ty 

ratio 

[mat] 

IFC 

[%] 

Mean 8.5 74.1 80.0 10.3 5.1 74.7 93.8 13.1 166 0.76 11.9 

Std. 

Dev 
1.1 1.8 5.4 1.9 0.5 4.5 2.0 2.0 1 0.02 0.5 

CV% 13.3 2.4 6.8 18.3 9.1 6.0 2.2 15.0 0.7 3.0 4.2 

Abbreviation: L(w) = Length (weighted); SFC = Short Fiber Content; UQL = Upper Quartile Length; L(n) = 

Length (number weighted). 

Siro-mélange yarn from raising waste fibre and cotton fibre whereas regular mélange yarn, GM 

90:10 (cotton : black viscose), were manufactured for comparison. 

One of the rovings of siro-mélange yarn was prepared by using cotton as raw material along 

with the raising waste fibre. The processes in the blow room utilized Trützschler machines that 

open the material into tufts as fine as possible and clean the fibres for the subsequent processes. 

Generally, the chute mat is supposed to go into the carding machine through the duct pipe in 
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the Blow room section. However, here the material has been pulled out from the duct line for 

hand mixing before going to the carding machine. 

A total of 20 kg was prepared through hand mixing, in which 10 kg was cotton and the other 

10 kg was raising waste fibre. In this case, hand mixing involved laying down five layers of 

cotton and five layers of raising waste fibre to make a homogenous mixture (Figure 2). In each 

layer of the mixture, there was 2 kg of cotton while every layer of the raising waste fibre 

similarly weighed 2 kg as well. The blend, after hand mixing, was manually fed through a duct 

pipe into the carding machine to produce card sliver. Further, the card sliver was processed 

through subsequent stages to produce one roving of siro-mélange yarn. The other roving was 

produced using 100% cotton fibre as usual. The complete machine sequence for siro-mélange 

yarn production is illustrated in Figure 3. 

 

 

Figure 2: Hand-mixing of cotton and raising waste fibre 

 

 

Figure 3: Process flowchart of siro-mélange yarn 

 

Testing samples were conditioned in standard atmospheric condition (RH=65%, Temp=25º). 

Many tests were carried out during the manufacturing of siro-mélange yarn. Test name, testing 

equipment and testing principle are detailed in Table 4 below. 

 

Raising 

Waste Fiber 

Cleaned 

Cotton Fiber 
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Table 4: Testing parameters and standards 

Name of Test Testing instrument Testing principle Testing length Testing speed 

Count  

(Linear Density) 

Wrap reel and Electronic 

Balance 
ASTM-D1059-17 120Yds - 

Mass Variation Uster Tester 6 ASTM D1425M-14 400m 400m/min 

Bundle Strength Ele Stretch XT ASTM D1578-93  120Yds 300mm/min 

 

3 Results and discussion 

3.1 Yarn properties 

The achieved siro-mélange yarn after the production process is shown below in Figure 4. The 

yarn properties of regular mélange yarn and siro-mélange yarn from raising waste fibre and 

cotton fibre depict below in Table 5. 

 

Figure 4: Siro-mélange yarn consisting of cotton and raising waste fibre 

 

Table 5: Yarn properties of siro-mélange yarn & regular mélange yarn 

 10 Ne 14 Ne 16 Ne 

 Siro-Mélange 
Regular 

Mélange 
Siro-Mélange 

Regular 

Mélange 
Siro-Mélange 

Regular 

Mélange 

CV% 13.33 9.27 16.17 10.55 16 11.3 

Thin Place  

-50%/km 
0 0 6 0 10 0 

Thick 

Place 

+50%/km 

100 2 390 8 357 16 

Neps  

+200%/km 
45 1 253 5 218 8 

CSP 2288 2470 2205 2394 2247 2368 

Hairiness 8.54 9.32 6.99 7.85 6.99 7.32 

Total IP 

Stand. /Km 
145 3 649 13 585 23 

Total IP 

Sens./km 
1040 28 2993 145 2876 264 

 

https://standards.globalspec.com/std/3860484/ASTM%20D1578-93(2016)
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Quality of siro-mélange and regular mélange yarn in three different counts 10 Ne, 14 Ne and 

16 Ne were compared and reported in Figure 5. The study is based on mass variation (CV%), 

count strength product (CSP), imperfection index (IPI), and yarn hairiness. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 
(f) 

 

Figure 5 Evenness report of siro-mélange and regular mélange yarn. (a) coefficient of 

variation of mass (b) count strength product (c) thin places (-50%) (d) thick places 

(+50%) (e) neps (+200%) (f) hairiness 

 

Coefficient of mass variation (CV%) was measured as a parameter for the irregularity of yarns. 

Coefficient of mass variation shows great sensitivity to fibre properties and process variables 

(Zeidman & Sawhney, 2002). During the whole experiment, the processing parameters are kept 

the same; however, the most important alterations have been done according to fibre 
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parameters. Accordingly, it was observed that, for all three counts, siro-mélange yarn had more 

mass variation compared to regular mélange yarn. More precisely, the CV% related to siro-

mélange yarn regarding 10 Ne, 14 Ne, and 16 Ne counts was higher by 4.06%, 5.62%, and 

4.70%, respectively (shown in Figure 5(a)). The reason for this may be explained by the better 

length and uniformity of viscose fibres that suffered less during processing compared to raising 

waste fibres (Ray et al., 2018). The latter, because of the higher percentage of short fibres, 

increased the irregularity, that is, in finer yarns where a smaller number of fibres per unit area 

result in high mass variation. In fact, this result agrees with the previous work of the authors 

who found that the shorter length of raising waste fibres and its high percentage of short fibres 

result in greater irregularity, a finding in agreement with that made by (Kanon et al., 2023). 

Count strength product (CSP) is the indication of strength and fineness of yarn calculated by 

multiplying yarn count with yarn tenacity. According to Figure 5(b), at counts 10 Ne, 14 Ne, 

and 16 Ne, regular mélange yarn had higher CSP of 182, 189, and 121 points respectively, 

against the siro-mélange yarn. Usually, siro yarns must have higher CSP because these are 

made as two-fold yarns. However, occurrence of short raising waste fibres in siro-mélange yarn  

decidedly discounted the strength of it, which was represented by the lower CSP as compared 

with that of regular mélange yarn (Zeidman & Sawhney, 2002). Another interesting point is 

the inverse relation between yarn counts and CSP; the finer the yarn, the less the number of 

fibres in cross-section area, the lower the strength. These findings agree with the previous 

study, as it was pointed out that the presence of short fibres leads to the loss in yarn strength 

(Khan et al., 2023). 

IPI is the imperfection index of yarn, which comprises the thin places of -50%, thick places of 

+50%, and neps of +200%. Siro-mélange yarn showed values for imperfection of 145 and 649 

for counts 10 Ne and 14 Ne, respectively, higher than that obtained for regular mélange yarn 

(Ochola et al., 2012). Whereas, the 16 Ne count, the values of imperfection of regular mélange 

yarn were higher by 585. All these IPI values was calculated from the Figures 5(c), 5(d) and 

5(e). Probably, the increased imperfections of siro-mélange yarn are because of a shorter length 

and higher percentage of short fibres in raising waste fibres, fibre control in the process of 

drafting is a bit poor and thus sliver unevenness causes defects in yarn. The results also 

highlight that stiff, short, or dead fibres and those of highly variable length significantly 

enhance the imperfection index. The findings corroborate the work carried out by (Chaudhari 

et al., 2017), where it was observed that yarn quality is highly dependent on the quality of card 

slivers and that the variable slivers give rise to a number of yarns faults (Rashid et al., 2021). 
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Yarn hairiness can be described as the total protruding fibre length ratio per unit length of yarn 

and depends upon some important parameters like fibre length, proportion of short fibres, and 

rigidity (Cheng & Li, 2002). Data obtained shows that for every count, siro-mélange yarn was 

less hairy as compared to regular mélange yarn and at the count of 16 Ne, regular mélange yarn 

showed less hairiness. However, the actual values of hairiness for regular mélange yarn were 

respectively 0.78, 0.86 and 0.33 points higher for counts 10 Ne, 14 Ne and 16 Ne (see Figure 

5(f)) even though the siro yarns normally have less hairiness due to two-fold structure. A 

relatively higher percentage of short fibres in the raising waste fibre contributed to more 

protruding fibre ends in siro-mélange yarn. This is a situation of less hairiness with increased 

fineness of yarns, which is probably because of decreased number of fibres per unit cross-

sectional area. The above observations agree with the findings of (Yuksekkaya, 2008), who 

reports that the presence of short fibres increases yarn hairiness because of reduced cohesion 

between fibres and increased loose ends (Zhigang Xia et al., 2011). 

3.2 Cost Analysis 

The production costs of siro-mélange yarn and regular mélange yarn were investigated and 

compared. A comparison is given in Table 7. Raw materials accounts for 65-70% of all 

manufacturing cost. For the production of 10% regular mélange yarn, estimation shows that 

raw cotton fibre composed of 90-92% cost and 8% cost due to colour part. If 1% cost of the 

colour part is saved, a factory with 30ton capacity can save up to $405 USD per day. 

 

Table 6 Costing of siro-mélange yarn and regular mélange yarn 

Type of 

Yarn 

Raw 

Material 

Price 

of 

Raw 

Mat. 

(USD/ 

kg) 

Act. 

Mat. 

Rati

o 

Source 

Material 

Amount 

(Kg) 

Input 

Mat. 

Price 

(USD) 

Production 

Overhead 

Cost 

(USD/Kg) 

Total 

Input 

Mat. 

Cost 

(USD/

Kg) 

CNF 

Cost 

(USD

/Kg) 

(6%) 

Approx. 

Final 

Yarn Cost 

(USD/Kg) 

Siro-

Mélange 

Yarn 

Cotton 2.31 75.0 0.75 1.73 

0.21 2.16 0.13 2.29 
Raising 

Waste 

Fiber 

0.88 25.0 0.25 0.22 

Total  
100.

0 
1.0 1.95     

Regular 

Mélange 

Yarn 

Cotton 2.31 90.0 0.90 2.08 

0.21 2.59 0.16 2.75 Black 

Viscose 
2.96 10.0 0.10 0.30 

Total  
100.

0 
1.0 2.38     
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Here, regular mélange yarn production cost is 2.75 USD/kg whereas siro-mélange yarn cost is 

2.29 USD/kg. So, by using dyed waste fibre we can reduce the mixing cost up to 16% for 1 kg 

yarn production. If a spinning mill has the capacity of producing 10 Ton Yarn per day, they 

can save up to 4600 USD per day. 

3.3 Sustainability benefits and integration into the circular economy 

Nowadays, one of the most significant transformations for the textile industry, however, is the 

adoption of environmentally friendly ways of production. A very common example of 

substitution of regular mélange yarn with regular mélange yarn made from waste after fleece 

fabric brushing can be considered. The regular way of producing classical regular mélange yarn 

is conventionally judged as being incompatible with environmental requirements because of 

its high consumption of water and energy and reliance on synthetic fibres. In contrast, the 

production of siro-mélange yarn offers a closed-loop system, effectively reducing the industry's 

carbon footprint, conserving natural resources, and advancing the goals of a circular economy. 

By repurposing and reutilizing waste materials, this process contributes to the development of 

a more sustainable textile manufacturing industry (Singh et al., 2019). 

Regular mélange yarn, because of aesthetic flexibility, poses a different set of environmental 

challenges to sustainability. This yarn often results from the blending of synthetic fibres, which, 

besides being highly energy-intensive, further sustains very high-water usage, especially for 

dyeing purposes. Further, the use of harmful chemicals for dyeing fabrics considerably 

aggravates environmental degradation in the form of pollution and resource depletion (Sehnem 

et al., 2019). 

On the other hand, siro-mélange yarn is more ecological since it is prepared from raising waste 

fibre, usually at the time of fleece fabric making. This kind of waste, which would normally 

find its way into landfills, is collected and reprocessed for raw material into siro-mélange yarn. 

This reduces waste and lessens the environmental impact when compared to conventional yarn 

manufacturing processes. The siro-mélange yarn production closed-loop system feeds the 

waste back into the production cycle. This decreases significantly the consumption of virgin 

raw materials and decreases water and energy consumption by a lot (Niinimäki et al., 2020). It 

closes the material loops within the textile industry by creating a circular resource flow, thus 

responding to the general sustainability challenges of the industry (Geissdoerfer et al., 2017). 

Having raising waste fibre included in siro-mélange yarn is representative of the philosophy of 

waste reduction and optimization of resources that forms the core of the circular economy. In 
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such a value chain, waste gets valorised; therefore, there would be less landfilling, conservation 

of valuable resources, potentially decreasing demand on virgin material, hence helping 

industries to become less environmentally harmful. It further encourages sustainability for the 

textile industry in the development of a resource-efficient system that has no need for 

continuous extraction from natural resources (Wang, 2006). 

Among many others, it disrupts the dependence on new raw materials, tantamount to 

environmental degradation, being at the top. It reduces the overall environmental impact of the 

textile industry in part by lessening demand for virgin raw materials-such as cotton and 

synthetic fibres-that in turn reduce carbon footprint and water usage. It enhances resource 

efficiency by diverting the waste materials away from landfills and incineration into 

production, consequently reducing the draw on non-renewable resources, such as the oil used 

to produce synthetic fibres (Purushothama, 2018). Besides the environmental advantages, huge 

economic and social advantages are accrued from switching into siro-mélange yarn production: 

the creation of jobs associated with recycling and reprocessing is thus made possible; and local 

and regional economies can take up the benefit. Besides, a reduction in synthetic fibres and 

chemicals intake cuts down on health risks for both workers and communities that are living 

nearby. This environmentally friendly approach thus creates a safe and sustainable workplace 

that promotes well-being among people engaged directly or indirectly in the textile business 

(Cheng & Yuen, 1997). 

3.4 Limitations 

There were various limitations realized in undertaking the project; thus, it may affect the 

general assessment or scalability of such results. One of the key limitations in these regards 

was the lack of concrete data about the actual percentage of the recycled fibre in the final yarn. 

This in turn made further analysis of the product's sustainability even more difficult to fully 

undertake as would have been needed to meet the strategic objectives of waste reduction and 

greater use of recycled materials in producing textiles. Furthermore, the production process for 

the yarn made up of the recovered fibres has not been fully scaled. Full scaling is one of the 

key factors that must be considered when the commercial viability of a product is to be 

considered at an industrial level. Without this valuation, it cannot be gauged if large-scale 

production or opening up to wider markets is possible. Besides, there is always a question over 

the availability of raw materials in sufficient and continuous quantity-the yet another big 

drawback. Also, uncertainty in the steady availability of raw materials undermines the scaling 
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up of production in quantity, possibly at higher costs, thereby impacting economic feasibility. 

Overcoming these limitations in future studies will be an important step in realizing the full 

environmental and commercial potential of this novelty recycled fibre yarn. 

Conclusion 

Since the beginning of this work, the idea of recycling the specific waste material produced in 

one fleece fabric production process has motivated us. In the following thesis, we would like 

to research possibilities of its usage for making siro-mélange yarn. Nowadays, in the actual 

textile chain, waste derived from fleece fabrics goes to the landfills or incinerators and burdens 

the environment. In this direction, we're trying to introduce more sustainable diversified 

applications with the help of siro-mélange yarn for such leftovers, keeping our commitment to 

environmental responsibility in view. 

From the regular mélange yarn to the latest siro-mélange yarn made from the raising waste of 

fleece fabric production was promising for both commercial and sustainable use, though with 

limitations. Therefore, siro-mélange yarn showed higher mass variation for all yarn counts: 

4.06%, 5.62%, and 4.70% for 10 Ne, 14 Ne, and 16 Ne, respectively, compared to the latter 

due to the higher percentage of short fibres in raising waste. Although siro yarn has an intrinsic 

two-fold twist structure, because of the shorter fibres, siro yarn showed lower CSP values and 

its counterpart regular mélange yarn was performing better at 10 Ne, 14 Ne, and 16 Ne counts. 

However, IPI was higher for the siro-mélange yarn at 10 Ne and 14 Ne, though the number of 

imperfections was lesser at 16 Ne. Moreover, siro-mélange yarn showed less hairiness at 10 

Ne and 14 Ne, which means that the finer the count, the more hairiness increases. Finally, even 

though siro-mélange yarn has some drawbacks concerning strength and regularity, it presents 

a promising sustainable product in terms of reducing the dependency on virgin material, 

reducing production cost, and reaching some of the industrial environmental goals. 

In the spinning industry, cost efficiency is always the prime factor, and our project has huge 

significance in regard to this. The cost of raw material constitutes around 60% of all the 

production costs. We will add a generous amount of raising waste fibre to the raw cotton or 

other natural and synthetic fibres in the yarn making process, and it is definite that this will 

have quite an impact on the production cost. It, therefore, stands out as one of the most vital 

innovations in the industry, since it tackled the cost component of production. 

The waste material generated from fleece fabric manufacturing basically consists of dyed fibre, 

which can replace 10% of the coloured viscose. Such is the context wherein by consuming this 
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dyed fibre in our siro-mélange yarn, we aim at reducing the demand for the coloured fibre and, 

subsequently, the demand for the power-intensive dyeing process. This approach of 

environmentalists saves not only prime resources such as water and electricity but also keeps 

the environment safe due to low levels of pollution. 

Other value addition applications of these types of recycled fibres in the Bangladesh textile 

industry are still at their infancy. However, this study can hopefully serve as a catalyst for 

transformation through the introduction of siro-mélange yarn produced from that particular 

class of recycled fibres. This can unlock newer opportunities and open new vistas regarding 

value addition in textile products within our country while upholding the pledge for 

sustainability and innovation. 
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Abstract 

The concept of a "circular economy" has gained traction in recent years as a feasible alternative 

to the traditional linear economic paradigm of "take, make, dispose." The carpet business has 

a substantial impact on worldwide resource use and waste generation. This industry has a 

distinct opportunity to lead in the implementation of circular economy principles, as multiple 

companies have demonstrated their ability to manufacture items that are completely recyclable 

and free from toxins. With the growing significance of sustainability, the concept of the circular 

economy has become a potential approach to address environmental issues and promote 

economic development. This study investigates the strategies and 9R framework that could 

facilitate the shift towards circularity in the production of carpets, such as examining various 

techniques, including material recycling, product life extension, re-manufacturing, and end-of-

life (EOL) product management, to assess their practicality and efficiency in lowering resource 

consumption and waste creation to enhance the circular economy in the carpet industry. This 

study's result indicates that by taking effective strategies and consumer awareness, the circular 
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economy provides prospects for cost reduction, improved resource utilization, and innovation-

driven development. In summary, it improves the industry's ability to withstand supply chain 

interruptions, promotes consumer confidence in the products, and significant insights into the 

potential and constraints of implementing circular economy principles in the carpet business. 

Keywords: Circular Economy, Carpet, Sustainability, Waste generation, Economic Growth. 

1 Introduction 

The carpet industry has been associated with linear production models. Raw materials are 

extracted, manufactured into carpets, and often disposed of after their useful life, contributing 

to resource depletion and environmental degradation (Cunningham, Patrick R. and Miller. 

