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A B S T R A C T   

Textile industries are now focusing on sustainable issues in manufacturing operations to save the 
environment. The study focuses on the use of cotton fibers (recycled) sourced from fabric 
(knitted) waste (pre-consumer) to manufacture elastic yarn (dual-core) for denim fabric. The 
study involves the production of yarns (dual-core) using a redesigned ring spinning method with 
different elastomeric components, including T400® (Polyethylene terephthalate)/Polytri-
methylene terephthalate), Polybutylene terephthalate (PBT), Polyester (PES), Lycra® (elastane), 
virgin cotton and cotton (recycled) fiber. The study investigates various yarn (Ne 18/1) charac-
teristics such as strength, IPI (imperfection index), elongation %, unevenness %, and hairiness. It 
is noticed that the elongation and strength of recycled yarn (double core) are lower and IPI 
(Imperfection index), unevenness %, and hairiness values are higher than 100 % cotton (virgin) 
yarn (double core). One-way ANOVA (statistical analysis) is employed to assess the significance of 
differences among yarns manufactured from various core materials and found significant varia-
tion for all characteristics. Additionally, the article introduces the MOORA (multi-objective 
optimization based on ratio analysis) technique as a decision-making tool to determine the best 
yarn among three alternatives (PES yarn, PBT yarn, and T400 yarn) based on their properties, 
considering attributes and finding T400 filament containing yarn as the best option. The study 
introduces a sustainable approach using recycled cotton in yarn (double core) production and 
employs decision-making tools to assess and rank the performance of different yarn alternatives.   

1. Introduction 

In the context of sustainable textile practices, textile industries are constantly searching for innovative methods to upgrade the 
attributes of yarn as well as fabric and the development of stretchable yarns using recycled cotton extracted from fabric waste (pre- 
consumer) represents a promising avenue in this context. A stretchable structure is essential to enhance the recovery and elastic 
properties of the fabrics and to obtain this purpose, stretchable yarn is used [1]. Garments made with flexible yarns fulfill some vital 
requirements of clients [2]. Stretchable garments can elongate when subjected to the regular strains of daily activities and retain their 
initial shape on a substantial scale [3,4]. The yarns having increased stretchable properties have high importance in being utilized for 
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stylish garments [5]. 
For the production of stretchable and comfortable apparel for patients, stretchable yarns (core spun) have been used [6]. To 

produce triaxial and biaxial auxetic fabrics (woven), stretchable yarns have been used [7]. Spun yarn (single core) consists of a 
minimum of two different elements: a core element and a staple sheath, on the other hand, spun yarn (double core) is composed of 
three elements: a multifilament, an elastic in the core, and sheath fiber [8]. As a core element PES (polyester) and PBT (polybutylene 
terephthalate) are utilized and to achieve more strength in yarn, PET filaments are utilized [9]. PBT filament expresses constant elastic 
properties after finishing operation [10] and T400® has more recovery and elastic characteristics than textured (intermingled) yarn 
[11]. The fast fashion concept has gained more attraction in terms of sustainability issues [12,13]. Industries deplete scarce assets such 
as water, land, basic materials, and energy, and also use hazardous substances that pollute natural resources[14]. Globally textile 
companies generate wastes of nearly 92 million tons each year, and the amount is assumed to increase remarkably by 2030 to 
approximately 134 million tons annually (Earth.org, 2023). Additionally, the textile industry produces about 20 % of wastewater and 
nearly 10 % of total carbon emissions globally ([15]; Earth.org, 2022). 

The textile industry is one of the principal parts of the world that generates waste [16]. For global cotton cultivation more than 250 
billion tons of water is necessary annually and for producing 1 kg of cotton fiber approximately ten thousand to twenty thousand liters 
of water is needed ([17]; Trvst. world, 2022). The frequent use of pesticides, normally in cotton cultivation fields is too dangerous for 
the environment [17]. To consider these issues, there is a stunning approach toward environment-friendly and sustainable ways to 
minimize the cultivation of fiber (cotton) [18]. In this concern, using cotton fibers (recycled) sourced from fabric waste may be a 
suitable alternative for cotton cultivation. 

