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ABSTRACT

The transition to circular textile manufacturing necessitates the effective incorporation of recycled fibers while ensuring 

consistent fabric performance. This research demonstrates the feasibility of producing circular knitted fabrics from 

recycled cotton, eco-viscose, and modal tri-blend fibres under industrial knitting conditions using full-scale machinery, 

and subsequently introduces a comparative modeling framework to evaluate the effects of recycled cotton content, yarn 

count, and stitch length on fabric areal density and bursting strength. A Box–Behnken design was employed to generate 

knitted fabric samples under controlled processing conditions. Quadratic regression and fuzzy linear regression were used 

to model the relationships between process variables and fabric responses. Both models demonstrated strong predictive 

capability, indicating that recycled fibre content interacts significantly with yarn count and stitch length in determining 

fabric compactness and mechanical resistance. Increasing yarn count and optimizing stitch length were found to enhance 

fabric structural stability. This study integrates predictive modeling with circular material utilization to establish a 

framework that enhances processes and forecasts performance in the production of fabric derived from recycled cotton 

fibers. The resulting fabrics showed GSM values of 118–160 g/m² and bursting strength of 549–853 kPa, indicating stable 

fabric structure and adequate mechanical performance even with recycled cotton incorporation.
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INTRODUCTION

The textile industry is one of the most resource-intensive manufacturing industries in the world. It uses signif

icant amounts of water, energy, and chemicals, and it generates a lot of solid waste and air pollution [1, 2]. The 

traditional linear manufacturing approach has a “take, make, and dispose” structure, which quickly uses up 

resources and creates a lot of waste. As a result, the circular economy has emerged as a strategic framework 

that promotes the reuse, recycling, and regeneration of materials to mitigate their environmental impact and 

extend product life cycles [3, 4]. In the textile sector, circular strategies focus on recovering fibres, employing 

recycled materials, and substituting fresh resources with ones that have been used before [5, 6]. The transition 

toward circular textile systems also aligns with the objectives of the United Nations Sustainable Development 

Goal 12 (SDG 12): Responsible Consumption and Production, which emphasizes efficient resource utilization 

and waste reduction in industrial processes. The incorporation of recycled fibres into textile manufacturing 

contributes directly to this goal by promoting material reuse and reducing dependence on virgin raw materials.

A viable route for circular textile systems is provided by recycled cotton made from pre-consumer fabric waste. 

Growing virgin cotton requires substantial amounts of water, land, and chemicals, which hurt the ecology and 

the climate [7]. Recycled cotton, on the other hand, lessens the need for virgin fiber manufacturing and has a 

smaller impact on the environment as a whole [8]. However, recycled cotton fibers frequently display reduced 

staple length and toughness as a result of mechanical processing during recycling [9]. These traits could have 

an effect on the structure of the yarn, the cohesiveness of the fibers, and the mechanical performance of the 

fabric.

Regenerated cellulosic fibres can be introduced to improve performance while enhancing circularity. Circulose 

is a type of regenerated cellulose pulp made from recycled textile waste and wood pulp that comes from 

sustainably sourced wood pulp. It allows for closed-loop regeneration of cellulose and lessens the need 

for traditional viscose procedures [10, 11]. Textile production can become more circular by using Circulose 

instead of viscose, while yet maintaining desirable fiber properties [12]. This study also used modal fiber to 

make the yarn stronger, more stable in size, and smoother on the surface. Compared to regular viscose fibers, 

modal fibers are noted for being stronger and shinier [13, 14]. So, Circulose, recycled cotton, and modal work 

together to form a fiber system that is both environmentally sustainable and functionally effective.

Even while sustainable fiber replacement is important, there isn’t much validation on an industrial scale 

yet. A lot of earlier research has looked at fiber characterization on a lab scale or yarn level examination 
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[15-17]. There is limited research evidencing the complete substitution of virgin cotton with recycled cotton 

in industrial knitting contexts while preserving satisfactory fabric performance. Yarn count and stitch length 

have a big effect on important structural and mechanical properties of knitted textiles, like GSM (fabric mass 

per unit area) and bursting strength [18, 19]. Modifications in fiber composition and structural characteristics 

influence loop shape, fabric density, and load distribution. So, predictive modeling is needed to figure out how 

to make these relationships better.