2022).  On the other hand, a different method known as the “circular economy” is presented, 

aiming to reduce the consumption of raw materials at every stage of production and maximize 

the recycling of the waste to utilize it as input for future production. The concept of a circular 

economy has been gaining traction in various industries, but its application in the carpet 

industry has been met with suspicion. Traditionally, the Circular economy in the carpet industry 

refers to a sustainable approach to carpet manufacturing, use, and disposal that aims to 

minimize waste, maximize resource efficiency, and promote the continual use of materials in 

closed-loop systems (Yadav, et al. 2023). It also involves designing carpets with recyclable or 

biodegradable materials, implementing take-back and recycling programs, and finding 

innovative ways to reuse and repurpose old carpets. This would not only reduce the 

environmental impact of the industry but also create new economic opportunities (Franco and 

Ruijs. 2021). 

This industry is known for its significant environmental footprint, with vast amounts of waste 

generated during production and at the end of a carpet's life cycle. Environmentalists widely 

support the circular economy as a strategy to save resources and reduce environmental harm. 

They believe that shifting from a linear to a circular framework may effectively handle 

ecological problems (Hysa, et al. 2020). In this regard, In today’s world of digitization, the 

integration of AI may lead to incremental improvements, in the carpet industry. AI-driven 

optimization can streamline recycling processes and identify new avenues for material reuse. 

For example, innovative designs can be generated that use fewer resources and are easier to 

recycle and predict the lifespan and wear patterns of different carpet designs, enabling the 

creation of more durable products. 
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Despite the potential benefits, the implementation of circular economy practices in the carpet 

industry faces several challenges, including the lack of infrastructure, the high cost of 

recycling, and the resistance to change from both manufacturers and consumers (Naturals. 

2024). The industry must address these challenges and embrace the circular economy model to 

ensure a more sustainable future. However, the circular economy concept offers a 

transformative approach, carpets are designed, produced, and managed in a way that reduces 

environmental impact, conserves resources, and supports long-term economic viability (Carrier 

2009). In recent years, stakeholders within the carpet industry have recognized the imperative 

to transition towards circularity, driven by mounting environmental concerns, regulatory 

pressures, and growing consumer demand for eco-friendly products. Circular economy in the 

carpet sector involves examining the integration of eco-friendly materials, advanced recycling 

technologies, and innovative business models that prioritize the durability, repair ability, and 

recyclability of carpet products (Antikainen, et al. 2021). This shift necessitates reimagining 

every stage of the carpet lifecycle – from design and production to consumption and end-of-

life management – through innovative strategies and collaborative efforts across the value 

chain. The objectives of this study are to: 

1) Evaluate the present condition of circular economy (CE) methods in the carpet industry.  

2) Investigate possible avenues and strategies and possible frameworks to improve the adoption 

of CE.  

3) Identify the primary obstacles and constraints to applying CE concepts. 

1.1 Circular economy potential in the carpet industry 

The integration of circular economy principles into the carpet industry presents an optimistic 

yet complex vision for a sustainable future. While the potential benefits are substantial, the 

practical implementation of these principles faces significant challenges that need to be 

critically examined. To successfully transition to a circular economy, the carpet industry must 

innovate across the entire lifecycle of the product, from design and manufacturing to consumer 

use and end-of-life management (Khan 2017). This requires collaboration among 

manufacturers, consumers, governments, and other stakeholders. Adopting circular economy 

principles in the carpet industry involves several key strategies, for example, 

a: Using eco-friendly and renewable materials, such as recycled fibers or biodegradable 

components, can significantly reduce the environmental footprint of carpet production. 
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b: Implementing advanced recycling technologies can enhance the ability to recover and reuse 

materials from old carpets, turning waste into valuable resources. For instance, closed-loop 

recycling processes can transform discarded carpets into new products, thereby reducing the 

need for virgin materials. 

Pont et al (2019) compared and reported linear and circular economic models. The linear 

economy follows to a sequential process: extracting resources, manufacturing items, 

distributing them, using, and ultimately discarding them. On the other hand, the circular 

economy prioritizes sustainability by remanufacturing, reusing, repairing, and recycling, 

therefore reducing waste and enhancing resource value. 

1.2 Present scenario of circular economy in the carpet industry 

The carpet industry is undergoing a significant change towards adopting circular economy 

techniques. This transition is driving a growing awareness of environmental issues, regulatory 

requirements, and customer demand for sustainable products. These strategies strive to reduce 

waste, prolong the lifespan of products, and encourage the reuse and recycling of materials 

(Howard, et al. 2022). Presented below is an in-depth analysis of the existing status of circular 

economy techniques within the carpet industry: 

1.2.1 Design for longevity and recyclability in the carpet industry 

Design for Disassembly (DFD) is an innovative and sustainable design approach in the carpet 

industry. It aims to create carpets that can be easily disassembled at the end of their useful life. 

Designing carpets with longevity and recyclability in mind is a key strategy for advancing the 

circular economy within the industry. This approach not only extends the life of carpet products 

but also ensures that they can be effectively recycled at the end of their useful life. By designing 

carpets that have a prolonged lifespan and can be easily recycled, as well as educating 

customers and promoting the repair and reuse of second-hand products, we can contribute to 

developing a more environmentally friendly industry (Adenle, et al. 2024). 

This approach enables efficient recycling, reuse, and repair of carpet materials, significantly 

reducing the environmental impact associated with carpet disposal. Given that traditional 

carpets often end up in landfills due to the difficulty of separating their components, DFD offers 

a promising solution to enhance sustainability within the industry (Kumar, Jogendra, et al. 

2023). Reprocessing carpets is a challenging and expensive procedure, resulting in over 

400,000 tonnes of carpets being disposed of in landfills in the UK every year (Changing 
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Markets. Accessed on 25 Oct 2024). Carpet recycling is gaining importance due to rising 

expenses and a scarcity of dumping sites and the tensile and flexural properties of these 

composites indicate their potential suitability for load-bearing applications (Sotayo, et al. 

2015). 

 

 

Figure 1 Flowchart for a systematic approach to designing carpet 
 

Figure 1 illustrates a flowchart that outlines a systematic approach to designing carpets that 

can be easily disassembled, highlighting the importance of material selection, modular design, 

manufacturing processes, installation, maintenance, and end-of-life management to ensure 

sustainability, recyclability, and reducing waste. 

1.3 Material innovation in the carpet industry 

The carpet industry has seen significant advancements in material innovation, driven by a 

growing emphasis on sustainability, performance, and consumer health. These innovations are 

aimed at improving the durability, recyclability, and environmental impact of carpets, while 

also enhancing their aesthetic and functional properties. 
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1.3.1 Sustainable materials 

Sustainable fiber innovations in sustainable materials, such as bio-based materials and 

biodegradable options, are being explored to further reduce the environmental footprint of 

carpets. Exploration of plant-derived materials like bamboo and corn fibers offers renewable 

and biodegradable options (Bano and Razia. 2015). 

a: Natural Fiber Resurgence: The resurgence of natural fibers presents an exciting opportunity 

for the carpet industry. Alongside traditional wool, the carpet industry is witnessing a revival 

of interest in natural fibers like jute, seagrass, and sisal are gaining popularity due to their eco-

friendly nature (Nguyen 2019). This shift reflects a growing consumer preference for 

sustainable, eco-friendly, and aesthetically pleasing flooring solutions. 

b: Recycled Materials: Carpet manufacturing is progressively incorporating recycled materials. 

Recycled PET from plastic bottles and nylon from discarded carpets are now frequently utilized 

to manufacture new carpets, hence diminishing dependence on virgin raw resources. Nylon 

derived from carpets and fishing nets may be converted into premium fibers for new carpet 

manufacture, whilst production waste and leftover jute materials can be repurposed to create 

eco-friendly carpet backings. 

1.3.2 Performance-driven materials 

Advanced synthetic: Advanced synthetic fibers signify a notable progression in carpet 

technology, offering several advantages that meet the requirements of both commercial and 

residential consumers. Their performance-oriented attributes, including durability, stain 

resistance, and environmental sustainability, provide them an exceptional option for 

contemporary carpet production. As the industry progresses, these sophisticated synthetics are 

anticipated to increase, further improving the quality and sustainability of carpets in the market. 

Names of some Nylon, Polyester (PET), Triexta, and Polypropylene (Olefin) materials (Chen, 

et al. 2021). 

Spill-proof technologies: The use of spill-proof technologies in carpet materials has emerged 

as a vital component of contemporary carpet design, improving both utility and durability. 

These solutions are particularly advantageous in high-traffic areas, residences with children 

and pets, and business environments where spills frequently occur. Carpets featuring integrated 

spill-resistant layers repel liquids, facilitating uncomplicated cleaning. Diverse spill-proof 

technologies are: 
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a: Hydrophobic treatments: Hydrophobic treatments for carpets comprise the application of a 

specialized coating that repels water and liquids, establishing a protective barrier that inhibits 

stains and facilitates cleaning. These treatments reduce moisture absorption, so inhibiting the 

growth of mildew and mould proliferation, which fosters a cleaner, healthier atmosphere and 

prolongs the carpet's longevity. They provide a pragmatic and sanitary solution for household 

and business environments (Kirchherr, et al. August 2021). 

b: Nano-coating technology: Nano-coating technology is an innovative technique for adding a 

tiny protective layer on carpet fibers, usually employing silica-based or other nano-scale 

materials. This coating creates an invisible barrier that efficiently repels liquids and particles, 

hence improving the carpet's resilience to external pollutants. Nano-coatings offer enhanced 

and long-lasting protection compared to conventional treatments, without affecting the carpet's 

tactile quality or visual aesthetics. The enduring effectiveness of nano-coatings in deterring 

stains and spills simplifies maintenance and extends the carpet's longevity. This technique is 

compatible with many carpet materials, providing versatile and discreet protection while 

preserving the original visual and physical characteristics of the fibers (Kumar, Jogendra, et al. 

2023). 

c: Moisture-barrier backing: Carpets with moisture-barrier backings incorporate a specialized 

layer that inhibits liquid penetration to the subfloor. This barrier often comprises a waterproof 

substance or a coated backing that resists moisture, so protecting the subfloor from possible 

harm due to spills, leaks, or pet-related occurrences. Moisture-barrier backings not only 

safeguard structural components but also significantly impede the proliferation of mould and 

mildew beneath the carpet, which is frequently fostered by humid conditions. By restricting 

moisture collection, these backings enhance indoor air quality and foster a healthier living 

environment, consequently diminishing the likelihood of allergy growth and improving overall 

cleanliness. 

d: Stain-resistant fiber technology: Stain-resistant fiber technology advances textile 

engineering, especially carpet manufacture. This method uses stain-resistant synthetic fibers 

like Triexta and some nylon and polyester. These fibers repel liquids and resist stains, making 

carpets more durable. These carpets require little maintenance and cleaning, making them ideal 

for spill-prone areas like houses with children and dogs. Stain resistance of these fibres 

eliminates the need for intensive cleaning and makes maintaining more sustainable by reducing 
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harsh cleaning chemicals. Therefore, stain-resistant fiber technology has practical and 

environmental benefits in residential and commercial applications. 

1.3.3 Antimicrobial properties 

Materials possessing inherent antibacterial characteristics limit bacterial growth, hence 

enhancing indoor air quality. The incorporation of antimicrobial characteristics in carpets is 

gaining significance as consumers and organizations pursue solutions that improve cleanliness 

and mitigate the transmission of infections. These attributes are especially significant in 

settings where hygiene is paramount, like healthcare institutions, educational establishments, 

and densely populated public spaces. This study provides an overview of antimicrobial 

technologies utilized in the carpet business, including their advantages, uses, and concerns.  

Carpets marketed inside the European Union (EU) may include more than 59 harmful 

compounds that affect human health and the environment during all phases of life. Among the 

59 discovered compounds, 10 are now classified by the EU as substances of very high concern 

(SVHC), although only 4 of them are included on the Authorisation List and banned from 

commerce (Ribul, et al. 2021). 

a: Chemical treatments 

Silver Ion Technology provides carpets with antibacterial properties by incorporating silver 

ions into fibers or applying them as a surface coating, effectively suppressing the growth of 

bacteria, fungi, and other pathogens. This technology is particularly useful in high-traffic or 

moisture-prone areas where maintaining cleanliness is essential. 

Quaternary Ammonium Compounds (Quats) are another long-lasting antimicrobial solution; 

they work by disrupting bacterial cell membranes to halt bacterial growth and reduce 

contamination. Quats can be incorporated directly into carpet fibers or applied as a topical 

treatment, providing ongoing protection. Additionally, Triclosan has been used to inhibit 

microbial growth in carpets, though its use has become controversial due to potential 

environmental and health risks associated with its persistence in ecosystems and possible 

human exposure (Haghighat and Alinejad 2016). 

b: Physical antimicrobial technologies 
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Copper possesses intrinsic antibacterial characteristics and may be integrated into carpet fibers 

to prevent microbial proliferation (Borkow, Gadi and Gabbay. 2005). Zinc-based antimicrobial 

compounds can be included in carpet fibers to safeguard against certain germs. 

c: Antimicrobial polymer coatings 

Polymeric Biocides: These coatings provide a barrier on carpet fibers that inhibits the adhesion 

and proliferation of bacteria. They provide enduring protection and are frequently engineered 

to be safe for people and animals. 

Health hazards are linked to various chemicals found in carpets, including VOCs in adhesives, 

flame retardants in surface fibers, and plasticizers in the backing material. These compounds 

are associated with significant health concerns, including respiratory troubles, endocrine 

disruption, reproductive diseases, cancer, and brain harm (Kumar, Vikas, et al. 2020). To 

mitigate these hazards, it is essential to select carpets constructed from safer materials, such as 

low-VOC alternatives, natural fibers, or those coated with hydrophobic coatings to diminish 

chemical exposure and enhance indoor air quality. 

2 Methodology 

An extensive study is done to investigate the feasibility of implementing circular economy 

(CE) practices in the carpet business. This will be achieved by examining current operations 

and identifying limitations, and potential advancements. Data has been gathered from several 

sources, such as books, journals, magazines, and other authentic sources Scopus and WOS, for 

this study. 

The circular economy (CE) concept seeks to redefine economic growth by separating it from 

the consumption of limited resources and eliminating waste from the system through design. 

This scientific review-based study examines the present studies on the circular economy within 

the carpet manufacturing industry. It aims to identify the current practices, opportunities, and 

limitations, along with prospective areas for innovation and development within the carpet 

manufacturing industry. 

3 Integration of efficient manufacturing processes and circular economy 

Integrating efficient manufacturing processes with the circular economy is heralded as a 

transformative approach towards sustainable industrial practices. They both are interlinked 

concepts critical for sustainable development and environmental stewardship in today's 

industrial landscape. Efficient manufacturing processes are the techniques, strategies, and 
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technologies employed to maximize productivity while minimizing waste, energy 

consumption, and resource use. Eco-friendly manufacturing processes in the carpet industry 

are transforming the way carpets are produced, focusing on sustainability and reducing 

environmental impact (Kumar, Jogendra, et al. 2023). These processes involve the use of 

recycled and renewable materials, such as post-consumer PET and bio-based polymers, which 

help conserve natural resources and reduce waste. Energy-efficient machinery and the 

integration of renewable energy sources, like solar and wind power, lower the carbon footprint 

of production facilities. Water conservation techniques, such as closed-loop systems and low-

water dyeing, significantly reduce water usage. Additionally, non-toxic adhesives and natural 

dyes ensure that the final products are safe for both indoor air quality and the environment. By 

designing carpets for easy disassembly and recycling, manufacturers facilitate the end-of-life 

recycling process, further promoting a circular economy. These practices not only contribute 

to environmental sustainability but also offer economic benefits through cost savings and 

appeal to an increasingly eco-conscious market. 

To ensure economic competitiveness and the survival of species, it is crucial for business 

executives and academic trainers to possess a comprehensive understanding of sustainability. 

Efficient communication is crucial for improved decision-making, and personal experiences of 

making informed choices can offer valuable insights (Azad, et al. 2012). 

Mockus (2023) reported a lifespan of a polymer-based product. The process begins with the 

selection of raw materials and polymer pools, integrating recycled resources into intelligent 

manufacturing. The product is then supplied and installed, with a usage duration of 10, 15, or 

20 years. Upon reaching the end of its lifecycle, the product undergoes disposal and energy 

recovery procedures, to minimize CO2 emissions. This cycle prioritizes sustainability and 

resource efficiency. 

4 9R model in the carpet industry for manufacturing process 

The 9R Model is highly significant for the carpet industry due to its potential to revolutionize 

manufacturing processes, improve sustainability, and address the environmental challenges 

associated with carpet production. Inspired by circular economy principles, the 9R Model 

emphasizes a hierarchical approach to waste reduction, focusing on different strategies that can 

be applied to both materials and processes. The 9R Model plays a transformative role in 

advancing the carpet industry towards greater sustainability, resource efficiency, and 

environmental responsibility. By adhering to a structured hierarchy of strategies—ranging 
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from “Refuse” to “Recover” the model directly addresses some of the most pressing challenges 

faced by the industry, including resource depletion, waste generation, excessive energy 

consumption, and greenhouse gas emissions (Lama, et al. 2022). At its core, the 9R Model 

urges manufacturers to minimize their environmental impact by refusing unnecessary 

materials, rethinking production processes, and reducing their consumption of water, energy, 

and raw materials. For example, innovations such as water-efficient dyeing techniques and 

streamlined fiber usage can not only reduce resource consumption but also lower production 

costs. 

Figure 2 highlights the significance of the 9R Model in the carpet manufacturing industry, 

which prioritizes “Reuse”, “Repair”, and “Remanufacture” as strategies to enhance product 

lifecycle management. By promoting the repeated use of raw materials and providing repair 

and refurbishment services, manufacturers can substantially decrease waste generation and 

mitigate their environmental impact. The model advocates for the elimination of extra 

materials, including chemical additives, dyes, and excess fibers, thereby reducing reliance on 

virgin resources and minimizing ecological. Furthermore, the 9R Model supports the shift 

towards a “circular economy”, where products are designed for durability, repairability, and 

recyclability. This approach helps companies reduce the need for virgin materials and lowers 

the environmental costs of production by keeping materials in circulation longer and reducing 

waste at every stage of the product's life cycle. 

The growing consumer demand for eco-friendly products adds another layer of importance to 

the 9R Model. With environmental awareness on the rise, consumers are increasingly seeking 

sustainable options, and companies that adopt 9R strategies are better positioned to meet this 

demand. By integrating these principles, manufacturers can create more innovative, sustainable 

carpet designs that enhance their market competitiveness (Luqmani, et al. 2017). Additionally, 

the adoption of these practices allows manufacturers to comply with ever-stricter 

environmental regulations, avoid potential penalties, and boost their corporate social 

responsibility profiles. 
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Figure 2 Approaches of the 9R model in carpet manufacturing 

 

Ultimately, the 9R Model not only helps the carpet industry mitigate its impact on climate 

change by reducing carbon emissions and waste but also drives the extension of product 

lifecycles through repair, refurbishing, and recycling initiatives. This comprehensive approach 

to sustainability fosters a more responsible and resilient manufacturing process that balances 

profitability with environmental and social responsibility, ensuring a greener future for the 

carpet industry and its stakeholders. 