Taking the previously mentioned facts into consideration, it is tried to adopt a sustainable use of cotton (recycled) fibers collected 
from fabric waste (pre-consumer) to manufacture yarn (double core) for denim. Utebay, B. et al. [19] examined the effect of cotton 
(recycled) percentage, spinning method, and yarn count on yarn (ring, compact, and rotor) quality where a mixture of cotton (virgin) 
and cotton (recycled) was used. Babaarslan, O [20] discussed the technique of manufacturing yarn using viscose/polyester and lycra 
on an adjusted spinning frame (ring) to evaluate the properties of yarns. Erbil et al. [21] demonstrated the comparative analysis of 
various yarns and fabric’s properties (performance) where the adjusted ring-spinning frame was used. Chen et al. [22] investigated the 
development of different yarns, where a redesigned (modified) spinning frame and for covering the core’s hollow spindle was used to 
evaluate deformation behavior and auxetic performance. 

Okandan, H. et al [23] investigated the impact of production parameters on yarn characteristics made from cotton (virgin) and 
recycled cotton (50:50) mixture. Erbil et al. [24] investigated the structural and physio-mechanical characteristics of yarns where an 
adjusted ring-spinning frame was used. Yao, W. H. et al. [25] tried to discuss the characteristics of yarn (nylon-covered) where Elasto 
Twister (Hamel) was used. Babaarslan et al. [26] tried to investigate the characteristics of different yarn types where a revised 
ring-spinning system was used. Elrys, S. M. et. al [27] discussed the effect of yarn count and construction on the performances of 
various yarns (dual core). Elrys, S. M. et al. [28] investigated the fabrics (knitted) properties based on structure and materials type 
where tri-core spun yarn was produced using an intermingling process. Uddin, A. J, & Rahman, M [29] compared the recycled yarn 
characteristics produced by compact spinning and ring spinning and found some differences in characteristics. Jabbar, A. et. al [30] 
demonstrated the properties (physical, and mechanical) of yarns (double core) based on the linear density of elastane and polyester. 

Although there are some works to examine the characteristics of yarns manufactured from cotton, viscose, and polyester as sheath 
and different filaments as core materials by different methods and fabric produced from these yarns, no work has been found where 
several filaments and recycled cotton has been used to produce yarn (dual core). The article focuses on developing yarns (dual core) 
using several filaments and cotton fiber (recycled) sourced from waste (pre-consumer) and investigating the properties of yarns. 

2. Materials and methods 

In the work, 328 dtex (18/1 Ne) yarns (double core) have been produced by the redesigned spinning method (ring) from different 
elastomeric components (PES/PBT/T400), elastane, 100 % rigid cotton, and black recycled fiber. Fig. 1, represents the illustration of 
the redesigned spinning method (ring) for manufacturing yarns (double core) [26,31]. Elastane and filament (PES/PBT/T400) were 
inserted into the nip point of rollers (front) with the help of a roller (V-grooved) and core components were wrapped by cotton fiber 
(sheath materials). The filaments draft was confirmed by the speed variation between the roller (front and positive feed) of the drafting 
area. The draft of the elastane had also been confirmed with the speed variation between the roller (elastane package) and roller (front) 
of the drafting area [26,31]. 

For producing yarns, a mixture of 50 % cotton (recycled) fiber shredded from clips of knit garment (pre-consumer) and 50 % cotton 
(virgin) was utilized as a sheath, and characteristics of black cotton (recycled) and cotton (virgin) are expressed in Table 1 which were 
evaluated by Uster HVI 1000 instrument where the color module was changed in the settings. The black recycled cotton was collected 
from a recycling industry where recycled fibers were produced by mechanical recycling technique. Here three types of filaments, 
Polybutylene terephthalate (PBT), Polyester (PES), T400® (Polyethylene terephthalate, PET)/Polytrimethylene terephthalate, PTT), 
and Lycra® were used and the filament’s properties were expressed in Table 2. Six dual-core spun yarns (PBT + elastane + virgin and 
recycled cotton), (PES + elastane + virgin and recycled cotton), (T400 + elastane + virgin and recycled cotton), (PBT + elastane +
virgin cotton), (PES + elastane + virgin cotton) and (T400 + elastane + virgin cotton) with similar linear density (328 dtex) were 
produced and yarn properties (strength (cN/tex), imperfection index (IPI), unevenness%, hairiness, and elongation %) were examined 
to determine the impact of different filaments on the yarns. The produced yarn’s composition is 76 % cotton, 16 % filament (PBT/PES/ 
T400) and 8 % elastane. For comparison, yarn (double core) made with 100 % virgin cotton (denoted by PBT/T-400/PES + elastane +
virgin cotton) was also incorporated. 
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Twenty-five test values were taken and computed mean values were utilized for analysis. The test standard utilized in the study is 
shown in Table 3. 