Methods like multi linear regression and response surface methodology are frequently utilized to assess inter

actions between process properties in the field of textile engineering [20-25]. Quadratic regression models are 

very effective at finding nonlinear effects and interactions between process factors [26]. These deterministic 

models give accurate core predictions and make optimization easier by requiring less experimentation.

Deterministic regression, on the other hand, assumes that the system will always act the same way. Recycled 

fiber systems exhibit greater variability due to variations in waste feedstock and regeneration processes [27, 

28]. Ignoring this variability could make projections less accurate in real-world industrial settings. Recent 

sustainability research underscores the necessity of integrating uncertainty representation into predictive 

models to enhance decision-making support and risk awareness [29, 30].

Fuzzy linear regression is a novel technique to model that takes into consideration both uncertainty and 

imprecision. In fuzzy regression, coefficients are represented as fuzzy numbers with ranges instead of 

distinct values. This technique yields interval-based forecasts that capture the intrinsic variability present in 

engineering systems [31, 32]. Fuzzy modeling has been utilized in several technical fields; nevertheless, its 

implementation in recycled fiber-based circular textile manufacturing is still restricted. Moreover, there is a 

lack of comparative analyses between deterministic quadratic regression and fuzzy linear regression in the 

same industrial circular textile setting. Integrated investigations encompassing experimental design, complete 

virgin fiber substitution, industrial processing conditions, and comparative predictive modeling are essential.

This study creates a complete framework for making circular fabric using recycled cotton derived from pre-

consumer fabric waste. Circulose as a more environmentally friendly alternative to viscose, and modal fiber 

used here to make the fabric stronger and look better. Recycled cotton was utilized instead of virgin cotton to 

make the fabric more circular. The fabrics were made using a structured Box Behnken experimental design in 

a factory setting for knitting. recycled cotton derived from pre-consumer fabric waste.
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Fuzzy linear regression and quadratic regression models were subsequently created, and both models were 

evaluated using statistical accuracy metrics and fuzzy uncertainty metrics. This study presents a feasible 

framework for sustainable textile production through the integration of circular fiber with deterministic and 

uncertainty-informed predictive modeling. The findings facilitate the advancement of circular textile produc

tion systems while maintaining structural integrity and mechanical efficiency.

MATERIALS AND METHODS

Raw Materials

The recycled cotton fibers from pre-consumer knitted clothing were collected from a local recycling facility 

in Dhaka, Bangladesh. The waste fabrics were shredded by machine to recover recycled cotton fibres. The 

recycled cotton had shorter fibers and more short fibers than virgin cotton since it had been processed me

chanically many times. This study totally replaced virgin cotton with recycled cotton to maximize the utilization 

of circular material. Circulose-based regenerated cellulose fibre was used as an alternative to conventional 

viscose. Recycled textile waste and wood pulp from sustainable sources are mixed together to make circulose 

pulp. This regenerated cellulose technology helps fibers regenerate in a circular way while still working well 

mechanically. Modal fiber was used to make the yarn stronger, longer, and smoother on the surface. Modal 

fibers are made from beech wood pulp and are stronger and more stable than normal viscose fibers. Three 

different tri-blend fibre compositions were prepared to produce the yarns used in the study. The blend ratios 

of recycled cotton, eco-viscose, and modal fibre are presented in Table 1.

Table 1. Fibre blend compositions used for yarn production

Blend No. Recycled Cotton (%) Eco-viscose (%) Modal (%)

1

2

3

25

30

20

45

40

50

30

30

30

To evaluate the quality of the produced tri-blend yarns, several standard yarn parameters were measured. Yarn 

unevenness (CVm%), imperfection index (IPI), and hairiness were determined using an USTER Evenness Tester 

under standard testing conditions. The count strength product (CSP) of the yarns was measured using a Lea 

Yarn Strength Tester following standard yarn strength testing procedures. For each yarn blend composition, 

ten tests were conducted and the average values were recorded. The measured yarn properties for yarns 

https://doi.org/10.31881/TLR.2026.1501 1504 



 SARKER T et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 1501-1526 

containing different proportions of recycled cotton are presented in Table 2. The sharp increase in IPI with 

higher recycled cotton content associated with fibre characteristics rather than an experimental outlier. IPI, 

representing the combined occurrence of thick places, thin places, and neps, is highly sensitive to short fibre 

content. Recycled cotton introduces a higher proportion of short fibres, while modal and eco-viscose fibres 

have relatively longer and more uniform lengths (~38 mm). The increasing short fibre disrupts fibre control in 

the drafting zone, leading to a disproportionate rise in imperfections. This trend is consistent with the increase 

in CVm% and hairiness, and the reduction in CSP, indicating a systematic deterioration in yarn quality with 

increasing recycled fibre content.