5 Discussion 

5.1 Importance of circular economy in the carpet industry 

The growing importance of the circular economy in the carpet industry aims to address 

environmental challenges involved with traditional linear production processes. The concept 

of the circular economy promotes sustainability, resource efficiency, and waste reduction, 

enabling the carpet business to reduce its ecological footprint simultaneously (Naturals. 2024).  

The key principles of the circular economy in the carpet industry focus on transforming 

traditional linear processes into sustainable, regenerative systems that prioritize durability, 

resource efficiency, and waste minimization (Velenturf, et al. 2021). At the core of this 

approach is designing carpets for longevity, ensuring they can withstand wear and tear over 
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extended periods (Luthin, et al. 2024). This not only reduces the frequency of replacements but 

also decreases the demand for raw materials. By prioritizing durability in design, manufacturers 

can significantly extend the life cycle of carpets, which has direct benefits in terms of resource 

conservation and cost savings for both producers and consumers. 

Another essential aspect is designing carpets for disassembly. At the end of a carpet's useful 

life, separating its components—such as fibers, adhesives, and backing—becomes critical for 

recycling and reuse. This design philosophy allows manufacturers to extract valuable materials 

and recycle them into new products. The use of modular designs, such as carpet tiles, 

exemplifies this principle, as individual sections can be replaced or recycled without needing 

to discard the entire carpet. This design shift makes it easier to implement recycling processes 

and reduces the environmental burden associated with disposal (Preston 2012). 

Resource recovery is a central pillar of circular economy principles in the carpet industry. 

Manufacturers increasingly aim to reclaim used carpets and repurpose their materials. By 

reprocessing fibers, backing, and adhesives, the industry reduces its reliance on virgin 

resources like petroleum-based synthetics or natural fibers, which require significant energy, 

water, and chemicals to produce (Shirvanimoghaddam, et al. 2020). This shift not only 

conserves finite resources but also helps decrease the overall carbon footprint of carpet 

production, addressing both environmental and economic concerns. 

Closed-loop systems are perhaps the most defining characteristic of the circular economy in 

the carpet sector. In such systems, products are continually cycled back into production rather 

than being discarded as waste. This involves creating systems where used carpets are collected, 

broken down into raw materials, and reintroduced into the manufacturing process (Potting, et 

al. 2017). 

For instance, Interface, Inc. has implemented a robust recycling program that reclaims old 

carpet tiles, converting them into new products, thereby reducing landfill waste and promoting 

a closed-loop system. Similarly, Mohawk Industries has adopted sustainable practices through 

its "ReCover" initiative, which collects and repurposes post-consumer carpets, significantly 

decreasing resource extraction and waste generation. Tarkett exemplifies CE through its 

commitment to designing products for disassembly, facilitating easy recycling at the end of its 

life cycle. These case studies illustrate how embracing a circular economy can lead to 

innovation, cost savings, and a stronger competitive edge in an increasingly eco-conscious 

market, ultimately fostering a more sustainable carpet industry (R. Bano 2016). 



International Conference – Smart Textiles and Emerging Technologies 

 ISSN 3021-1239 
 

[79] 

 

In addition to environmental benefits, the adoption of circular economy principles in the carpet 

industry encourages innovation and economic resilience. By investing in sustainable materials 

and recycling technologies, companies can unlock new revenue streams from reclaimed 

materials and improve operational efficiency. Consumers are also becoming more 

environmentally conscious, and companies that demonstrate a commitment to sustainability 

are gaining a competitive advantage in the market. This paradigm shift not only fosters a 

greener industry but also aligns business strategies with the growing demand for eco-friendly 

solutions, helping to create a more resilient and sustainable production cycle for carpets. 

5.2 Limitations of circular economy in the carpet industry 

The shift to a circular economy in the carpet business encounters several problems in 

technological, economic, design, and cultural domains. Carpets are mostly made of synthetic 

materials such as nylon, polyester, and polypropylene, together with latex or polyurethane 

backing and chemical adhesives, which complicates their recycling process (Salazar, et al. 

2024). The procedure is difficult and costly, constraining extensive recycling initiatives. 

Economic difficulties can emerge from the substantial expenses associated with establishing 

circular processes, including recycling infrastructure and sustainable material buying, which 

yield limited short-term returns on investment. Companies such as Aquafil, which recycles 

nylon from carpets, have elevated operational expenses and minimal financial incentives, 

hindering wider adoption (Ivanova, et al. 2021). 

Design decisions enhance recycling challenges since carpets highlight aesthetics, durability, 

and performance rather than recyclability. Multi-layered carpets featuring stain-resistant 

coatings and hydrophobic treatments provide further complexity, necessitating further 

processing to eliminate chemicals before recycling. Furthermore, the recycling infrastructure 

is inadequate, with few facilities equipped to process carpet trash. In areas such as the U.S., 

fewer than 5% of carpets are recycled, with the remainder being burned or disposed of in 

landfills (Parvaresh, et al. 2024). 

Culturally, consumer knowledge of carpet recycling is limited, and participation in recycling 

programs is poor, especially in areas with established take-back initiatives (Modak 2021). 

Consumers frequently choose convenience, opting to trash carpets rather than recycle them. 

The carpet business has not completely adopted circular economy ideas, frequently prioritizing 

cost and performance over sustainability. Ultimately, the prolonged lifespan of carpets (10–20 



2024: Volume 2, Issue 1; pp. 66-86  

Conference Proceedings - 2024  
 

[80] 

 

years) postpones their integration into recycling systems, resulting in irregularities in the 

availability of recyclable components. 

Overall, the shift from a linear to a circular economy in the carpet industry encounters 

substantial obstacles, necessitating progress in technology, infrastructure, consumer awareness, 

and regulatory incentives. Addressing these challenges would need a collaborative initiative 

among industry players, governments, and consumers to establish a sustainable, circular 

framework for carpet manufacturing and disposal. 

5.3 Opportunities and future roadmap for circular economy in the carpet 

industry 

The circular economy provides transformative benefits to the carpet industry by reshaping how 

materials are sourced, used, and managed throughout a product's life cycle. One of the most 

significant advantages is the reduction of environmental impact. Traditional carpet production 

relies heavily on virgin resources, such as petroleum-based synthetics and natural fibers, which 

are energy-intensive and contribute to high levels of carbon emissions (Majeed, et al. 2020). 

By embracing circular economy principles, companies can reduce their reliance on these 

resources through recycling and repurposing existing materials. This shift not only conserves 

natural resources but also significantly lowers the environmental footprint of the industry. For 

example, Interface Inc.'s "Climate Take Back" initiative exemplifies how a focus on circularity 

can lead to tangible environmental benefits. By reclaiming old carpet tiles, Interface recycles 

the materials into new products, effectively closing the loop on their production cycle and 

dramatically reducing the amount of waste that would otherwise end up in landfills. This 

process also lowers the demand for virgin raw materials, which helps reduce the company’s 

overall carbon emissions (Moorhouse, et al. 2017). 

In addition to environmental advantages, the circular economy offers substantial cost savings 

to companies in the carpet industry. Recycling and repurposing materials decrease the need for 

costly raw materials and lower the expenses associated with waste disposal (Pourmoradian, et 

al. 2021). By integrating circular practices into their business models, companies can improve 

their operational efficiency and reduce long-term production costs. Mohawk Industries’ 

"ReCover" program is a prime example of this. By collecting and recycling used carpets, 

Mohawk not only minimizes waste disposal costs but also reduces the need for new resource 

extraction. This process helps lower their production expenses, demonstrating that the circular 

economy can be both an environmentally and economically sound business strategy. 
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Additionally, investing in recycling technologies and closed-loop systems opens new revenue 

streams, as companies can sell reclaimed materials or even introduce leasing models where 

customers return products for refurbishment, creating continuous cycles of material use. 

Circular economy practices also allow companies to enhance their brand reputation and 

differentiate themselves in an increasingly eco-conscious market. As consumers become more 

aware of environmental issues, they seek brands that align with their values. Adopting 

sustainable, circular approaches allows carpet manufacturers to tap into this growing demand 

for greener products. Tarkett’s commitment to circularity, for example, has helped establish 

the company as a leader in sustainability. By designing products that can be easily disassembled 

and recycled, Tarkett reduces waste and resource use while meeting the expectations of 

environmentally conscious customers. This focus on sustainability not only boosts customer 

loyalty but also enhances Tarkett's market competitiveness, as more consumers gravitate 

toward brands with strong environmental credentials. 

Moreover, circular economy models drive innovation within the carpet industry. Companies 

are rethinking how carpets are designed, manufactured, and delivered, leading to the 

development of new materials, technologies, and business models. Interface, for example, has 

introduced modular carpet tiles that are not only easier to recycle but can also be replaced 

individually, reducing the need for full carpet replacement and minimizing waste (Pandey and 

Suresh. 2015). This type of innovation encourages the entire industry to rethink product life 

cycles, driving more sustainable designs and operations. 

Conclusion 

The carpet business is at the intersection of innovation and sustainability. Embracing circular 

economy ideas may substantially diminish the environmental impact and generate sustainable 

economic benefits. Key approaches encompass improving carpet design for durability, using 

recyclable materials, and establishing effective take-back and recycling initiatives. 

Nonetheless, other constraints, including inadequate infrastructure, high initial expenses, and 

limited consumer awareness, impede comprehensive deployment. Addressing these difficulties 

necessitates collaborative efforts from producers, governments, and consumers. 

Technological innovations, such as hydrophobic treatments, enhance value by prolonging 

product lifespan and minimizing resource usage. Furthermore, implementing the 9R model 

which prioritizes tactics such as Refusing unnecessary materials, Rethinking product designs, 

and Recycling at the end of life can facilitate the industry's progress toward enhanced 
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circularity. By incorporating methods such as Reuse, Repair, and Remanufacturing, the 

industry may minimize waste and enhance resource efficiency. Cooperation throughout the 

supply chain, along with regulatory assistance and customer awareness, will continue to push 

the sector towards a more sustainable future. With increasing stakeholder's commitment to 

circular practices, the carpet sector may unlock its potential by converting waste into resources 

and establishing a closed-loop system that advantages both the environment and the economy. 
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Abstract 

This paper presents an approach to analysing deformations in flat knitted textiles by combining 

simulation with empirical comparisons. The study addresses two main challenges: (1) 

constructing geometries suitable for computation using the Finite Element Method, utilising 

knit meshes based on unit cells, and (2) evaluating simulation results to achieve a high degree 

of correspondence between the digital and physical domains. The experimental setup involves 

creating a simulation model within the framework of a kinetic Finite Element Method. The 

analysis focuses on two critical aspects: (a) the feasibility of applying the proposed method to 

more complex multi-curved surfaces and (b) validating the Rhinoceros 3D environment in 

combination with its integrated Python scripting interface and the K2 Engineering plugin for 

such calculations. In this context, the changes in extension and width of knit mesh unit cells 

due to the application of axial tensile forces on digital specimens were analysed. 

Keywords: Simulation-Method, Weft-Knitting, FEM, Short-Row-Knitting  
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1 Introduction 

1.1 Brief summary 

This paper presents an approach aimed at aligning deformations in 3D knitted textiles, with a 

primary focus on simulation and real-world comparisons. It addresses two key challenges: first, 

the creation of meshes compliant with the Finite Element Method using different mesh-

building strategies, such as knit meshes (KM), which the author has proposed in several 

publications (Dietrich 2023; Dietrich and Kyosev 2023); and second, the evaluation of 

simulation results to achieve real-digital-real (RDR) matching. 

RDR describes a methodology in product development with a focus on design and technical 

aspects. The method evaluates digital models against real-life samples in terms of correlated 

aspects such as dimensional accuracy, stability, or proportions. 

The experimental setup includes the generation of a digital flat KM-specimen that serves as a 

representative example for possible application to more complex surfaces. Point displacement 

on mesh points (nodes), colour scales on deviations in unit cell width, and determination of 

distances between the virtually clamped end-points of the KM-specimen were integrated into 

the digital model to allow appropriate comparisons. 

The FEM calculations within are based on a quad-dominant KM which is constructed with 

truss elements, which will be described under section 3. These methods provide opportunities 

for qualitative and quantitative evaluation of simulations, covering aspects such as plastic 

deformation, influence of stitch ratio variations and derivability of 2D data sets, leading to 

downstream machine data generation 

1.2 Preparatory work 

In previous publications, the author has focused on knittable and FEM-computable geometries 

for the simulation and abstract representation of digital three-dimensional flat-knit products. 

These methods are described under the following terms: KNIT-MESHES and Hybrid-Graph-

Meshes. Both construction methods share similarities with approaches by M. Popescu 

(Popescu 2019), Max Eschenbach (Eschenbach 2020), Cem Yuksel et al. (Yuksel et al. 2022), 

or can be considered as partial adaptions thereof. Despite their fundamental process 

optimizations and technically relevant innovations, these methods, as described in the scientific 

context, have had little impact on current planning processes in the design of technical textiles 

or complex three-dimensional knitted structures. 
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From the author's perspective, this is primarily attributed to the lack of standardization in the 

construction criteria for FEM-Models on macro-scale related to three-dimensional weft-knitted 

products, whether flat or circular. Yordan Kyosev emphasizes, in relation to FEM-models, the 

necessity of geometrically and physically adequate abstraction of a computational geometry 

(Kyosev 2012) The challenges, particularly the diverse approaches to integrating material 

properties at the micro-level and the numerous possibilities for mesh-loop constructions at the 

meso-level, complicate the attainment of a unified simplification. 

1.3 State of the art 

In the recent past, significant simplifications were often employed to handle the substantial 

volumes of data associated with a 1:1 simulation of weft-knitted fabrics. In previous studies, 

textile materials were often treated as simple two-dimensional polygonal shells, similar to 

matrices that could be discretised into elastic curves, as proposed by Kaldor et al. (2008). 

Simplifications of this kind are well-known to be inadequate for conducting technically sound 

simulations at the yarn level. Beyond the purposes of virtual representation, achieving 

performance and technically accurate replication of distortions in simulated textiles is essential 

for high-quality product planning. Therefore, structural simplifications of the actual 

construction principles as a) binding technique and b) general simplification of loop-

construction form the necessary foundation for considering the complex force interactions at 

the meso- and macro-levels. 

Since the discretized elements often represent strong abstractions of the real complexity of 

actual mesh-loops, various force moments such as stress, strain, friction, and compression are 

incorporated into the FEM-model as additional constraints and limitations. These forces are 

often determined using calculation models at the micro- and meso-levels. In particular, 

parameters such as the contact areas of the mesh-loops or binding elements (Yelina 2022), as 

well as the minimum or maximum loop lengths, depending on their respective design 

principles, and Young's modulus (Tercan 2006), have long been considered as relevant factors. 

Various design principles for finite elements at the meso level emerge from the literature 

considered. As mentioned above, these are, on the one hand, dependent on higher-level loop 

constructions, and on the other hand, they represent simplified model assumptions. Cirio et al. 

(2017) state in their publication that there is a need to calculate many fine contact interactions. 

To address this, they propose a strategy for discretising loop-based fabrics, which involves 

determining the minimum number of permanent yarn-yarn contacts necessary to represent all 
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relevant deformation modes. Furthermore, they explain that by using this approach, they were 

able to achieve robust and efficient simulations, completely circumventing the need for 

detecting and resolving yarn-yarn contacts (Cirio et al. 2017). 

Furthermore, the scientists emphasize that both yarns and various knitted bindings exhibit non-

linear elastic behaviour. Therefore, it is crucial for both the discrete structural elements and the 

computational models to accommodate this requirement for precise simulation. Within their 

proposed method, they address these challenges by augmenting each permanent contact-node 

with sliding properties, enabling the threads to slide tangentially at the contact point. The 

friction between the yarns determines the adhesion force associated with it.  

 

Figure 1 Simplified representation of the truss geometries of Cirio et al. (on the left) 

integrated into KNIT-MESH aka. Unit-Cells (on the right). 

In the context of digital sample construction for FEM-based tensile stress loading in the KM-

specimen presented in Section 3, the evaluation results from a 2020 study conducted by Do H. 

et al. have been extracted for comparison (Do et al. 2020). The scientists introduced an FEM 

calculation approach and compared the simulation results with measurements obtained from 

real textil tension experiments on different specimen.  

In the subsequently presented model, certain aspects, such as contact areas, contact forces, and 

loop length —important criteria at the meso level— are currently disregarded or significantly 

simplified. The construction principle of the aforementioned KM allows for the integration of 

different discretisation models, including those proposed by Cirio G. et al. (2017), at the meso 

level (Figure 1) within the constituting Unit-Cell. Consequently, the construction of KM 

facilitates the fundamental designability of complex geometries at the macro level of the overall 

textile. 
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Within the KMs, discrete geometries are employed to represent binding constructions, forming 

the truss elements that serve as carriers for physical properties. These elements can carry 

material properties such as linear or nonlinear elongation and sliding characteristics, while also 

considering yarn properties like Tex, density, cross-sections, and Young's modulus. 

2 Materials and methods 

2.1  Comparative approach 

The simulation results presented here pertain to a basic plain weft-knit technique, used to 

demonstrate the application of tensile forces on an initial prototypical digital FEM 

experimental setup. For the purpose of verifying the fundamental model assumptions regarding 

the construction of the computational geometry at the macro level, the simulation results are 

compared with measurement data from the aforementioned study by Do H. et al. (2020). The 

referenced study assesses both the quantitative and qualitative effects of real tensile 

deformation on a sample material using a tensile testing machine. 

 

Figure 2 KM with Stress/Strain (20% Tension-Map) Colour Scale in Loop-Length: 

6.5mm (Right) and 4.5mm (Left) 

Do H. et al. (2020) introduce a multiscale simulation method that connects the macro and meso-

scale components. The individual loops on the meso-scale are represented as 3D beams (edges 

of unit cells), capable of precise geometric modeling with shear deformation considered. 

Subsequently, these unit cells are homogenized into a material model characterized by a 

response surface, which approximates the stress-strain behavior at the textile level, represented 

as a B-Spline surface. As proposed by Do et al. (2020), the model presented here utilizes a KM 

mesh (Figure 2) instead of the B-Spline surface. The meso-level material model is represented 
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by integrated truss elements. The variation in mesh width along the rows, related to stress, is 

evaluated using a colour scale, as in the referenced study.  

The mesh employed for simulation was generated using a proprietary algorithm designed for 

KM construction. A straightforward JavaScript frontend has been developed to input stitch 

ratios. The created structure data can then be used as a Json file in a Python script for mesh 

construction in Rhinoceros 3D. Each quad face corresponds to a unit cell in the entered ratio. 

This system offers the capability to define a unit cell based on the number of rows and columns, 

thus accommodating specific outer dimensions. Alternatively, it allows for configuring a 

precise number of stitches with a predetermined height-to-width ratio within a given outer 

dimension. 