Statistical analysis (One-way ANOVA) was applied to analyze the properties of different yarns with SPSS 25.0. It was done at a 
0.050 significance level or 95.0 percent confidence level, which indicates if the p-value is less than 0.050, the difference (properties) 
will be significant (statistically) [36]. Here null hypothesis (Ho) is that there is no significant variation among the yarn properties 
produced from different filaments as core components and the alternative hypothesis (H1) is that there is a significant variation among 
the yarn’s properties produced from different filaments as core components. Here, the F value provides evidence against the null 
hypothesis for fabric and yarn properties. 

Table 1 
Properties of cotton (virgin) and cotton (recycled) fiber.  

Fiber Micronaire (μg/inch) Length, mm UI (percentage) SFI Strength (cN/tex) Elongation (percentage) SCI 

100 % virgin cotton 4.1 27.8 82 9.9 30.4 5.6 111 
Black recycled cotton 4.24 23.19 68.2 40.5 13.1 5.1 60  

Fig. 1. Schematic representation of adjusted spinning technique (ring) of yarn (double core) manufacturing: (a) adjusted ring spinning instru-
mentation [26,31], (b) materials combination [26,31], (c) yarn’s (double core) cross-sectional view [26,31]. 

Table 3 
The standard test method is used in the work [32].  

Test of yarn Standard of test Test of yarn Standard of test 

Yarn count (denier/tex) TS 244 EN ISO 2060 
[33] 

Hairiness (yarn) (‘H’) TS 12863 

Yarn irregularity (%CVm, %U, thin places, thick places, and 
Neps) 

TS EN ISO 2060 [34] Strength (cN/tex) and Elongation at break 
(%) 

TS EN ISO 2062:2010 
[35]  

Table 2 
Properties of filaments.  

Filament Strength, cN/tex Elongation, % Finness (dtex) 

T400® (PET/PTT) 28.10 38.08 55 
PBT 27.11 47.14 55 
PES 30.61 40.01 55 
Elastane [2] 6.2–11.5 (400–700) % 78  
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Additionally, a multi-attribute decision-making method named MOORA was also applied to determine the best yarn among three 
yarns based on their properties. MOORA stands for multi-objective optimization based on ratio analysis and it indicates how alter-
natives respond to objectives using ratios." [37]. It consists of some steps and these are- 

Step-1: Create a matrix (decision): 

Here, (C1, C2, …. …., Cn) are attributes/objectives and (A1, A2, A3, …. ….Am) are 
alternatives. 
Step-2: Normalizing the decision matrix: 

The formula which was used to normalize the matrix is. 

k ∗ ij = kij ÷

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

i=1

⌊

kij2
⌋√

[Here, (j = 1,2,3, … … …, n) ] 

Step-3: Calculation of weighted value. 
The weighted value of each attribute was calculated by multiplying each attribute with weight. 
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Step-4: Estimation of Assessment value (yi): 
The formula that was used to determine yi is, 
yi =

∑g
j=1wj.k ∗ ij - 

∑n
j=g+1wj.k ∗ ij [ Here, (j = 1, 2, … …..,n) ] 

Step-5: Rank the alternatives and make a decision: 
After determining the assessment value (yi), ranking was done based on the yi value and making a decision. The alternative that 

shows the highest assessment value was considered best and rank one is given to that and the alternative that shows the lowest 
assessment value was considered worst alternative. 

In the study, three yarns were manufactured based on filament type (PES, PBT, T400) and a mixture of Cotton (virgin) and cotton 
(recycled). So, three alternatives for the MOORA method are PES yarn, PBT yarn, and T400 yarn. Here five properties of these 
manufactured yarns have been investigated, so there are five attributes and these are strength (cN/tex), IPI, unevenness %, 
hairiness, and elongation %. Here beneficial attributes are strength and elongation % and non-beneficial attributes are unevenness 
%, IPI, and hairiness. Here, the five attributes are considered equally important and the weight of the five attributes was given to 
0.20 of each. Based on this attribute using the MOORA method which yarn was best had been determined. 