Table 2. Yarn quality parameters of tri-blend yarns containing different recycled cotton proportions

Recycled Cotton (%) CVm (%) IPI Hairiness CSP

20

25

30

14.74

15.79

16.93

268

568

933

5.40

5.55

5.75

2295

2120

2067

Fibre Blending and Yarn Manufacturing

The proper amounts of recycled cotton, Circulose-based regenerated fiber, and modal were uniformly 

blended together using the experimental design proportions. To ensure sufficient material for the production 

of industrial yarn and fabric, 25 kg of fiber mixture was prepared for each blending condition. Three blend 

compositions were made using recycled cotton as the base. Recycled cotton made up 20%, 25%, and 30% of 

the total. To ensure the strength and smoothness of the surface, the modal fiber content was kept at 30% 

in all mixtures. Circulose fiber made up the rest of the mix. To keep the total fiber composition at 100%, the 

amount of Circulose was modified based on how much recycled cotton was used.

The combined fibers went through an industrial blow room and then carding. A breaker draw frame with six 

doublings and a finisher draw frame with eight doublings were utilized to make the card slivers more even. 

These processes facilitated homogeneous fibre blending and fibre parallelization, resulting in uniform sliver 

formation. A simplex machine was used to turn the finisher draw frame slivers into rovings. Then, ring spinning 

was done in a factory to make yarns with counts of 26 Ne, 30 Ne, and 34 Ne. To make sure that the structure 

was stable and consistent, the processing parameters were changed based on the yarn count needs. Winding 

was performed using an industrial autoconer machine to produce uniform yarn packages suitable for knitting.
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Fabric Production

Knitted fabrics were produced using a commercial circular knitting machine under industrial operating condi

tions. A 25-inch diameter, 24 gauge knitting machine operating at 12 rpm was used. Stitch length was adjusted 

according to the experimental design. Thirty-six yarn packages were used to feed 36 feeders during knitting 

to ensure stable industrial scale production. After knitting, the fabrics were allowed to relax under standard 

atmospheric conditions for 24 hours prior to testing. This procedure confirmed the technical feasibility of 

producing fabric at industrial scale using fully recycled cotton combined with Circulose and modal fibres. An 

Autoburst Bursting Strength Tester was used to find out how strong the fabric was when it burst, and a James 

Heal GSM Sample Cutter was used to cut a 100 cm² piece of cloth to measure the fabric GSM.

Figure 1. yarn packages of tri-blend yarn produced for knitting; (b) production of knit fabric in commercial circular knitting machine; 

(c) knit fabric; (d) T-shirt produced from fabric.
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Experimental Design

To investigate the combined effects of process parameters on fabric performance, a Box Behnken experimental 

design was employed. This design was selected because it efficiently evaluates quadratic response relation

ships using a limited number of experimental runs while maintaining statistical reliability [33, 34]. Three 

independent variables were considered in this study, namely yarn count (Ne), stitch length (mm), and recycled 

cotton fibre percentage in yarn. Each factor was studied at three levels representing low, center, and high 

conditions. The chosen parameter ranges were established considering industrial production viability and 

the stability of knitting performance. Table 3 shows the coded levels of the independent variables that were 

employed in the experimental design.

Table 3. Independent process variables and their coded levels used in the Box–Behnken experimental design

Parameter Symbol -1 (Low) 0 (Center) +1 (High)

𝑋𝑌 𝐶

𝑋𝑆𝐿

𝑋𝑅

Yarn Count (Ne)

Stitch Length (mm)

Recycled Fibre (%) 𝐹

26

2.70

20

30

2.75

25

34

2.80

30

A three-factor, three-level Box Behnken design matrix was created using the chosen process variables and 

their coded levels. The design has fifteen experimental runs, three of which are repeated center points to 

check for experimental error and model adequacy. The coded numbers show standard factor levels, whereas 

the real values show the genuine industrial settings used to make fabric and yarn. Table 4 shows the entire 

design matrix, which includes both actual and coded values.