Similar to the approach taken in the study by Do et al. (2020), two different stitch ratios were 

employed in this study. They used the following stitch ratios: The unit cells were configured 

for loop lengths of 4.5 mm and 6.5 mm, which correspond to geometrical dimensions of w = 

1.26 mm in width and c = 0.88 mm in course height for the 4.5 mm loops, making them 

considerably smaller and denser compared to the 6.5 mm loops with w = 1.41 mm in width and 

c = 1.64 mm in course height. 

The results of the comparison between physically measured specimens (50x50mm) and the 

digital FEM simulation conducted herein will be presented in the next section below. Following 

the model assumptions are briefly outlined, based on a significant simplification of the mesh 

geometry, focusing on a unit-cell approach. The model incorporates the construction 

characteristics of the simplified loop structure in the form of unit-cells (Figure 3), as described 

by the Author in above mentioned publications on knittable Mesh construction in 2023. 

 

 

Figure 3 simplified loop structure in ratios (from left): w1.26 x c0.88mm; w1.44 x 

c1.64mm; vertical & diagonal mixed: w1.42 x c0.82mm & w1.44 x c1.64mm 
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2.2 FEM-Model design 

The digital calculation model partially utilized material parameters as outlined in a 1993 study 

on textiles for architecture by Sobek W. and Speth M. The decision to adopt these data was 

driven by the desire for simplicity. For instance, the study provided a range specification of 

4500 - 9000 MPa for the Young's modulus of cotton material, along with an elongation at break 

ran-ging from 6% to 15%. The subsequent calculation results, which are presented later in this 

study, are partly based on these parameters (Sobek and Speth 1993). The values of the 

publication can be considered as secant partial module, since they describe the material at the 

macro level rather than giving the specific yarn properties. 

Additionally, a secant modulus (8890 MPa) was derived from the material data provided by 

Do H. et al. (2020) Specifically, it was calculated for a 2-ply Ne 20/2 ring-spun cotton yarn 

with a diameter (d) of 0.38mm and a linear density of 59.1 Tex, in a single jersey stitch pattern. 

The following example calculation was used: 

calculation of volume: 

𝑉 =  
𝑚

𝜌
       (1) 

𝑉 =  
59,1 𝑔

1,5 𝑔/𝑐𝑚³ 
 =  39,4 𝑐𝑚³ 

calculation of the cross-section area: 

𝐴 =  
𝑉

𝐿
     (2) 

 𝐴 =
39,4𝑐𝑚3

100.000 𝑐𝑚
 =  0,000394 𝑐𝑚² 

calculation of the breaking stress:  

𝜎𝑧 = 𝐹: 𝑆     (3) 

𝜎𝑧 =  
350 𝑁

0,000394 𝑐𝑚2
= 889,34 𝑀𝑃𝑎 

calculation of secant modulus: 

 

𝐸 =  
∆𝜎

∆𝜀
     (4) 

𝐸 =
 889,34 𝑀𝑃𝑎

0,1
  =  8890 𝑀𝑃𝑎 
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The FEM calculation configuration created in KN2ENG involves a KNIT-MESH with a very 

low prestress of 1%. Overall, this setup is designed to capture a simplified linear material 

behavior in textile knit simulations. According to these specifications, all trusses (orange) and 

all edges of the unit cells (blue) exhibit this behavior (Figure 4).  

The secant modulus is a useful concept for describing the effective elastic behavior of a 

material that is not homogeneous and has different elastic moduli in different areas. It takes 

into account the stiffness changes in the different parts of the material and allows to model the 

behaviour of the whole system by using an average value that takes into account the effects of 

the different elastic moduli in the cells, truss elements and outer edges. 

 

Figure 4 Truss-Structure of KNIT-MESH with Loop-Length = 4,5 mm with Unit-

Cell-ratio: width = 1.26mm and height = 0.88mm 

The material approach used is based on the consideration of the material and arrangement 

properties of BEAM elements and truss elements. The author assumes that the truss elements 

are stiffer than BEAM elements due to their specific arrangement and material composition. 

The calculated stiffness of 1335 MPa for the truss elements was derived by the formula 890 + 

((890 / 4) * 2), which is considered an appropriate method to account for this higher stiffness.  

The decision to use gradients of Young's modulus is based on the observed variation of material 

stiffnesses within the studied structure. Specifically, the outer edges of the material have a 

significantly higher secant modulus in the range of 7100 to 9000 MPa, while the cells inside 

the material have a Young's modulus of 890 MPa and the truss elements have a Young's 

modulus of 1350 MPa. These differences in Young's modulus values can be considered as an 

approximation of the upper strain limit (yield strength) of the material in the edge region. They 

lead to several stiffness gradients within the material, each of which influences the deformation 

behaviour and stress distribution in the corresponding areas. 
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3 Results 

As shown in Figure 5 the zones of the strongest deformation of a mesh are located in relatively 

similar zones along the rows. Since the Rhinoceros 3D software does not offer standardized 

colour scales, a colour scale was constructed via python here. The colour values are analogous 

to the cited study and show the changes on the basis of reparameterised length differences 

between the initial widths of the meshes and the simulation results. As in the graphical colour 

representations by Do H. et al. (2020), the strongest compressions in the calculated simulation 

also occur in the middle edge areas of the sample. This indicates a good approximation. 

 

Figure 5 KM in 20% Tension; left: Loop-Length = 6,5 mm; Right: Loop-Lentgh = 4,5 

mm  

The compared FEM models show a high similarity in terms of simulated distortions. In the 

author's study on a KM-specimen with two Unit-Cell ratios (Figure 6), it can be seen that the 

tensile deformations are significantly higher in the right half of the pattern. This is to be 

expected, as the loop length of 6.5 mm is generally less stiff than that of 4.5 mm. In the cited 

study used for comparison, in Figure 9a and (b) a simulation of the course-wise, the strain is 

also stronger in the right half. In both cases, there is good qualitative agreement between the 

deformed shapes in the simulations and the experiments in terms of patterns of lateral 

contraction. In particular, the black-coloured dividing line between the two loop length zones 

shows a tendency to approximate well the experimental measurements of Do H. et al. (2020). 
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Figure 6 KNIT-MESH course-wise tensile simulation at 20% strain, mixed Unit-Cell-

Ratio: red: Loop-Length = 4,5 mm; blue: Loop-Lentgh = 6,5 mm 

Conclusion and recommendations 

In summary, this paper has introduced an approach for aligning deformations in 3D knitted 

textiles, with a primary emphasis on simulation and real-world comparisons. The study 

addressed challenges related to creating FEM compliant meshes using various mesh-building 

strategies, particularly KM, and evaluating simulation results for real-digital-real matching. 

Despite the simplifications in the model assumptions, such as simplified non-linear elasticity 

and diagonal truss structures to represent the internal geometry at the meso-level (loop length-

dependent), this study has demonstrated a comprehensible correlation with the measurement 

data from the work of Do H. et al. (2020). Nevertheless, it is important to acknowledge that 

further testing is warranted to validate the model's accuracy comprehensively.  

In particular, the implementation of truss models and FEM assumptions similar to those 

proposed by Cirio et al. (2015) seems promising and relevant for future enhancements. This 

study also serves as a partial verification of the CAD environment Rhinoceros 3D/Grasshopper 

and the FEM-PlugIn KN2ENG, an extension of Daniel Piker's Kangaroo Physics Simulation 

for particle simulations and kinetic form-finding concepts. 

To strengthen and confirm the results, it is advisable to conduct additional comparisons with 

existing literature and experimental studies involving independently measured samples. Such 

endeavors will contribute to a more robust understanding of the model's capabilities and 

limitations. 
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Abstract 

The fashion industry stands at a critical juncture, with the urgent need for sustainability. 

Circular fashion emerges as a beacon of hope, offering a holistic approach to reducing 

environmental impact and fostering a more sustainable future. This abstract delves into the 

multifaceted strategies driving the transition towards circularity in fashion. Circular fashion 

presents a promising solution to mitigate the environmental impact of the fashion industry. The 

bioeconomy represents a pivotal shift towards sustainable development and circularity, 

harnessing the power of biological resources to drive economic growth while minimizing 

environmental impact. At its core, the principles of the circular economy reuse, repair, and 

recycle are deeply intertwined with the ethos of the bioeconomy. Central to the bioeconomy is 

the concept of utilizing renewable biological resources, such as crops, forests, and waste 

biomass, as inputs for various industries, including agriculture, energy, and manufacturing. 

Reuse is a cornerstone of both the circular economy and the bioeconomy, emphasizing the 

importance of extending the lifespan of products and materials whenever possible. Repair is 

another key principle shared between the two paradigms, advocating for the maintenance and 

refurbishment of products to prolong their usability. In the bioeconomy, this could involve 

developing innovative techniques for repairing or enhancing biological resources, such as 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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restoring degraded ecosystems or optimizing agricultural practices to improve soil health and 

resilience. By embracing sustainable materials, closed-loop supply chains, rental and resale 

models, eco-friendly production techniques, and consumer education, the sector can transition 

towards a more sustainable future. Manufacturers, brands, and designers are spearheading this 

transformation, positioning themselves as leaders in sustainability by committing to carbon 

neutrality and crafting compelling narratives for consumers to follow. However, significant 

challenges remain, including the need for enhanced transparency in supply chains, reduction 

of hazardous chemical usage, and greater consumer engagement in circular practices. This 

abstract explores the ongoing journey towards a truly circular fashion industry, highlighting 

both progresses made and the critical areas requiring further attention and action. 

Keywords: Circular Fashion, Repair, Reuse, Sustainability, Environment 

 

1 Introduction 

The fashion industry is a significant contributor to environmental degradation, ranking second 

only to the oil industry in terms of pollution. With an annual carbon footprint of 2.1 billion 

tonnes, representing 4% of global greenhouse gas emissions, the sector's impact is undeniable. 

The industry's reliance on resource-intensive materials, chemical-laden processes, and a culture 

of fast fashion exacerbate these issues. 

From the cultivation of cotton to the production of synthetic fibers, the fashion supply chain is 

fraught with environmental challenges. Pesticides, water scarcity, and microplastic pollution 

are just some of the consequences. Moreover, the manufacturing process involves the use of 

thousands of harmful chemicals, leading to water and air pollution. The industry's waste 

problem is equally alarming, with millions of tons of textile waste ending up in landfills each 

year. 

Despite growing consumer awareness of sustainability, the fashion industry has been slow to 

adapt. The dominance of fast fashion, characterized by low-quality, cheaply produced 

garments, has perpetuated a culture of overconsumption and waste. This unsustainable model 

has severe economic implications, with billions of dollars’ worth of clothing going unused. 

A shift towards a circular economy is essential to address these challenges. By adopting 

sustainable materials, implementing closed-loop production processes, and promoting rental 

and resale models, the fashion industry can significantly reduce its environmental impact. 
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Bioeconomy offers a promising avenue, with innovations in materials like plant-based leather 

and textile production from food waste demonstrating the potential for a more sustainable 

future. 

Ultimately, the fashion industry must transition towards a model that prioritizes environmental 

responsibility and social equity. By embracing sustainable practices and fostering a culture of 

conscious consumption, we can create a fashion industry that thrives without compromising 

the planet. 

Prado et al. (2022) emphasize the role of circular business models in preserving product value 

within the economy through sustainable practices. Consumer behaviour, significantly 

influenced by perceptions of corporate ethical and social responsibility, is a critical factor in 

driving purchasing decisions. Consequently, the integration of ecological and recyclable 

materials into production processes is fundamental. Furthermore, the slow fashion movement 

aligns with these principles by advocating for reduced consumption, heightened awareness of 

supply chain impacts, and a preference for quality and sustainability. 

Shim et al. (2018) investigated sustainable clothing practices and upcycling within families 

through group interviews. The study revealed that participants prioritize sustainable fashion, 

engaging in behaviours such as selective purchasing, energy-efficient washing, and recycling. 

Upcycling emerged as a key strategy, offering environmental benefits, economic opportunities, 

and personal satisfaction. Participants reported positive impacts on waste reduction, cultural 

enrichment, and emotional well-being through upcycling. However, the study's qualitative 

nature limits generalizability, necessitating future quantitative research with a larger sample 

size. 

The aim of this study is to analyse the (a) components of closed-loop supply chains in circular 

fashion, (b) sustainable measures and materials related to carbon footprint. 

2 Materials and methods 

This study employed a two-phased approach. First, a comprehensive data collection was 

conducted using the Web of Science, Scopus, and relevant journals. Second, a systemic 

analysis was performed to identify research papers specifically focused on the circular 

economy. This exploratory study aimed to familiarize with the research landscape and establish 

foundational characteristics for subsequent analysis and interpretation. 
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This study was focused on English-language research papers and articles published in recent 

years. Initially, 100 research papers and articles were identified. Based on a review of titles and 

abstracts for relevance, the selection was narrowed to 30 papers that met the study’s criteria. 

After an in-depth, critical assessment, 18 papers were chosen for data collection. These papers 

cover a broad spectrum of keywords, emphasizing primarily on topics such as circular fashion, 

repair and reuse, sustainability, environmental impact, design for disassembly, durability, 

bioeconomy, closed-loop supply chains, sustainable production practices, and consumer 

education for the suitability of the research paper. 

3 Results and discussion 

The circular model requires a global workforce that is educated and able enough to use it and 

improve upon the current mechanisms of the model to make it as efficient and environmentally 

friendly as possible. For fashion, all materials should first be cycled through the technical cycle 

loops of reusing, repairing, remaking, and recycling. Circulation of materials is enabled by 

keeping different technical materials separate or easily separable. 

Circular fashion has emerged as a solution that aims to minimize waste and reduce the 

industry's environmental impact. Some sustainable solutions for circular fashion are given in 

subsection: 

3.1 Design for durability and longevity 

Product durability encompasses two key dimensions: physical and emotional. Physical 

durability focuses on garment construction and material reinforcement to withstand wear and 

tear. Emotional durability refers to a product's enduring relevance, aligned with the "buy better, 

buy less" philosophy. The use of toxic chemicals like dyes, bleach, and detergents can 

significantly compromise a garment's durability. To mitigate these risks, consumers can seek 

products certified by organizations such as Oeko-Tex®, which guarantees safety from harmful 

substances, REACH, which ensures chemical safety and degradability, and ZDHC, which 

promotes safe chemical management throughout the supply chain. Ultimately, durability 

signifies a product's capacity to maintain functionality and relevance over time under normal 

use conditions. 

3.2 Design for disassembly 

Design for disassembly is a strategic approach that prioritizes product end-of-life management 

by enabling easy component separation. This circular economy principle extends product 
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lifespan through reuse, remanufacturing, and recycling, thereby reducing waste and resource 

consumption. By facilitating repair, upcycling, and recycling, design for disassembly 

minimizes environmental impact and aligns with consumer preferences for sustainable 

products. For instance, garments with detachable components like buttons and zippers 

exemplify this concept by allowing for easy repair and component reuse. Ultimately, this 

design philosophy fosters a more sustainable production and consumption cycle, stimulating 

innovation and building a resilient, resource-efficient economy. 

3.3 Bioeconomy 

The convergence of bioeconomy and circular fashion is redefining the fashion industry. 

Circular fashion, emphasizing product longevity and material reuse, aligns seamlessly with the 

bioeconomy's focus on sustainable resource management. Pioneering brands which have their 

registered trademarks like Ananas Anam, Bananatex®, and Orange Fiber are transforming 

waste into high-fashion textiles, showcasing the potential of bio-based materials. By utilizing 

organic and bio-derived resources such as organic cotton, fruits, and vegetables, the fashion 

industry can reduce its environmental footprint while preserving biodiversity. This synergistic 

approach fosters economic growth, creativity, and a more sustainable future. 

3.4 Closed looped supply chain 

They include nine important R’s for closed loops in circular fashion which are as follows. 

3.4.1 Refuse 

Refusing plastic-based synthetics and unethical fast fashion is a potent tool for driving positive 

change in the consumer goods industry. These products contribute significantly to 

environmental degradation through microplastic pollution and reliance on fossil fuels, while 

also perpetuating exploitative labour practices. By consciously avoiding such items, consumers 

can exert pressure on companies to adopt sustainable and ethical practices, such as using natural 

fibers, ensuring fair wages, and improving working conditions. This consumer-driven shift 

towards responsible consumption can foster a market that prioritizes both planetary health and 

human well-being. 

3.4.2 Reduce 

Reducing the consumption of new clothes is a crucial step towards minimizing the need for 

using new raw materials, thereby alleviating the environmental burden associated with clothing 

production. The fashion industry is one of the largest polluters, heavily reliant on water, energy, 
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and a vast array of raw materials. By curbing the demand for new garments, one can 

significantly cut down on the extraction and processing of resources such as cotton, wool, and 

synthetic fibers, which often involve harmful chemicals and large carbon footprints. Embracing 

a more sustainable approach to fashion, such as purchasing second-hand items, upcycling old 

clothes, and supporting brands that prioritize recycled materials, helps to reduce waste, and 

lessen environmental impact. Moreover, mindful consumption encourages a shift in consumer 

culture towards valuing quality and longevity over quantity, leading to a reduction in textile 

waste and a more sustainable industry. This collective effort not only preserves natural 

resources but also promotes ethical production practices, ultimately contributing to a healthier 

planet and a more responsible fashion ecosystem. 

3.4.3 Resell and reuse 

Reselling and reusing products are strategies that reintegrate discarded items back into the 

product use phase, effectively prolonging their life cycles and offering dual benefits for both 

the environment and the economy. By giving a second life to used goods, these practices reduce 

the need for new raw materials and decrease waste, significantly mitigating the environmental 

impact associated with production and disposal. From an economic perspective, reselling and 

reusing create additional revenue streams for businesses by tapping into the growing market 

for pre-owned items. Companies can generate profits from the sale of refurbished products, 

attracting cost-conscious consumers and those committed to sustainability. Additionally, these 

practices foster customer loyalty and brand differentiation by aligning with the values of an 

increasingly eco-aware consumer base. Consequently, reselling and reusing not only contribute 

to a circular economy, where resources are continually repurposed, but also enhance business 

resilience and profitability in a market that values sustainability. 

3.4.4 Repair 

Repair, as a circular strategy, plays a crucial role in extending the lifespan of products by 

restoring them to their working order or near-new condition. This approach helps to keep 

products in use longer, significantly reducing the need for new raw materials and minimizing 

waste. Repair can be seamlessly integrated with various business models, including rental and 

e-commerce, enhancing both sustainability and profitability. For instance, rental services can 

offer repair as a value-added benefit, ensuring that items remain in good condition for multiple 

users, thereby maximizing their utility. E-commerce platforms can facilitate repair services by 

providing parts, tools, and instructional content, or by connecting consumers with skilled repair 
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professionals. By prioritizing repair, businesses can foster a culture of maintenance and 

longevity, encouraging consumers to view products as long-term investments rather than 

disposable goods. This shift not only supports environmental sustainability by reducing 

resource consumption and waste but also opens up new revenue streams and strengthens 

customer loyalty, as consumers increasingly seek out responsible and sustainable options. 