3. Result and discussion 

3.1. Yarn properties 

Strength: The strength of various yarns (dual core) was illustrated in Fig. 2 and it is clear that there are differences in the strength 
values of Ne18/1 (328 dtex) yarns depending on the type of core material used. It has been shown in the previous study that the T400® 

Fig. 2. Yarn strength.  
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core containing yarn (double core) shows more strength, while the PTT and PBT core containing yarn shows less strength [36]. Yarn 
made with PES filament and elastane gives higher strength, and yarn made with PBT filament and elastane gives lower strength 
because the used PES filament has higher strength than other used filaments. It was noticed that all recycled yarns (double core) give a 
low strength value compared to 100 % cotton yarns (double core) because fibers (recycled) contain more short fibers, and the fiber 
length was comparatively low. Among the twenty-five test results, CV% for strength was 6.3 %. 

Elongation%: The elongation % of various yarns was illustrated in Fig. 3 and it has been expressed in the previous study that 
T400® core containing yarn (double core) shows more elongation %, and PTT and PBT core containing yarn gives less elongation % 
[36]. Yarn made with PBT filament and elastane gives more elongation% and yarn made with PES filament and elastane gives less 
elongation% because the used PBT filament had higher elongation % than other used filaments. It was found that all recycled yarns 
(double core) show a lower elongation value than 100 % cotton yarns (double core) because fibers (recycled) contain a huge amount of 
short fibers. The CV% for elongation was 7.21 % among the twenty-five test results. 

Unevenness%: It has been expressed in the previous study that the PBT core containing yarn (dual core) shows less amount of 
unevenness% [36]. Fig. 4, illustrates the unevenness% of various yarns and yarn made with T400 filament and elastane gives less 
unevenness %, and yarn made with PES filament and elastane gives more unevenness% value. It was noticed that all recycled yarns 
(double core) show more unevenness value compared to 100 % cotton yarns (double core) because the quality of fibers (recycled) was 
not good compared to 100 % cotton. Among the twenty-five test results CV% for unevenness was 3.101 %. 

Hairiness: It has been shown in the previous study that the PTT core containing yarn shows less value of hairiness and the elastane 
yarn shows more value of hairiness [36]. 

Fig. 5 illustrates the hairiness value of various yarns and yarn made with PES filament and elastane gives a lower hairiness value 
and yarn made with PBT filament and elastane gives a higher hairiness value. It was noticed that all recycled yarns (double core) show 
more hairiness value compared to 100 % cotton yarns (double core) because fibers (recycled) contain more short fibers, and the fiber 
length was comparatively low which has been previously discussed. The CV% for hairiness was 6.24 % among the twenty-five test 
results. 

IPI (Imperfection index) of yarns: The thick place (+50)/km, neps (+200)/km, and thin place (− 50)/km are normally considered 
to compute the IPI of yarn. In the study the value of thin place (− 50)/km in the produced yarns was nearly nil, so for analysis thin place 
(− 40)/km was taken for calculation. The imperfection index of yarns (recycled) was illustrated in Fig. 6 and it was noticed that yarn 
made with PES filament and elastane shows more IPI value and yarn made with T-400 filament and elastane shows less IPI value. It was 
also clear that all recycled yarns (double core) show more IPI value compared to 100 % cotton yarns (double core) because fibers 
(recycled) contain a huge amount of short fibers, and the fiber length was relatively low which has been previously described. Among 
the twenty-five test results CV% for IPI was 25.11 %. 

In the case of statistical analysis (One-way ANOVA), it has been found in Table 4, that for all yarns properties, the ‘P’ value is less 
than 0.050, which indicates the rejection of the null hypothesis (Ho) and acceptance of the alternative hypothesis (H1) and there is a 
significant variation for all properties among manufactured yarns from various core materials. 

Lastly, the performance of produced yarns was examined by utilizing in a weaving machine (modern) at an affordable speed (950 
rpm) as weft and found suitable for weaving. 