3.4.5 Refurbish 

Refurbishing an old product involves updating and enhancing it to meet current standards and 

user expectations, thereby extending its useful life and adding value. This process typically 

includes repairing any defects, replacing outdated components, and sometimes even upgrading 

features to match modern advancements. Refurbishment is a key strategy in promoting a 

circular economy, as it allows products to re-enter the market in an improved state rather than 

being discarded. By refurbishing, businesses can cater to a growing segment of consumers who 

prioritize sustainability and are keen to reduce their environmental footprint. This practice not 

only conserves resources by reducing the need for new raw materials but also offers economic 

benefits. Companies can resell refurbished products at a lower price point compared to new 

items, making them accessible to a wider audience while still ensuring quality and 

functionality. Furthermore, the refurbishment industry can create jobs and stimulate innovation 

in repair and upgrade techniques. Ultimately, refurbishing bridges the gap between 

sustainability and technological progress, providing consumers with reliable, up-to-date 

products without the environmental cost of manufacturing new ones. 

3.4.6 Remanufacturing 

Remanufacturing parts of discarded products into new products with the same function is a 

sophisticated approach to resource efficiency and waste reduction. This process involves taking 

used components, restoring them to their original specifications, and incorporating them into 

new products. Remanufacturing ensures that valuable materials and intricate parts are not 

wasted but rather given a new life, maintaining their original utility. This strategy is particularly 

beneficial in industries where components are expensive or complex to produce, such as 

automotive, aerospace, and electronics. By reusing existing parts, companies can significantly 

cut down on raw material consumption and energy use, thereby reducing their environmental 

footprint. Additionally, remanufactured products often come at a lower cost than entirely new 

ones, offering consumers more affordable options without compromising on quality. This 

practice also supports a circular economy by creating a closed-loop system where products and 
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materials are continually repurposed. Moreover, remanufacturing can stimulate innovation and 

job creation in the fields of engineering and manufacturing, as it requires specialized skills and 

advanced technologies. Overall, remanufacturing not only preserves resources and reduces 

waste but also provides economic and social benefits, contributing to a more sustainable and 

resilient industrial ecosystem. 

3.4.7 Repurpose 

Repurposing discarded products or their parts into new products with different functions is a 

creative and effective strategy for waste reduction and resource optimization. This approach 

involves taking materials and components from obsolete or discarded items and transforming 

them into entirely new products with a different use. For example, old tires can be repurposed 

into rubberized playground surfaces, or broken electronics can be dismantled to harvest parts 

for use in art or furniture. This not only diverts waste from landfills but also minimizes the 

demand for virgin raw materials, conserving natural resources and reducing environmental 

impact. Repurposing fosters innovation, as it challenges designers and engineers to think 

outside traditional manufacturing paradigms and find novel uses for existing materials. 

Additionally, this strategy can open new market opportunities and business models, appealing 

to eco-conscious consumers who value sustainability and creativity. By breathing new life into 

discarded items, repurposing contributes to a circular economy, where products are continually 

reimagined and reutilized, thus extending their lifecycle and maximizing their value. This 

holistic approach not only benefits the environment but also promotes a culture of sustainability 

and innovation in both industry and everyday life. 

3.4.8 Recover 

Recovering energy through the incineration of materials, also known as energy recovery, is a 

method of waste management that transforms non-recyclable waste into usable energy. This 

process involves burning waste materials at high temperatures to generate heat, which is then 

used to produce steam that drives turbines for electricity generation or provides direct heating. 

Energy recovery from incineration can significantly reduce the volume of waste that ends up 

in landfills, mitigating landfill-related issues such as methane emissions and groundwater 

contamination. Moreover, this method harnesses the latent energy in waste materials, 

contributing to energy supply and reducing dependence on fossil fuels. While incineration with 

energy recovery does produce emissions, modern facilities are equipped with advanced 

pollution control technologies to minimize the release of harmful substances, making it a 
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cleaner option compared to traditional waste disposal methods. Additionally, the ash residue 

from incineration can often be treated and used in construction, further enhancing the 

sustainability of the process. This approach aligns with the principles of a circular economy by 

recovering valuable energy from waste, thereby closing the loop on resource use. In essence, 

energy recovery through incineration not only provides a practical solution for managing non-

recyclable waste but also supports energy generation, contributing to both environmental 

sustainability and energy security. 

3.4.9 Recycling 

Recycling is a cornerstone of a circular economy, wherein products are intentionally designed 

to be recyclable, ensuring they can be effectively processed and reused at scale. This approach 

involves breaking down products into their basic material components, reprocessing these 

materials, and incorporating them into new products, components, or raw materials. 

Demonstrating the practical and scalable recyclability of products is essential to build 

confidence in the system and drive widespread adoption. When products are recycled 

successfully, it not only diverts waste from landfills but also conserves natural resources and 

reduces the environmental footprint associated with raw material extraction and processing. 

Moreover, the consistent recycling of materials sends a strong demand signal to the market, 

encouraging investment in recycling technologies and infrastructure. This, in turn, fosters 

innovation and growth within the recycling industry, making the entire process more efficient 

and economically viable. By integrating recyclability into the design phase and proving its 

feasibility, we can create a robust circular economy that supports sustainable development and 

reduces reliance on finite resources, ultimately leading to a more resilient and eco-friendlier 

industrial ecosystem. 

3.5 Sustainable production practices 

The use of sustainable materials in fashion goes beyond being a trend; it is an essential move 

towards an eco-friendlier way of conducting business. By incorporating these environmentally 

conscious materials, the fashion industry is shaping a new narrative that blends aesthetics with 

ethics. 

3.5.1 Organic cotton 

Organic cotton is grown without the use of harmful pesticides, toxic chemicals, synthetic 

fertilizers, or genetically modified organisms. In contrast to conventional cotton farming, 

which often depletes soil and contaminates water sources, organic cotton farming focuses on 
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maintaining soil health, promoting biodiversity, and preserving ecological balance. The 

benefits of organic cotton extend beyond environmental impact; it is softer, hypoallergenic, 

and generally more durable than traditional cotton. International clothing brands like Patagonia 

and Stella McCartney have embraced organic cotton, showcasing its potential to create 

beautiful, high-quality garments without compromising the health of the planet. For clothing 

manufacturers and sustainable companies looking to produce superior products while 

minimizing their environmental footprint, organic cotton is an option worth exploring. 

3.5.2 Bamboo 

Bamboo has emerged as a prominent sustainable material in the textile industry. It grows 

rapidly, requires minimal water and pesticides, and is a renewable resource that can be 

harvested without damaging the plant. Its natural ability to flourish without the need for 

harmful chemical interventions makes it an excellent choice for sustainable garment 

production. Bamboo fabric is renowned for its breathability, moisture-wicking properties, and 

smooth texture, making it a versatile material suitable for everything from casual wear to luxury 

items. The rise of bamboo in fashion reflects an increasing appreciation for materials that are 

not only eco-friendly but also practical and comfortable 

3.5.3 Recycled polyester 

Recycled polyester is a game changer for sustainable fashion. Made from recycled plastic 

bottles, it transforms waste into wearable fabric, reducing plastic pollution and conserving 

resources. By repurposing existing materials, recycled polyester disrupts traditional 

manufacturing and supports a circular economy. Brands like Adidas and Nike have adopted 

recycled polyester in their sportswear and footwear, proving that sustainability and 

performance can go hand in hand. It offers a viable alternative to virgin polyester without 

sacrificing quality. Picture a world where recycled plastic bottles contribute to sustainable 

garment production—something that once seemed futuristic but is now becoming a reality. 

3.5.4 Lyocell and modal 

Lyocell, derived from eucalyptus pulp, boasts a low environmental impact due to its water-

efficient cultivation, minimal pesticide use, and often closed-loop production process. Modal, 

extracted from beechwood, shines with its non-toxic and energy-efficient production, resulting 

in biodegradable fibers. 
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3.5.5 Recycled cotton 

Recycled cotton, produced from either industrial or consumer textile waste, diverts materials 

from landfills and conserves resources compared to virgin cotton. While all three fabrics offer 

eco-friendly benefits, lyocell and modal stand out for their superior production processes and 

fiber qualities, while recycled cotton excels in waste reduction. 

3.6 Educate consumer 

International standards play a crucial role in promoting ethical and sustainable business 

practices. Certifications like GOTS, Oeko-Tex, and Better Cotton Initiative focus on 

environmental and social responsibility throughout the textile supply chain, ensuring safe 

working conditions, minimal environmental impact, and the use of organic or sustainably 

sourced materials. Bluesign and Green Product Certification specifically target the reduction 

of harmful substances and the overall eco-friendliness of products. Certified B-Corps are 

businesses verified to meet high standards of social and environmental performance, 

transparency, and accountability. 

Lastly, Fair Trade Certification guarantees fair prices and working conditions for producers, 

often in developing countries. By adhering to these standards, companies can demonstrate their 

commitment to ethical and sustainable practices, building trust with consumers and 

contributing to a more responsible global marketplace. 

Conclusion 

Circular fashion represents a significant sustainable solution aimed at mitigating the 

environmental impact of the fashion industry. By integrating sustainable materials, establishing 

closed-loop supply chains, adopting sustainable production practices, and educating 

consumers, the industry can progressively transition towards a more sustainable future. 

Leading manufacturers, brands, and designers are at the forefront of this movement, setting 

benchmarks in sustainability by developing compelling narratives that consumers can engage 

with, and embarking on journeys to achieve carbon neutrality. Despite these advancements, 

substantial work remains to achieve a truly circular fashion industry. Key challenges that need 

to be addressed include enhancing supply chain transparency, minimizing the use of hazardous 

chemicals, and fostering greater consumer awareness and participation in circular practices. By 

tackling these issues, the industry can make significant strides towards a more sustainable and 

environmentally responsible future. 
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Abstract 

Strain sensors made from conductive woven fabrics are essential in wearable technology due 

to their comfort and flexibility. This study investigated the effect of test speed (70,140, and 210 

mm/min) and elongation (50%, 60%, and 70% of breaking elongation) on sensor performance, 

using two polyester/stainless steel yarn blends (60/40% and 20/80%). The weave pattern was 

plain, and the weft density of samples varied in three levels (20, 25, and 30 per cm). The width 

of each sample was 2.5cm and 8 conductive yarns were inserted in the middle of polyester 

multifilament yarns as weft. Our finding revealed the effect of yarn conductivity, weft density, 

and test speed during tensile cyclic loading on the electromechanical properties of samples. 

The maximum sensitivity of 73.80% was observed for samples containing 40% stainless steel 

fibers at a test speed of 140 mm/min. Also, the study showed that increasing the breaking 

elongation and test speed positively affects sensor sensitivity by enhancing the probability of 

contact points between conductive fibers within the yarn structure.  

Keywords: Textile-based strain sensors, Conductive yarn, Woven fabric, Breaking elongation. 
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1 Introduction 

With continuous advancements in science and technology, textile products are becoming more 

functional day by day, and clothing with new functionalities has replaced conventional fabrics. 

Today, extensive research is being conducted on the integration of textile structures with 

electronics. In other words, electronic textiles are textiles with electronic and photonic 

functions. Textile materials, including fabrics, yarns, and fibers, are considered promising 

platforms for wearable electronics, as they can integrate electronic components seamlessly. 

Recently, electronic textiles (e-textiles), generally known as smart textiles or smart fabrics, 

refer to intelligent materials or systems that sense and respond to the ambient environment in 

a predictable way (Wang, Lu, and Zhang 2020). 

Incorporation of electronic features into clothing offers benefits such as enhanced comfort, 

mobility, and applicability in aesthetic, care, and therapeutic uses (Wang, Lu, and Zhang 2020, 

Schwartz 2008). One of the applications of these smart textiles is their use as strain sensors. In 

the study by Guo and colleagues, the sensor had a conductive part made using either a coating 

or weaving method. They used both stretchy and non-stretchy fabrics to achieve the required 

strains in applications. 

Li et al (2021) evaluated weft-knitted strain sensors produced using silver-coated nylon yarn. 

This study underscores the critical role of strain sensors and their optimization for diverse 

applications. Notably, these sensors can be applied to areas such as the knees and elbows, 

offering significant potential for use in wearable technologies. 

The study by Bozali et al (2023) focuses on the development of knitted strain sensors made 

from conductive yarns, which offer significant advantages over traditional sensors. These 

sensors are designed to be breathable, stretchable, and washable, enhancing user comfort for 

daily wear. The research demonstrates that the sensors can be used them ideal for applications 

in monitoring physiological parameters such as heart rate and limb movements. The integration 

of these sensors into a wearable wrist-glove system has proven effective in detecting various 

finger angles and wrist positions, showcasing their potential for real-time health monitoring 

applications. 

In the study by Shyr et al (2014) a fabric-based strain sensor was developed using elastic 

conductive yarns. Polyamide fibers coated with carbon particles (PAC fibers) with a diameter 

of 50 micrometers were employed as the conductive component. Fifteen PAC fibers were 
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twisted together with polyester yarn at a rate of 80 twists per meter to create a conductive yarn 

with a diameter of 420 micrometers. A Lycra fiber was then wrapped around two polyester 

yarns to form an elastic yarn with a diameter of 800 micrometers. The resulting conductive 

strips, made of 32 conductive yarns and 5 elastic yarns, had a plain weave with dimensions of 

8 mm in width and 2 mm in thickness. A linear relationship was observed between resistance 

and bending angle at a strain of 30%, allowing these strips to function as resistance sensors for 

wearable devices. The main advantages of the proposed sensor device include measurement 

accuracy, wearability, and the ability to monitor bending angles during elbow and knee 

movements without discomfort. 

In these studies, the effect of specific test speeds and the influence of woven structure on the 

accuracy of strain sensors were not evaluated. 

This research aims to design and develop elastic textile-based tensile sensors to analyze their 

repeatability under different loading conditions and various angles, as the responsiveness of 

textile-based sensors is crucial for their application in smart textiles and wearable technologies. 

Consequently, stretchable and flexible sensors are required, with strong stability, durability, 

and consistent responsiveness under cyclic loading and varying movement angles. To achieve 

this, conductive woven fabrics with elastic weft yarns were utilized. Therefore, to simulate the 

suitability of our samples for use in smart wearables, tensile cyclic loading with varying 

breaking elongations and test speeds were used. 

2 Materials and methods 

In this study, elastic conductive woven fabrics were used to evaluate the effects of different 

yarn parameters and test conditions on the performance and sensitivity of the woven sensors, 

with two types of polyester/stainless steel fiber blend yarns (60/40% and 20/80%, respectively) 

used as the weft, along with polyester/spandex yarns (100/40 Denier). All of the yarns were 

produced by Fujian Co., Ltd., in China. The warp yarn was polyester multifilament with a 

linear density of 100 Denier. The diameter of the stainless-steel fibres in conductive yarns was 

12 microns. Furthermore, the electro-mechanical properties of conductive yarns were measured 

(Table 1). 

Four elastic conductive woven fabrics were fabricated using a plain weave pattern, with a warp 

density of 30 yarns per cm and different weft densities. In Figure 1, the schematic of designated 

samples (Figure 1a) and a photo of one woven sample (Figure 1b) has been shown. The 

conductive weft yarns were inserted in the middle of the samples. The dimension of samples 
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for testing was 2.5 cm × 20 cm. Also, samples were cut in the weft direction (Figure 1b). The 

structural parameters of the woven samples are given in Table 2. As noted in Table 2, two 

kinds of conductive yarns in weft direction and weft density were varied as parameters of 

woven samples. Moreover, in each sample, 8 conductive yarns were inserted as weft yarn 

between conventional weft yarns. 

Table 1 Electro-mechanical properties of conductive yarns 

Sr no. Properties Conductive yarn (1) Conductive yarn (2) 

1 
Percentages of conductive 

fiber in yarn’s structure 
40% 80% 

2 Linear density (tex) 25.55 59.05 

3 Breaking strength(cN) 308.00 678.00 

4 Linear resistance (Ohm/cm) 23.07 5.31 

5 Breaking elongation (%) 12.64 10.55 

 

 

 

(a) 

 
 

(b) 

Figure 1 (a): Schematic of samples (b) Fabricated sample 

 

Table 2 Structural parameters of woven samples 

Sr 

no. 
Properties C1* C2 C3 C4 

1 
Code of Conductive 

yarn 
2 2 2 1 

2 Weft density(cm-1) 20 25 30 25 

* Code of sample 

The performance and sensitivity of the samples were investigated during tensile cyclic loading. 

To evaluate the response of samples during testing, the conductive part of each sample was 

attached to an electronic circuit board using alligator clips. Each sample was subjected to five 

tensile cyclic loadings at different strain levels in the weft direction using a Zwick tensile tester 
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(Model 1446) that works based on CRE test method. Simultaneously, voltage variations were 

recorded with the Code Vision software during the tests. The sampling rate was set at 10 

samples per second, equivalent to a frequency of 10 Hz. In Table 3, the testing parameters of 

all samples have been shown. As shown in Table 3, the effect of elongation rate and also test 

speed was evaluated on samples with C2 and C4 code. As it is clear samples were tested in 

different elongation and test speed. The elongation of samples was based on a percentage of 

breaking elongation. For example, sample C1 was tested at 70mm/min test speed and 50% of 

its breaking elongation during uniaxial tensile testing. 

Table 3 Details of testing conditions on each sample 

Sr 

no. 
Properties C1 C2 C3 C4 

1 Elongation (%) 50 50,60,70 50 50 

2 Test speed (mm.min-1) 70 70,140,210 70 70,140,210 

 

In the next step, the sample with the best sensitivity results was selected for testing with the 

purpose-made joint as shown in Figure 2 (Safari, Fatemeh, Shanbeh, Mohsen and Ghalibi, 

Bahareh 2023) to evaluate its response rate during angle variation. In this test, the sample was 

mounted on a purpose-made joint and then it was fixed between two jaws of tensile tester. 

 

Figure 2 Schematic of the intended connection for installation on the tensile tester 

(Safari, Fatemeh, Shanbeh, Mohsen and Ghalibi, Bahareh 2023) 

The speed of the moving jaw of the device was 70 mm/min, and the angle of the purpose-made 

joint varied from 90˚ to 20˚ and back to 90˚. Figure 3 shows a general view of the position of 

the two joint arms at angles of 90˚ and 20˚. During each cycle, the angle variation was applied 

to the sample, and its electric resistance variation was recorded. 

 

Figure 3   Schematic of angle variation of sample from 90˚ to 20˚ 
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3 Results 

As shown in Figure 3, sample C2, showed no cyclic variation at 50% and 60% elongation. 

However, at 70% elongation, a sensitivity of 4.29 was recorded. This could be due to the   

higher strain that the sensor endures because of the increased elongation. With the increase in 

the percentage of elongation (from 9.22 to 12.90 mm), the sensitivity of the sensor clearly 

increases. Greater voltage fluctuations and minor tensile variation are also recorded, indicating 

an enhanced sensor response to tensile cyclic loading variations.  