Based on the aforementioned discussion it was quite difficult to say which yarn is the best to select. So, a multi-attribute decision- 
making process (MOORA) has been applied to find which yarn was the best among all yarns based on their properties. According to this 

Fig. 3. Yarn elongation%.  
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method, the first step is to create a matrix (decision) based on the data and the matrix (decision) is below- 

Here, PES yarn, PBT yarn, and T400 yarn are alternatives, and strength (cN/tex), unevenness%, hairiness, IPI, and elongation % are 
attributes/objectives. 

The second step is to normalize the matrix by using the formula k ∗ ij = kij ÷

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

i=1

⌊

kij2
⌋√

Here, (j = 1,2,3, … … …, n) 

Fig. 4. Yarn unevenness %.  

Fig. 5. Yarn hairiness (H).  
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So, the normalized matrix is below- 

In the third step, it had been calculated the weighted value by multiplying each column with 0.20 because all attributes are 
considered equally important and their weights are equal (0.20). 

So, the weighted values of each attribute are below- 

The fourth step is to estimate the assessment value (yi) by using the formula- 
yi =

∑g
j=1wj.k ∗ ij - 

∑n
j=g+1wj.k ∗ ij (j = 1, 2, … …..,n) 

So, the assessment values of each alternative are below- 

Fig. 6. Imperfection Index (IPI) of yarn.  

Table 4 
Statistical analysis for yarn properties (ANOVA).  

Variable (dependent) F value Sig. Value 

Strength 17.73 0.000 
Elongation % 128.24 0.000 
Unevenness 10.67 0.002 
Hairiness 75.89 0.000 
IPI 11.30 0.030  
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yi=
PES yarn
PBT yarn
T400 yarn

⎡

⎣
− 0.1268
− 0.1174
− 0.1072

⎤

⎦

The fifth step is to rank the alternatives based on assessment value. So the rank of the alternatives is below-  
Yarn type Assessment Value (yi) Rank 

PES yarn − 0.1268 3 
PBT yarn − 0.1174 2 
T400 yarn − 0.1072 1  

In the aforementioned discussion, it is clear that the T400 filament-containing yarn has a higher assessment value than other yarn, 
so the T400 filament-containing yarn was the best yarn concerning properties. 

4. Sustainable approach 

To cultivate cotton (virgin) above 250 billion tons of water are necessary every year globally and nearly ten to twenty thousand 
liters of water are essential to cultivating 1-kg cotton fiber ([17]; Trvst. world, 2022). It is too dangerous for the environment to use 
pesticides frequently, usually in cotton fields [17]. In this study, 50 % cotton (virgin) and 50 % cotton (recycled) were used instead of 
100 % cotton (virgin) to produce yarn (dual core). This process of yarn manufacturing helps to minimize the pressure on the envi-
ronment to cultivate more 100 % virgin cotton. It is clear that when using cotton (recycled) the consumption of water and pesticides 
(hazardous) is too less compared to a conventional process where only 100 % virgin cotton is utilized to produce yarn which is partially 
related and meets the Sustainable Development Goals, SDG- 12 (Responsible Consumption and Production) and that’s why this yarn is 
called sustainable yarn. 

5. Conclusion 

The development of yarns utilizing cotton (recycled) sourced from fabric waste (pre-consumer) gives an innovative and sustainable 
approach to address environmental concerns in the textile and garments industry. Using cotton fibers (recycled) extracted from fabric 
waste (pre-consumer) emerges as a sustainable alternative to conventional cotton cultivation, mitigating the excessive water con-
sumption and pesticide use associated with it. The results expressed significant differences in these characteristics based on the type of 
core material used, demonstrating the potential of recycled cotton in yarn production. It was noticed that PES-containing yarn (dual- 
core) shows higher strength and lower hairiness value, PBT-containing yarn shows a higher elongation % value, and T-400-containing 
yarn shows lower unevenness and imperfection index (IPI) value. To determine the significant differences among yarn properties, 
ANOVA (statistical analysis) was used and found significant variation for all properties among manufactured yarns from various core 
materials. MOORA method helped to determine the best yarn as T-400 filament containing yarn (double core) based on their prop-
erties. Finally, the research contributes to sustainable textile practices by offering insights into the development of yarns (dual core) 
using cotton (recycled) from fabric waste (pre-consumer). 
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