This analysis demonstrates that the sensitivity of the sensor increases with the elongation of 

the sample, as the conductive fibers within the yarn structure move closer to each other, 

increasing the contact between them. 

In the next step, we explored the relationship between the weft density and sensitivity of the 

samples in samples C1, C2, and C3, all containing 80% conductive yarn. While no distinct 

trend emerged for samples C1 and C2, sample C3 demonstrated a sensitivity of 8.51 (Figure 

4). This trend can be explained by different phenomena occurring during tensile cyclic loading: 

first, the removal of crimp in the yarn, and second, the extension of the yarn itself. Both factors 

led to increased contact between the conductive fibers within the yarn structure. 

 

Figure 4 The effect of breaking elongation with a test speed of 70 mm/min on sample C2 

As the weft density increases (Figure 5), it is expected that the sensor will exhibit more 

fluctuations. The higher density places additional pressure on the yarns within the fabric 

structure, leading to greater sensitivity of the sensor to changes in stress and strain. 
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The increase in weft density has clearly resulted in greater sensor stability and reduced voltage 

fluctuations. The sample C3, with higher weft density, the least fluctuations are shown, 

indicating that as weft density is increased, the sensor is performed more robustly and stably. 

 

Figure 5 The effect of weft density at 50% breaking elongation with a test speed of 70 

mm/min 

As shown in Figure 6, at various test speeds, sample C2 exhibited different results. It was 

observed that increasing the test speed led to an enhancement in the sensitivity of proposed 

samples. As the speed increases, the chance of rapid deformation in the yarn and fabric 

increases, and the probability of conductive fibers coming into contact within the yarn structure 

also rises. 
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Figure 6 The effect of the various test speed on the sample C2 

As shown in Figure 7, while test speeds have been increased from 70 to 120 and 210 mm/min, 

the sensitivity of the samples was measured at 11.11%, 34.67%, and 44.31%, respectively. As 

previously explained, when the speed increases, the possibility of deformation in the yarn and 

fabric occurring over a short time frame rises, and the probability of conductive fibers coming 

into contact within the yarn structure increases. 

 

 

Figure 7 The effect of the various test speed on the sample C4. 
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In comparing the sensitivity of samples C2 and C4 at 50% breaking elongation with a test speed 

of 70 mm/min, it was observed that sample C4 exhibited a sensitivity of 11.11 during tensile 

cyclic loading. In other words, sample C2 shows fewer voltage variations compared to sample 

C4, which means that sample C4 is more sensitive to tensile cyclic loading.  

Among all the samples, C4 exhibited the best accuracy, making it the chosen sample for 

measuring angle variation. The angle variation diagram is presented in Figure 8. It is shown 

that this sample was able to react variations in the angles and movements of the jaw. 

 

Figure 8 The effect of the variation of the angles on the sample C4 (forward: angle 

variation from 90 to 20; backward: angle variation from 20 to90) 

This angle variation happens gradually. The increase in angle leads to an increase in voltage, 

while a decrease in angle affects the resistance variations. Although the relationship between 

the angle and the sensor's output voltage is not perfectly linear, a general trend of increasing 

voltage with angle is observed. Our findings revealed that the selected sample has effectively 

reflected angular variations, demonstrating that it performs effectively in capturing angle 

changes. Small fluctuations in output voltage could be due to slight variations in angle or 

mechanical/electrical noise, but it seems that these noted phenomena have not shown a 

significant effect on the overall relationship between angle and resistance variation of the 

sample. 

Conclusion and recommendations 

This study assessed the potential of textile-based strain sensors made from conductive woven 

fabrics, with a focus on the significant impact of yarn composition, weft density, and testing 
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conditions on sensitivity and performance of samples to perform as strain sensors. The results 

demonstrated that samples made from a conductive yarn containing 40% stainless steel fiber 

with a weft density of 25 yarns/cm exhibited a remarkable sensitivity increase from 11.11% to 

73.80% when the test speed was raised from 70mm/min to 140 mm/min. This study also found 

that increasing the breaking elongation and test speed improved sensor sensitivity by enhancing 

the contact between the conductive fibers in the yarn structure. These findings indicate that 

textile-based strain sensors hold significant promise for applications in wearable technology, 

especially for monitoring human motion and detecting physiological parameters. Further 

research should focus on additional design optimizations to improve performance across 

diverse conditions. In the future, we plan to investigate the effects of 28% conductive yarns 

and examine the sensitivity of sensors designed with silver yarns. 
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Abstract 

The optimal usage of structure and alignment lies at the core of utilizing fiber and textile 

materials to their fullest potential, allowing to maximize spatial and weight usage or surpass 

the properties of conventional materials. 

Honeycomb woven fabric is a unique multi-layer fabric with a three-dimensional effect, 

significantly different from traditional three-dimensional (3D) woven fabrics. It is created by 

simultaneously weaving multiple layers that are partially intertwined using common looms 

(2D). It can be opened into a 3D Structure with cellular shape resulting in an inverted pyramid 

space on the surface and multiple internal layers of closed space inside the fabric. Honeycomb 

structures have various promising applications in fields such as geotextiles, medical textiles, 

air filters and tower packing. They utilize properties like compression and force distribution, 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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are lightweight, and cost-effective in production, making them ideal for filling rooms and 

utilizing various properties. Current research focuses mostly on regular hexagonal structures 

and artificially recurring patterns.  

This paper solely focuses on the investigation and development of methods for creating an 

irregular honeycomb structure without considering the material of the product. Previous 

research showed that proposed structures can be created and manufactured, however used only 

one method for pattern creation with avoidable falsification. It utilized a Jacquard machine and 

common yarns for weaving and formed a composite via VARTM and TPU/DMF exhibiting 

promising compression and recovery behaviour.  

This research aims to explore additional algorithms and minimize necessary falsification of 

generation procedures. The grade of randomization will be summarized as a characteristic 

value to compare specific patterns within and beyond creation methods, allowing for 

standardization and evaluation for further study. 

Keywords: Algorithm, 3D Weaves, Honeycomb Fabric, Hexagonal Structure, Irregular, 

Structural Optimization, Jacquard 

 

1 Introduction 

Honeycomb-based 3D structures offer distinct advantages over other methods for creating 

space-filling designs, making them relevant across a wide range of applications. These 

structures efficiently distribute external forces while maintaining low density due to their 

cellular configuration. When subjected to forces in the normal direction relative to the 2D 

honeycomb base, they exhibit high strength, which is useful for applications such as 

lightweight walls and packaging materials. In contrast, forces applied tangentially to the base 

are absorbed by the resilient structure, making them suitable for impact energy absorption 

(Xiao, Hua, and Wang, 2015). 

The honeycomb structure can be created using various materials depending on the specific 

application. Fibers, in particular, enhance the lightweight nature and strength of the honeycomb 

due to their anisotropic properties. Common looms used for textile production offer significant 

optimization potential in creating 2D woven fabrics that can be expanded into 3D honeycomb 

structures, streamlining both production and design processes. 
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While regular hexagonal honeycomb structures have been extensively studied, research on 

irregular honeycomb patterns remains limited. This paper focuses on developing methods for 

generating irregular honeycomb structures optimized for loom-based manufacturing. The aim 

is to explore the differences in properties between regular and irregular structures and evaluate 

their performance. Furthermore, this research introduces new algorithms for generating 

irregular patterns, reducing falsification, and facilitating standardization for future studies on 

honeycomb fabric structures. 

1.1 State of art 

Honeycomb structures in woven textiles are typically formed by weaving multiple layers of 

plain weave in parallel, with the layers intertwining and separating at designated sections. Chen 

et al. (2010) developed a detailed algorithm for designing 3D honeycomb textile composites, 

offering a systematic approach to manipulating key structural parameters essential for creating 

regular honeycomb patterns. 

The proposed methodology from Chen et al. (2010) for creating the base hexagons of the 

honeycomb structure can be described by the formula xL(y + z)P[θ], where: x represents the 

number of layers, y is the length of separate borders, z is the length of shared borders, θ is the 

opening angle (Chen, Sun, and Gong 2008). 

This explanation largely captures the key principles behind weaving honeycomb structures. It 

uses a split notation to differentiate between the free wall length and the bonded wall length, 

which inherently introduces irregularity. However, the resulting structure remains repeatable 

based on the base element. The weaving plan can be easily derived from the required interlacing 

of the weft and warp threads. Figure 1 illustrates this process for the smallest honeycomb 

structure, consisting of two layers forming a single row of cells. 

As the wall length and layer height increase, the complexity of the weft and warp interactions 

naturally becomes more intricate. However, the basic shape remains consistent, showing a 

wave-like or wedge-shaped pattern across the weaving plan. While the alignment of weft and 

warp can be adjusted, weaving tunnels in the weft direction tend to yield better results and will 

be considered the standard direction for the remainder of this paper. 
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Figure 1. Basic shape of a single honeycomb and its weaving plan 

Several methods can be followed to modify the honeycomb patterns. The yarn path in 

honeycomb fabric includes interwoven curves and straight yarn floats, forming periodic repeats 

of inverted pyramidal spaces on both surfaces. These spaces can accommodate objects like 

steel balls. Due to the periodic structure and internal closed spaces created by warp and weft 

floats, honeycomb fabrics exhibit properties such as sound and moisture absorption, insulation, 

and quick drying. The floats also influence mechanical properties like strength, compression, 

and shear, making honeycomb fabric architecture an area of interest for further study and 

design optimization. 

Several other studies have proposed alternative methods that deviate from the approach by 

Chen et al (2010). Wang et al. (2021), for instance, providing valuable insights into the 

development of irregular honeycomb structures. They examined how axial deformation affects 

the elastic properties of these structures, expanding on Chen et al.'s formula but maintaining 

regularity at the structural level beyond the base cell. Additionally, the work of Ajdari et al 

2010) explores the potential of fully irregular structures, though from a more theoretical 

perspective, using simulations and extending beyond the realm of textile weaving. 

This research aims to build on these previous works by developing truly irregular structures at 

the macro level, specifically within the context of woven textiles. 

1.2 Potential and feasible applications 

Irregular honeycomb structures have a wide range of applications, influenced by material 

choices and environmental conditions. These structures are primarily used in packaging and 

comfort textiles due to their inherent strength and lightweight properties. Their anisotropic 

nature allows for high resistance to perpendicular pressure because of their structural rigidity, 
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while along their plane, they remain compressible due to internal channel-like formations. The 

geometry of irregular honeycombs, often seen in nature—such as in beehives, bones, and basalt 

formations demonstrates optimized strength, spatial efficiency, and weight distribution 

(George 2011). 

In textiles, irregular honeycomb structures enhance the mechanical performance of resin-

infused fiber materials. This configuration allows for an optimal distribution of forces along 

the threads, strategically designed for specific load-bearing applications. It improves 

compression resistance along both the warp and weft directions, strengthening the overall 

structure of the textile. Potential applications for this technology include designing controlled 

failure points in structural walls to effectively dissipate energy and integrating it into mattresses 

to enhance support and counterforce. 

Irregular honeycomb structures in textiles offer spatial optimization, enhancing strength, 

flexibility, and breathability across diverse applications. In medical textiles, they improve 

wound care and implants by enabling controlled porosity for tissue growth and fluid regulation. 

In geotextiles, they provide structural support for soil stabilization and erosion control, 

essential in construction. Additionally, in functional and protective textiles, these patterns boost 

impact resistance, thermal regulation, and cushioning for sports and safety gear. Their 

lightweight and efficient design also make them ideal for packaging textiles, where they reduce 

material costs and enable upcycling, supporting sustainable and cost-effective solutions in 

various textile sectors. 

2 Concept and development 

2.1 Development of structural patterns for irregular woven honeycomb 

structures 

The development of a weaving pattern begins with defining a theoretical grid that reflects the 

desired structure once the 2D textile is opened. In this work, the structures are homogenous 

along the normal direction, though introducing inhomogeneity along this direction is 

theoretically possible. Thus, the focus is on two-dimensional designs, where the grid acts as a 

guide to determine the interactions between the weft and warp necessary for weaving. 
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A key challenge in any algorithm for this task is figuring out how to form a hexagonal cell 

within the structure, or how to build the entire structure. Additionally, it's essential to account 

for boundary conditions when selecting the appropriate method. 

A range of diverse methodologies could be employed to accomplish this task. For instance, a 

base cell might be expanded by iteratively adding surrounding cells until the desired area is 

occupied. Alternatively, each point in a hexagonal grid is adjacent to three neighboring points; 

cells could be generated by forming vertex pairs to create cell walls. These approaches 

inherently introduce dependencies that must be managed to prevent failure. A simpler method 

could involve the random displacement of vertices in a regular grid. 

The choice of method will give rise to distinct behaviors and challenges that significantly 

impact the outcome and loom processing capabilities. This study will compare three 

approaches: a basic vertex displacement, expansion of cell cores based on Euclidean distance, 

and a generative approach that adds successive layers, an improvement upon the method used 

in a previous study, with results presented in Section 7. 

2.2 Geometric properties of hexagon shapes and structures 

In a regular hexagon, all sides and angles are equal, with each interior angle measuring 120°. 

It can be inscribed in a circumcircle, where all vertices lie on the circle, and the circumcircle’s 

radius matches the hexagon's side length. A regular hexagon has six axes of symmetry, 

providing multiple alignment possibilities. Its structure enables the densest possible tiling 

arrangement, maximizing efficient area usage. These properties make hexagons common in 

nature and highly applicable in technology due to their optimal space coverage and structural 

efficiency. Figure 2 shows the geometric properties among an ideal regular hexagon, which 

will be utilised within this work: 

 

Figure 2. Geometric parameters of hexagonal structures, displacement methods 
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When translating the hexagon and its tiling into an irregular framework, these core properties 

are generally preserved. While random displacement of vertices may disrupt uniform side 

lengths, angles, and circular symmetry, the alignment between vertices within a single hexagon 

and along border walls in larger structures is retained. 

Noteworthy are the rhombus shape of cell cores and the distances of vertices to another. The 

relative position of vertices to another can be calculated using local polar coordinates under the 

angle of 60° or randomised based on 60°.   

3 Methods for structure generation 

Various methodologies can be employed to populate a region with interlocking intersections, 

yielding irregular hexagonal patterns that are compatible with standard weaving looms. This 

study examines three distinct approaches to address this task, each rooted in a different 

conceptual framework. The first method directly randomises vertices based on a conventional 

grid. The second employs tessellation through a Voronoi diagram, utilising Euclidean 

expansion from the centre of each cell. The third simulates stratified growth by incrementally 

layering one stratum atop another. 

In each method, whether during the correction or construction of the structure, a geometric 

equation must be resolved to merge all bordering walls of a cell. This shared approach will be 

elaborated upon in the subsequent section. 

3.1 Geometric equation to fit distances and angles 

In the code1 proposed within this study, this function is generally referred to as 

solveChasm(), which optimises the loss function easySolve(). Each hexagon, and by 

extension an entire row of hexagons, can be defined by a set of six randomised lengths and 

three random angles. The remaining three angles, or more specifically, the positioning of the 

remaining vertices, are contingent upon the pre-existing parameters and an additional degree 

of freedom. To establish a viable structure, one such solution must be identified in a manner 

that aligns with the existing configuration without compromising the continuity of subsequent 

sections. 

 
1 The code can be found in the GitHub Repository: https://github.com/Michael-Gro/Honeycomb-Standardisation 

https://github.com/Michael-Gro/Honeycomb-Standardisation
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Conceptually, each hexagon may be divided into two halves: one half with predetermined 

values and another awaiting resolution, as shown below in Figure 3. The upper, undetermined 

half will undergo resolution. This relationship can be expressed through the following equation: 

  𝑃1𝑃2  +  𝑃2𝑃3  +  𝑃3𝑃4  =  𝑃1𝑃4 [1] 

Given that l1, l2 and l3 are already specified, points P2 and P3 can be resolved by selecting 

either th1 or th2 as an appropriate angle. Defining this degree of freedom yields two potential 

solutions, one of which should be discarded to avoid generating a collapsed cell, which would 

compromise the weaving integrity. 

 𝑃2 =  𝑓(𝑃1, 𝑙1, 𝑡ℎ1) 

𝑃3 =  𝑓(𝑃2, 𝑃4, 𝑙2, 𝑙3)   𝑤ℎ𝑒𝑟𝑒  𝑚𝑖𝑛( 𝑡ℎ2) 

𝑡ℎ2 =  𝑓(𝑃3, 𝑃4) 

[2] 

[3] 

[4] 

 

Figure 3. Cell resolution via the geometric equation 

 

While the outlined formula provides a solution to the required equation, it may inadvertently 

introduce undesirable directionality into the function and resulting structure. Consequently, it 

is preferable to resolve both th1 and th2 symmetrically, using the following set of equations: 

 𝑃2 =  𝑓(𝑃1, 𝑙1, 𝑡ℎ1) [5] 
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𝑃3 =  𝑓(𝑃4, 𝑙3, 𝑡ℎ2) 

𝑙𝑜𝑠𝑠 =  |𝑃2𝑃3|  −  𝑙2 

[6] 

[7] 

When applying the set of equations 5-7, the optimization algorithm must adjust the azimuthal 

angles th1 and th2 to achieve a loss of zero. Treating both angles equally in this manner 

prevents the introduction of directional bias. The algorithm is expected to converge if initiated 

with suitable angles, such as 60° and 120°, with adjustments for elevation. 

 

Figure 4. Example of a corrected structure compared to its original shape. The x and y 

axes represent unitless spatial positions. The numbers represent unitless distances. 
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3.2 Structure generation by random vertex displacement 

The simplest approach for a randomised grid is to displace the vertices of each hexagon. This 

method generates a uniform structure to fill the specified area, as illustrated in Figure 2. The 

next step involves displacing each vertex by a random vector. 

Various techniques can achieve this displacement. In this study, polar coordinates are 

employed, selecting a random direction and a Gaussian-distributed distance. Using the cell 

border length as the base distance, with a standard deviation between 0 and 0.5, generally 

produces stable results. Higher deviation increases structural randomness but also heightens 

the likelihood of generation failure. 

Distances between neighbouring vertices, as determined by this process, will not yield integer 

values. While this could potentially be disregarded during weaving plan generation, this study 

elects to correct these values. Rounded lengths and calculated azimuthal angles of each cell 

serve as initial variables, and the vertex positions are refined using the approach outlined in 

Section 3.1. For the initial base layer, which may be located internally within the structure, 

corrections are applied by rounding lengths while retaining the angles of the specified layer. 

Generally, this method requires only minor adjustments, though optimization could be 

achieved by expanding the vicinity of vertices considered during correction. 

This approach closely aligns with the regular honeycomb grid, as cells impact only their 

immediate neighbours. Consequently, the structure's size does not affect the stability of the 

generation algorithm, allowing for consistent patterns across all iterations. 

3.3 Structure generation by core-based expansion 

This method employs partitioning based on the Euclidean distances between cell cores, 

commonly known as a Voronoi diagram. Initially, cell cores are positioned on a regular grid, 

as illustrated in Figure 2. The second step displaces each core by a random vector; in this study, 

displacement occurs along the x- and y-axes using a Gaussian distribution. The base distance 

can be defined as the spacing between adjacent cell cores, with a standard deviation between 0 

and 0.3. A higher standard deviation increases randomness and the likelihood of generation 

failure. 
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In the third step, the area is partitioned following standard Voronoi diagram rules, using the 

Voronoi class within scipy.spatial for this process. Unlike the method in Section 3.2, 

vertices must be assigned to threads after the randomisation step. In this study, the next point 

is estimated based on the ideal continuation from the preceding structure, facilitating the 

creation of weaving plans. 

As in Section 3.2, vertex distances do not yield integer values. This study will use rounded 

lengths and calculated azimuthal angles for each cell as initial values, refining vertex positions 

following the approach described in Section 3.1. For the initial base layer, internal to the 

structure, corrections are applied by rounding lengths and preserving the angles of this layer. 

This method typically requires minimal adjustments, though expanding the vicinity of 

considered vertices could further optimize results. 

This technique resembles natural crystalline growth or similar mechanisms, though its 

geometric tessellation basis necessitates adaptations for loom processing. Additionally, it 

introduces the risk of geometric degeneration, as Euclidean cell growth can produce non-

hexagonal shapes, such as octagons, which may not be compatible with weaving. 

3.4 Structure generation by layered growth 

This method builds upon an earlier version2 that conceptualised hexagonal structures as threads 

layered sequentially, with each pair of threads forming a row of cells. In the original model, 

the base shape was simplified to a four-segment line repeating along the weft direction. 

The approach proposed here further refines this model by dividing each thread into two distinct 

strata, where each stratum forms part of two threads. As in the previous method, subsequent 

threads - and thus the corresponding strata - are fundamentally identical, merely displaced by 

one or two indices. 

Each stratum is conceived as a row of points aligned at the same or similar height, with 

alternating longer and shorter distances between adjacent points, as depicted in Figure 5. 

 
2 The code of the previous implementation can be found at: https://github.com/Michael-Gro/Honeycomb-2024-

08 

it was written for a different purpose, so it does not follow the same conventions as the current code 

https://github.com/Michael-Gro/Honeycomb-2024-08
https://github.com/Michael-Gro/Honeycomb-2024-08
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Figure 5. Composition of elements for the layer growth method 

 

In this method, the structure grows by sequentially adding new strata, along with threads and 

cell rows, atop the existing formation. To facilitate this, a base layer is necessary, which can 

later be removed or repurposed as an anchor to ensure a planar surface. The subsequent stratum 

is aligned atop the previous one using the approach detailed in Section 3.1. Specifically, points 

adjacent to the longer distances serve as the foundation, and a set of lengths and azimuthal 

angles are determined. This study randomises lengths using a Gaussian distribution, while the 

azimuthal angles correspond to the standard angles of regular hexagons, adjusted for elevation. 

Since the structure’s development depends on successive iterations, this method is susceptible 

to geometric degeneration. As a preventative measure, the length for the central segment is 

adjusted if the required spacing exceeds set parameters. With stricter correction protocols, a 

higher standard deviation may be applied. 

This approach aims to emulate natural cell growth from a top-down perspective, governed by 

principles consistent with the limitations of a loom. Unlike the methods in Sections 3.2 and 

3.3, this approach allows effects and geometric influences to propagate across multiple rows. 

Boundary constraints are also necessary to mitigate geometric degeneration at high levels of 

irregularity. Furthermore, no additional corrections are required, as natural lengths are 

incorporated directly in line with the generation method outlined in Section 3.1. 

4 Results of different generation methods 

For the purpose of comparing these methods, a relatively similar structure with a moderate to 

high level of randomisation was selected. A cell border length of 20 was used, ensuring that 
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rounding for natural distances would be perceptible yet not overwhelming. The target 

irregularity in terms of border length was set to approximately 20 – 25%. 

Table 1. Results of comparison test (values are normalised and unitless) 

Method Vertex Displacement VD Voronoi Expansion VE Layer Growth LG 

Description Every Location of the 

ideal vertices are 

displaced 

 

 

see 3.2 

The ideal cell cores are 

determined and displaced. 

Vertices are found from 

Voronoi expansion 

 

see 3.3 

From a base thread new 

threads are added with 

random vertex 

positions. 

 

see 3.4 

Datasets 4 4 7 
Randomisation Polar Displacement with 

direction 

[random(0, pi)]  

and distance  

[L x gauss(0, sigma)] 

Euclidean Displacement 

with distance in x and y 

[L x gauss(0, sigma)] for 

cell cores 

Gaussian distributed 

lengths 

[L x gauss(0, sigma)] 

corrected while 

exceeding limits 

for new segments 

with approach 3.1 
Length [L] 20 34.641 20 
Standard 

deviation 

[sigma] 

0.2 0.1 0.2 

Correction approach described in 3.1 approach described in 3.1 not necessary 
Nbr Samples 

Distances 

Displacements 

Areas 

 

1992 

1424 

572 

 

2192 

1568 

588 

 

1818 

1260 

504 
Avg Distance 20.42 20.17 20.12 
sigma Distance 4.29 (21.0%) 4.82 (23.9%) 4.78 (23.7%) 
Avg 

Displacement 
0.90 0.86 4.16 

Avg Area 1039.23 1036.86 945.45 
sigma Area 125.59 (12.1%) 103.53 (10.0%) 244.56 (25.9%) 

The execution of these methods for comparison purposes is not identical but sufficiently similar 

to allow for meaningful conclusions. Specifically, while the randomisation approach, base 

length, and standard deviation vary slightly, they achieve comparable outcomes. Therefore, 

rather than focusing on the input parameters, the output - specifically, the standard deviation 

(sigma) of the distance between two vertices - was selected as the target metric for each 

generation. 
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The average displacement for the Vertex Displacement (VD) and Voronoi Expansion (VE) 

methods is below one. This is due to their implementation, which tends towards an ideal 

displacement of 0.25. Distances below the threshold of 0.5 are adjusted towards zero, while 

distances above it are rounded towards one. The propagation of corrections marginally 

increases this displacement value. By contrast, the Layer Growth (LG) method exhibits a higher 

displacement, as it applies different mechanisms. While VD and VE build upon an existing 

structure, LG introduces corrections within the azimuthal angle definition. Since the initial 

estimate is based on an ideal grid, higher randomisation leads to greater displacement. While 

alternative initial estimates could lower this value, the effect is minimal. Overall, displacement 

across all methods aligns with expected values, indicating effective structure generation. 

In terms of area, the average for both VD and VE closely approximates the ideal hexagon at 

1039.23, with standard deviations around 10% for VE and slightly higher at approximately 

12% for VD. This variance can be attributed partly to VE’s more uniform expansion compared 

to VD, where vertex repositioning introduces greater irregularity. These contrasts with LG, 

whose average area fall below the ideal hexagon’s value, and whose deviation is significantly 

higher, at around 26%. This results from drift correction, which attempts to preserve the 

hexagonal form when values exceed certain limits, making hexagons wider than tall and 

reducing area efficiency relative to side length. Certain generated structures exhibit visible 

irregularities, creating vacant spaces that contribute to a lower average area. Furthermore, any 

extreme shapes in one direction, such as low and wide, are counterbalanced by opposing 

shapes, leading to a high standard deviation in area despite lower variation in individual side 

lengths. 

The distributions of lengths and areas across all methods conform to a Gaussian (bell curve) 

shape. LG lengths, in particular, exhibit an ideal Gaussian distribution due to the method's 

design around Gaussian-distributed lengths. VD and VE display a more pronounced bell shape, 

likely due to the configuration of areas rather than individual lengths. 
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Figure 6. Examples of Vertex Displacement (top left), Voronoi Expansion (top right), 

and Layer Growth (bottom). The x and y axes represent unitless spatial positions. 

5 Challenges, constraints, and differences in the generation processes 

 of the investigated methods 

It is important to note that even slight modifications to these algorithms can lead to 

fundamentally different behaviours. For instance, introducing hedging could enhance structural 

stability but reduce the level of irregularity. Similarly, resolving specific equations, such as 

those outlined in Section 3.1, through alternative methods could introduce a degree of 

irregularity that might even be desirable. 

Generally, these algorithms face a dilemma between stability and randomness. Certain 

approaches must address the issue of drift, especially at high levels of randomness, where the 

generated structures might experience geometric failures, rendering them unsuitable for 

practical application without hedging. However, hedging tends to reduce randomness and may 

even introduce drift, so each method must be carefully tailored to the task at hand. 
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A fundamental difference exists between the Vertex Displacement (VD) and Voronoi 

Expansion (VE) methods, and the Layer Growth (LG) method. VD and VE align with the 

overall structure but lack strong alignment with neighbouring cells, whereas LG, with some 

exceptions, is designed to align with neighbouring cells rather than the entire structure. 

This distinction makes VE and VD more applicable to the entire structure, yet vulnerable to 

breakdown due to geometric irregularities in VD and potential geometric degeneration in VE. 

Since neither method incorporates neighbour hedging, extensive random number generation 

can lead to unweaveable shapes and problematic opening angles. Conversely, LG demonstrates 

greater resilience to extreme local variations, as cells build directly upon neighbouring cells. 

However, this adaptability to prior iterations can become a disadvantage if interference 

between cells introduces drift that ultimately becomes irreconcilable. 

 

Figure 7. Two examples of not weave-able structures due to resolve issues VE (left) and 

LG (right). The x and y axes represent unitless spatial positions. 

 

Addressing issues and adapting algorithms to meet specific challenges can be approached in 

various ways. The primary degree of intended randomness should be achievable within a few 

iterations. This is especially relevant for the Layer Growth (LG) method, where success or 

failure is a significant factor; thus, iterating until a satisfactory solution is found is a viable 

alternative to introducing rigid constraints. If a structure becomes irresolvable due to size or 

excessive randomness, corrective measures can be implemented to mitigate the effects of 

randomness, ranging from reselecting values to modifying outcomes. 
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The VD and VE algorithms are notably lightweight, which implies they are susceptible to 

failure at high levels of randomness or across larger areas. To counteract this, constraints can 

be introduced to incorporate some degree of influence from neighbouring cells. Alternatively, 

for cases involving only limited irregularities, manual adjustments can be an effective solution. 

6 Use case study: Replicating natural cell structures 

An alternative and potentially effective approach is to trace an existing natural structure and 

use this as the foundation for a weaving plan. In this study, an image of onion cells serves as 

the reference structure and is compared with the Vertex Displacement (VD) method. The onion 

cells display an elongated form, which is replicated by applying VD with a base pattern that 

resembles this natural shape rather than a regular hexagonal configuration. 

 

Figure 8. Onion cell image sourced from How to Prepare an Onion Cell Slide for 

Microscope, available at Microscope World (left); traced version of a segment (middle); 

a replicated version using the Vertex Displacement (VD) method (right). 

 

Generally, it can be observed that, although most cells can be approximated with hexagons, 

some cannot. This necessitates manual optimisation in the tracing process, such as skipping 

certain cell walls or merging and dividing cells that do not fully reflect the natural structure. 

The VD method, on the other hand, retains a more regular pattern. In this example, a modified 

directional range was employed, excluding 50% of the left and right directions. Further 

specifications, such as enforcing horizontal cell wall alignment, could further alter the outcome. 
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In both cases, a histogram of border lengths would reveal two distinct peaks corresponding to 

the longer and shorter segments, rather than a uniform distribution. 

This example presents particular difficulty, as the cellular alignment significantly contrasts 

with the alignment of warp yarns, creating additional challenges for accurately replicating the 

natural structure with the proposed methods. Moreover, while weaving plans can be generated, 

they may require further optimisation for loom compatibility to ensure seamless weaving. 

Nonetheless, this example illustrates the potential for optimisation within these methods. 

7 Utilisation of generated structures via loom 

The discussed methods and accompanying code yield sets of vertices for various structures, 

which can subsequently be adapted for loom production. The initial step involves adding 

supplementary warp yarns to the existing vertices. These methods inherently provide 

placement coordinates based on the natural distances between vertices. 

  

Figure 9. Woven structure (left) and reinforced woven structure (right) 

 

Subsequently, a matrix of weft and warp insertions is generated, which can then be converted 

into a digital weaving plan. One approach is to iterate over each warp thread to establish the 

chain arrangements; by combining these with an inverted pattern, multiple interwoven plain 

weaves are created. This digital format can then be prepared for loom processing, enabling the 

structure to be woven. 

For further reinforcement, a resin application can be considered. Previous studies have 

employed techniques such as Vacuum-Assisted Resin Transfer Moulding (VARTM) with 
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thermoplastic polyurethane (TPU) in a dimethylformamide (DMF) solution, yielding 

favourable results. 

Conclusion 

Hexagonal patterns are highly suitable for loom processing, and various methods exist to 

generate randomised structures with distinct characteristics. While aiming for hexagonal cells, 

high randomisation can lead to irregular shapes with more or fewer sides. For example, if two 

cell walls form a 180° rather than a 120° angle, the structure may still be weave-able and even 

possess unique properties. However, added cell walls, particularly perpendicular to the warp 

direction, may complicate weaving, making a clear geometric structure preferable. 

 

In evaluating irregular structures with consistent base lengths, metrics like cell area, wall 

length, and distribution provide insights into structural behaviour. These metrics are valuable 

for tasks such as generating loom-friendly patterns with uniform cell borders. For non-uniform 

structures, additional metrics like diagonal ratios and deviations from parallelism may be 

useful, as detailed in later sections. 

 

Among the generation methods, Vertex Displacement (VD) is simpler to adjust and more stable 

than Voronoi Expansion (VE) or Layer Growth (LG). VE, although producing structures 

aligned with a regular grid, is prone to geometric degeneration, making it challenging for 

weaving applications. LG introduces unique mechanics by basing alignment on preceding cell 

rows rather than a grid, offering flexibility but requiring substantial correction to prevent 

instability. 

 

Overall, VD proves resilient against geometric failures, with a straightforward approach that 

offers stability. VE and LG provide different alignment and area variations, though LG’s 

dependency on prior layers adds complexity. With higher levels of correction, each method can 

be stabilised, though the degree required varies. LG is more robust to high randomisation, while 

VE and VD require moderation to prevent structural inconsistencies. 
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Abstract 

Tissue engineering has achieved remarkable advancements in developing vascular grafts for 

cardiovascular surgery, yet current grafts still face challenges such as thrombosis, intimal 

hyperplasia, and compliance mismatch, which limit their long-term functionality and success 

rates. Recent strategies to enhance the clinical success of vascular grafts and prevent failure 

due to intimal hyperplasia, thrombosis, aneurysm, blood leakage, and occlusion focus on 

developing grafts with adequate mechanical properties. This study investigates the impact of 

polymer selection and blending on the tensile strength of monolayer vascular grafts, focusing 

on the core and shell components of the fibers. Coaxial fibers with polycaprolactone and 

polylactic acid, along with their blends in either the core or shell, were fabricated. The findings 

reveal that polymer selection and the direction of tensile testing significantly influence the 

mechanical characteristics of the vascular grafts, underscoring the importance of optimized 
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material blends for enhancing graft durability and biomechanical compatibility in 

cardiovascular engineering. 

Keywords: Tissue engineering, Coaxial electrospinning, Compliance mismatch, Blending 

 

1 Introduction 

Each year, millions of people around the world lose their lives to coronary artery disease (Ma 

et al. 2024). For patients suffering from advanced cardiovascular diseases, specialized surgical 

procedures like vascular bypass surgery are often necessary to address tissue damage caused 

by ischemia and atherosclerosis (W. Li et al. 2019). Autologous vessels and non-degradable 

materials, such as expanded polytetrafluoroethylene (ePTFE) and Dacron®, have traditionally 

been employed as vascular substitutes in clinical settings (Zhu et al. 2018; Shi et al. 2023). 

Although synthetic grafts are effective in replacing large-diameter blood vessels (>6 mm), their 

usage in small-diameter grafts (<6 mm) often faces issues such as thrombosis, intimal 

hyperplasia, calcification, and chronic inflammation due to incomplete endothelial formation 

and abnormal smooth muscle cell growth (P. Li et al. 2024). On the other hand, autologous 

veins, though an alternative, are limited by their availability, harvesting difficulties, and 

mechanical mismatches (Ozdemir et al. 2022). Thus, there is an urgent need to create a 

biomimetic and functional tissue-engineered vascular graft for the repair and regeneration of 

damaged vascular tissues (Wu et al. 2018). An ideal small-calibre graft should possess the 

following characteristics: sufficient mechanical strength and compliance to endure 

hemodynamic stress; the ability to be easily sutured; availability in various sizes for immediate 

use in emergencies; user-friendly handling to reduce surgical time, costs, and risks; resistance 

to thrombus formation and infection; biocompatibility to ensure full integration with the body 

and promote neo-vessel formation comparable to native arteries in both properties and 

function; reasonable manufacturing costs; long-term patency; rapid endothelialisation; and 

good porosity greater than 50 µm to facilitate cell infiltration (Obiweluozor et al. 2020). The 

mechanical properties are crucial for the graft to maintain its integrity and endure physiological 

pressures (M. X. Li et al. 2023). The configuration and material selection of a scaffold are 

crucial, as they greatly influence its mechanical and biological properties (D. Wang et al. 2020). 

Electrospun fibrous scaffolds can replicate the intricate structure of extracellular matrices, 

featuring large specific surface areas and highly porous microstructures that enhance cell and 

nutrient infiltration (Y. Li et al. 2023). Coaxial electrospinning is an enhanced version of the 
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traditional technique that utilizes a spinneret featuring two concentrically aligned nozzles, each 

delivering a distinct polymer solution, to produce fibers with a core-shell structure (Silva et al. 

2020). The primary benefit of this core-shell nanostructure lies in its ability to combine the 

properties of various types of materials (Chen et al. 2010). Researchers have shown significant 

interest in synthetic biomaterials like polycaprolactone (PCL) and polylactic acid (PLA) to 

address the mechanical limitations of natural biopolymers. PCL is favoured for vascular grafts 

due to its biocompatibility and flexibility, while PLA, known for its strength and adjustable 

biodegradation rate, becomes more effective in biomedical applications when combined with 

more flexible polymers like PCL (Ozdemir et al. 2023). The polymers can be incorporated by 

using either blending or coaxial electrospinning process (Zhou et al. 2019). This study focuses 

on the production of monolayer scaffolds consisting of randomly distributed core-shell fibers, 

incorporating either pure or blended forms of PCL and PLA in the core or shell regions, using 

coaxial electrospinning. The tensile properties of the resulting scaffolds are evaluated to 

determine how the choice of polymers—whether used in pure or blended forms—and their 

positioning within the core or shell influence the mechanical characteristics. The goal is to 

develop a promising monolayer scaffold that can mimic the tunica intima layer of native blood 

vessels and be suitable for use in multilayered vascular grafts. 

2 Materials and methods 

The pure PCL (Mn 80,000) and PLA (Mn 230,000), along with their blend with 50/50 ratio, 

are dissolved in a solvent mixture containing chloroform, acetic acid, and ethanol in a weight 

ratio of 8:1:1 to obtain a solution with a concentration of 8% w/w. All polymers and solvent 

components are sourced from Sigma Aldrich. 

2.1 Fabrication of vascular grafts through coaxial electrospinning 

Fibrous vascular prostheses with a diameter of 5 mm are fabricated using a coaxial 

electrospinning technique. In this process, pure PCL and PLA solutions are utilized in the core 

or shell regions (referred to as PCLc_PLAs and PLAc_PCLs), while the PCL/PLA blend is 

exclusively applied in the core of bicomponent fibers (identified as PCLPLAc_PCLs and 

PCLPLAc_PLAs) as can be seen in Table 1. The coaxial needle apparatus, connected to the 

syringe pump (IPS-12, Inovenso, Turkey), consists of inner and outer needles, with inner 

diameters measuring 0.6 mm and 0.8 mm, respectively. To ensure a random distribution of the 

bicomponent fibers, the collector is set to rotate at 200 rpm. Both the core and shell solutions 

are delivered at a flow rate of 0.8 mL/h, subjected to a voltage of 10±1 kV for a duration of 40 
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minutes, facilitating the manufacturing of scaffolds with adequate wall thickness for 

subsequent mechanical evaluations. The scaffolds are produced under environmental 

conditions of 26±2°C and 55±7% relative humidity. 

Table 1 Sample codes and details 

Specimen codes Core Shell 

PCLc-PLAs PCL PLA 

PLAc-PCLs PLA PCL 

PCLPLAc-PCLs PCLPLA PCL 

PCLPLAc-PLAs PCLPLA PLA 

 

2.2 Wall thickness measurement and tensile testing 

The wall thickness of tubular grafts is measured using a Standard Gage Electronic External 

Micrometer (Hexagon Metrology, Turkey). The tensile strength and strain of the scaffolds are 

evaluated using a Zwick-Roell Z005 universal testing machine with a 200N load cell (Zwick-

Roell, Germany). These measurements are conducted by testing planar pieces from tubular 

samples in both axial (0) and radial (90) directions, as well as in the axial direction in tubular 

form (T) to simulate the position of the prosthesis in post-implantation stage. Planar specimens 

are prepared by cutting tubular samples into pieces measuring 10 mm in width and 15 mm in 

length, while tubular specimens are prepared with a length of 1.5 cm for testing. The tensile 

tests are carried out at a cross-head speed of 10 mm/min with a gauge distance of 5 mm. 

3 Results 

As shown in Table 2, the produced scaffolds possess sufficient wall thickness values ranging 

from 109 to 179 µm, which are adequate for use as a tunica intima layer in multilayer scaffold 

designs and for further mechanical and biological assessments. Numerous studies in the 

literature have attempted to fabricate bi-layered scaffolds with inner layers that have wall 

thickness values falling within this range (L. Wang et al. 2024; Park et al. 2019; X. Li et al. 

2020; Liu et al. 2024). 

Conversely, upon examining the tensile strength and elongation values of the samples which 

consist of pure PCL and PLA in the inner and outer layers (PCL_c-PLA_s and PLA_c-PCL_s), 

it is observed that the incorporation of PLA in the core of bicomponent fibers resulted in an 

increase in both tensile strength and elongation across all testing directions. The core layer 

provides support and imparts mechanical strength to the fiber structure (Atila, Hasirci, and 

Tezcaner 2022; Tavakoli et al. 2022; Alharbi et al. 2018), further highlighting the contribution 
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of PLA, a stiff polymer (Viscusi et al. 2021), to the mechanical response of the bicomponent 

fibers. In contrast, utilizing a blended version of PCL and PLA in the core led to enhancements 

in mechanical properties compared to other samples. The mechanical properties of the fibers 

are primarily influenced by the interactions between the core and shell, rather than the 

characteristics of the core polymer (Johnson et al. 2019). Consequently, the miscibility of the 

solutions is of significant importance in coaxial electrospinning, as it affects the integrity of 

the core-shell structure (C. Wang et al. 2019). Thus, it can be said that using blended polymers 

in the core and pure polymers in the shell positively impacts core-shell compatibility and 

consequently, mechanical properties. Among these samples, the scaffolds with bicomponent 

fibers containing PCL in the shell (PCLPLA_c-PCL_s) exhibited the best results regarding 

both tensile strength and elongation values. Thus, the use of PCL, owing to its flexible polymer 

nature (Viscusi et al. 2021), in the outer layer of bicomponent fibers is advantageous from a 

mechanical properties standpoint. Additionally, in samples with a random fiber distribution, it 

was noted that the strength values in the 0° direction were higher. Due to the low rotational 

speed, radial fiber orientation could not be achieved, resulting in lower strength values in the 

90° direction (Ozdemir et al. 2023). 

Table 2 Tensile testing results of scaffolds with randomly distributed bicomponent 

fibers (The suffixes _0, _90, and _T correspond to the axial direction in planar form, the 

radial direction in planar form, and the radial direction in tubular form, respectively) 

Sample codes Wall thickness(µm) Tensile strength (MPa) Tensile strain (%) 

PCLc-PLAs_0 

114 ± 12 

3,24 ± 0,20 79,82 ± 10,07 

PCLc-PLAs_90 1,09 ± 0,14 70,16 ± 3,76 

PCLc-PLAs_T 2,98 ± 0,19 99,37 ± 9,21 

PLAc-PCLs_0 

109 ± 90 

3,26 ± 0,32 134,95 ± 14,85 

PLAc-PCLs_90 1,68 ± 0,36 95,43 ± 29,02 

PLAc-PCLs_T 3,87 ± 0,14 135,24 ± 1,72 

PCLPLAc-PCLs_0 

179 ± 40 

4,38 ± 0,53 210,07 ± 40,90 

PCLPLAc-PCLs_90 2,08 ± 0,73 124,82 ± 29,34 

PCLPLAc-PCLs_T 3,98 ± 0,11 128,61 ± 8,18 

PCLPLAc-PLAs_0 

110 ± 10 

3,33 ± 0,93 100,30 ± 5,11 

PCLPLAc-PLAs_90 1,94 ± 0,35 96,79 ± 7,07 

PCLPLAc-PLAs_T 4,28 ± 0,90 170,04 ± 21,75 
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Conclusion and recommendations 

This study underscores the critical role of polymer selection, blending and polymer 

arrangements in enhancing the tensile properties of coaxially electrospun vascular grafts, which 

are essential for their performance in cardiovascular applications. Scaffolds achieved adequate 

wall thickness values suitable for mimicking the tunica intima in multilayer designs. Notably, 

the incorporation of PLA in the core of bicomponent fibers led to increased tensile strength and 

elongation across all testing orientations. Conversely, the blended PCL and PLA in the core 

resulted in superior mechanical performance compared to pure polymer configurations, with 

the configuration featuring PCL as the outer layer exhibiting the highest tensile strength and 

elongation. Overall, the insights gained from this study provide a foundation for future research 

aimed at improving the design and functionality of vascular grafts through strategic polymer 

selection and processing techniques. 
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Abstract 

In pursuing sustainable development and energy-harvesting technology, traditional power 

supplies have become a technical obstruction that requires miniaturization with unattended 

wireless sensor networks (WSNs). Using micro-level energy-generating devices/sensors 

exploits maximum benefits from sustainable and renewable sources such as harvesting wind 

energy from the ambient environment. This paper proposes efficiently harvesting ambient wind 

energy via a fluttering double-flag triboelectric nanogenerator (FD-TENG). The FD-TENG 

comprises a donor flag constructed from a thin woven fabric using silver-coated nylon yarns, 

specifically chosen for its ability to operate effectively at very low wind speeds, thereby 

facilitating the contact-separation motion, and the acceptor flag, made from an ultra-thin 

Polyvinylidene fluoride (PVDF) film. The conductive woven fabric also incorporates as an 

electrode. The count of warp and weft yarn was 400 denier, and the thickness of woven fabric 

was 0.3mm. Moreover, the PVDF electrospun nanofiber on the PVDF film was coated to 
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evaluate its effect on the specific surface area of the structure during the contact-separation 

process. The influence of the gap length between the two flags was also studied to enhance the 

performance of the proposed structures. Our finding revealed that for the FD-TENG with a flag 

size of 9x3 cm, with a 1 cm gap between the two flags, the output voltage could reach 80 Volts 

when using PVDF nanofiber on the surface of PVDF film. The output voltage of FD-TENG 

while using PVDF film was 10 Volts. It was found that under the action of ambient wind, this 

proposed structure can harvest energy at low wind speed due to its small size, lightweight, and 

the aforementioned electrical output characteristics. 

Keywords: Triboelectric Nanogenerator, Wind Energy Harvesting, PVDF Film, PVDF 

Nanofiber Layer 

1 Introduction 

Energy harvesting from the ambient environment also known as energy scavenging is a set of 

techniques for capturing and converting energy, from the local naturally available energy into 

electrical power (Kiziroglou and Yeatman 2012; Yildiz 2009; Yan et al. 2023). Up to today, 

the extraction of fossil fuels such as coal, oil, and natural gas was an indispensable tool to 

industrialization and rising prosperity however the negative repercussions have shifted focus 

toward renewable energy supplies (Yan et al. 2023; H. Wang and Jasim 2020). It goes without 

saying that renewable energy devices have evolved at a rapid pace toward the recent sharp rise 

in global energy usage (Wang 2012; Karim et al. 2018; Cantarero 2020). 

With environmental problems and energy crises, the world is rapidly moving to decarbonize 

energy supplies and switch to low-carbon technologies, such as harvesting wasted mechanical 

energy and converting this energy into electricity for daily living (Dong et al. 2022; Cherp et 

al. 2021). Energy harvesting is a promising concept for self-powered devices, an alternative 

energy source to replace fossil fuels, and having a miniaturized battery-free autonomous 

(Cantarero 2020; Basset et al. 2009; Yan et al. 2023a). The review concludes that potential 

energy scavenging techniques that are available, are solar and wind powers, ocean waves, 

piezoelectricity, thermoelectricity, and physical motions (Yildiz 2009). The advantages of 

using wind energy are not limited to reduced emissions, or greenhouse gases. Due to the 

immunity to volatile market fluctuations, and global wind circulation that provides a consistent 

energy output, wind energy plays a pivotal role among the various sources of ambient energy 

that can be harvested (Yan et al. 2023; Fogelberg and Lazarczyk 2017). 
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The triboelectric nanogenerator (TENG) is an efficient means of capturing wind energy (Fan, 

Tian, and Wang 2012). Feng et al. proposed a wind-driven TENG using electrostatic induction 

and contact electrification by placing leaf powder as the friction layer and then converting 

mechanical energy into electricity (Feng et al. 2019). Bae et al. designed a flutter-driven 

triboelectric generator (FTEG) based on its ability to provide a consistent energy output by 

small dimensions of 7.5 × 5 cm at a wind speed of 15ms^- (Bae et al.2014). Sun et al. designed 

a fluttering double-flag type triboelectric with a flag size of  110mm×60mm, the power density 

could reach 600 mW/m^2 (peak-to-peak power density) using two thin fluorinated ethylene 

propylene films with Ag electrodes on the surface(Sun et al. 2020). Based on the above, Zhao 

et al. studied the effect of horizontal and vertical array arrangement on F-TENG. The team 

examined two key component parameters including the gap between two triboelectrics and 

their bending degree. Zhao's study consists of one piece of polytetrafluoroethylene (PTFE) 

membrane, with two carbon-coated polyethylene terephthalate (PET) membranes on either side 

(Zhao et al. 2022). 

In this study, we aim to explore the possibility of energy harvesting at low wind speeds. This 

is achieved by using a multilayer structure that includes a PVDF film combined with silver-

coated nylon woven fabrics as electrodes. Additionally, electrospun PVDF nanofiber 

membranes are employed on the PVDF film to enhance the energy harvesting performance. 

These nanofibers are characterized by a high specific surface area, which contributes to 

improving the efficiency of energy harvesting, particularly under low wind speed conditions. 

2 Material and methods 

The multifilament silver-coated nylon yarns (Suzhou Tek Silver Fiber Technology Company, 

Jiangsu, China) with 47.02 denier count were used to prepare 8-plied yarns. The processed 

plied yarn was used to weave the conductive fabric. In Table 1, the characteristics of single 

and 8-plied yarns have been illustrated.  As it is clear the conductivity of 8-plied yarn has been 

enhanced because of more contact area between strands of multifilament yarns during the 

twisting process. Moreover, the breaking strength of yarn clearly is increased which could be 

a reason to improve its weave ability. 

The conductive fabric was the first layer as an electrode. For the second layer of the acceptor, 

PVDF solvent in a concentration of 20 wt% polymer film (thickness of 200 μm then drawn to 

10 μm) was used. Notably, the PVDF polymer employed in this research was Kynar PVDF 

761, produced by Arkema, France. Then, the 15wt% polyvinylidene fluoride was directly 
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electrospun with a needle gauge 23 on the friction layer of a TENG. Figure 1 provides a 

schematic representation of the electrospinning process used to deposit a PVDF nanoweb 

directly onto a PVDF film. To ensure effective attachment of the nanofibers, a double-sided 

adhesive tape was placed on the PVDF film before electrospinning, which helped maintain the 

stability of the nanofiber layer during airflow exposure. High voltage was applied to create 

PVDF nanofibers, which were then deposited onto the prepared film. This approach ensured a 

robust and durable multilayer structure, facilitating the nanoweb's effective deposition and 

long-term integrity in dynamic environments. 

Table 1 Properties of conductive yarns 

Yarn code Nominal Count 

of yarn (Den) 

Yarn diameter 

(μm) 

Linear resistance 

( /cm) 

Breaking Strength 

(cN) 

SCN(1-ply) 5 109.67 25.02 698.75 

SCN(8-ply) 400 316.68 4.23 6428.98 

 

 

Figure 1 Schematic diagram of electrospinning PVDF setup 

 

Finally, the three-layered structure as one flag was successfully fabricated by weaving and 

electrospinning as illustrated in Figure 2. The conductive fabric serves as the primary layer, 

while the PVDF film and PVDF nanofibers are attached as acceptor components. 

Similarly, the second flag was the conductive woven fabric as illustrated in Figure 3 prepared 

by the aforementioned yarn in Table 1 with SCN(8-ply) code. It was preferred as the electron 

donor in triboelectric material. In Table 2, the properties of the woven fabric have been shown. 
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The electrostatic induction between two flags with dissimilar materials (PVDF and conductive 

fabric) and different appetite-like donor-acceptor properties make a promising structure. 

 

Figure 2 Schematic of the three-layered flag structure fabricated by weaving and 

electrospinning 

Table 2 Properties of woven fabric 

Flag size 

(mm x mm) 

Weight 

(g/m2) 

warp density 

(1/cm) 

weft density 

(1/cm) 

Surface resistance 

(𝜴 𝒔𝒒⁄ ) 

30 x 90 187.8 20 16 0.26 

 

 

Figure 3 The photo of woven fabric with T2/1 

To measure the collisions between the two flags during the experiment, a Canon EOS R5 smart 

camera was used to capture the flag movements. The recorded videos were analyzed using 

MATLAB R2024b image processing software to accurately determine the number and 

frequency of contacts. This method allowed us to precisely capture and analyze the flag 

interactions at various gap distances. 

3 Results and discussion 

In Figure 4(a), the FD-TENG structure is depicted within the wind tunnel. Two flags are 

securely fastened on supports with a 1 cm separation between them. The flags are made of 

fabrics that were woven with silver-coated nylon yarn. PVDF nanofibers are directly spun onto 

one of the flags after a 10-micron PVDF film has been placed there, as shown in Figure 4(b). 
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The flags are sized at 30 × 90 mm2, and at a wind speed of 4 m/s, the experimentally determined 

output voltage ranges from 60 to 80 volts. In this setup, 18 green LEDs are sequentially 

illuminated in series by an FD-TENG (Figure 5). 

As shown in Figure 6, As the wind flows, the flags flutter, causing their surfaces to touch and 

leading to contact between the PVDF nanofibers and Ag nanoparticles within the conductive 

fabric. This periodic interaction generates a triboelectric current. Due to the different 

electronegativity between Ag and PVDF, positive and negative charges are produced on Ag 

and PVDF, respectively, at the moment of contact. After separation, triboelectric electrons flow 

from the upper Ag electrode to the lower Ag electrode through an external circuit. 

 

Figure 4 (a) FD-TENG in the wind tunnel and (b) structural exploded view of the FD-

TENG 

 

Figure 5 The photo of LEDs lit by FD-TENG 

The use of nanofibers on the film in this structure, in addition to maintaining the lightness and 

flexibility of the flag, increases the effective area between the two layers of tribe in a limited 

space (Liu et al. 2020). Consequently, there are more inductive loads generated, which leads 

to an increase in the output voltage. 

 

Figure 6 Schematic working principle of FD-TENG in contact-separation mode 
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The gap between the two flags plays a crucial role in determining the triboelectric output 

efficiency. After conducting a series of tests with varying gap distances, it was found that a gap 

of 1 cm between the two flags produced optimal results. This specific distance allows for 

sufficient fluttering motion of the flags under low wind speeds while maintaining regular and 

effective contact between the layers. Larger gaps tended to reduce the frequency of contact, 

leading to lower energy output, whereas smaller gaps restricted the fluttering motion, causing 

inconsistent contact and reduced energy conversion. The 1 cm gap strikes a balance, allowing 

for continuous contact-separation cycles, which maximize the triboelectric charge generation 

by increasing the frequency of interactions between the materials. This gap also helps in 

maintaining structural stability while minimizing any possible collision or excessive wear 

between the two flag layers. 

The chart in Figure 7 illustrates the relationship between gap distance and performance. As 

shown, the output voltage (red line) reaches its peak at a 1cm gap, aligning with the highest 

contact frequency (pink line). At both smaller and larger gaps, the performance declines, with 

reduced contact frequency and output voltage. This visual evidence supports the claim that a 1 

cm gap is the optimal configuration for maximizing triboelectric efficiency. 

 

Figure 7 Effect of gap distance on triboelectric output and contact frequency 

Conclusion and recommendations 

In this study, we examined the performance of a dual-flag triboelectric nanogenerator aimed at 

harvesting wind energy at low speeds. The FD-TENG was constructed using silver-coated 

nylon woven fabric for electrodes and PVDF nanofibers to enhance the contact-separation 

mechanism. One key factor in maximizing the device's efficiency was the gap between the 

flags. Experimental tests revealed that a 1 cm gap yielded the highest output, generating up to 
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80 volts. In comparison, both smaller and larger gaps reduced the frequency of contacts, which 

in turn lowered energy output. When using PVDF nanofibers, the energy conversion was 

significantly higher than when only the PVDF film was used, which produced just 10 volts. 

These results demonstrate that the FD-TENG holds significant potential as a low-speed wind 

energy harvester. Its lightweight design and efficient energy conversion make it a viable option 

for powering small devices. Future studies could further explore ways to optimize the materials 

and investigate the performance of the device under different environmental conditions to 

improve its efficiency and scalability. 
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