Table 4. A Box-Behnken design matrix with three factors and three levels, with coded values of −1, 0, and +1. The real values are the 

proportion of recycled cotton, the yarn count (Ne), and the stitch length (mm)
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Run A (coded) B (coded) C (coded) Recycle Cotton (%) Yarn Count (Ne) Stitch Length (mm)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

−1

−1

+1

+1

−1

−1

+1

+1

0

0

0

0

0

0

0

−1

+1

−1

+1

0

0

0

0

−1

−1

+1

+1

0

0

0

0

0

0

0

−1

+1

−1

+1

−1

+1

−1

+1

0

0

0

25

25

25

25

20

30

20

30

20

30

20

30

25

25

25

26

26

34

34

26

26

34

34

30

30

30

30

30

30

30

2.70

2.80

2.70

2.80

2.75

2.75

2.75

2.75

2.70

2.70

2.80

2.80

2.75

2.75

2.75

Rationale for Employing Quadratic Regression and Fuzzy Linear Regression for Fabric Performance Modeling

The prediction of knitted fabric performance necessitates the consideration of both material properties and 

structural elements. The study shows that variables other than the percentage of recycled fibers affect the 

strength and amount of fabric per square meter. They are also affected by the yarn count and the length of 

the stitches. These three variables interact at the same time within the knitted structure.

Recycled cotton sourced from pre-consumer waste demonstrate diversity in fiber length and strength as a 

result of mechanical recycling methods [35]. But the makeup of the fibers alone does not affect how well the 

cloth works. The count of yarns influences the yarn’s linear density and loop thickness [36]. The length of the 

stitches affects the shape of the loops and how tightly the fabric is packed [37]. The size of the loops and 

the density of the packing change when the yarn count changes [38]. When the stitch length changes, the 

fabric gets tighter and the load is spread out differently [19, 39]. So, the GSM and bursting strength of fabric 

depend on how the recycled fiber content, yarn count, and stitch length work together. These interactions 

are frequently nonlinear. For instance, adding more yarn may make the fabric denser at one stitch length but 

less stable at another stitch length. In the same way, the strength of recycled fiber may change depending on 

how fine the yarn is. Given the presence of nonlinear interactions, quadratic regression provides a suitable 

framework for predicting fabric performance.
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Fabric properties such as GSM and bursting strength are governed by the combined effects of recycled fibre 

content, yarn count, and stitch length, which interact in a nonlinear manner. To capture these effects, a second-

order polynomial (quadratic regression) model was employed [40]. The general second order polynomial 

model is expressed as:

𝑛

𝑖=1

𝑛

𝑖=1

𝑛 𝑛
𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖

2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋
𝑖=1 𝑗=𝑖+1

𝑗

Where, 𝑌 represents the response variable, 𝑋𝑖 represents the independent variables, and 𝛽 represents re

gression coefficients.

Quadratic regression makes reliable central predictions and is useful for process optimization and response 

surface analysis [41]. On the other hand, deterministic regression implies that experimental observations 

are unambiguous and certain [42]. However, recycled fibre systems exhibit inherent variability due to fibre 

damage, length irregularity, and process fluctuations. To incorporate such uncertainty, fuzzy linear regression 

(FLR) was applied. Fuzzy linear regression provides an alternative modeling methodology that integrates 

uncertainty into regression analysis [43, 44]. The general form of fuzzy linear regression is expressed as:

̃
𝑛

𝑌 = 𝑎0 + ∑ 𝑎𝑖𝑋
𝑖=1

𝑖

where each fuzzy coefficient is represented as:

𝑎𝑖 = (𝑎𝑐
𝑖 , 𝑎𝑠

𝑖̃ )

Here, 𝑎𝑐
𝑖 is the central value and 𝑎𝑠

𝑖 is the spread associated with uncertainty.

This study creates a supplementary modeling framework by using both quadratic regression and fuzzy linear 

regression. Quadratic regression finds nonlinear relationships between the content of the fibers, the number 

of yarns, and the length of the stitches [45]. Fuzzy linear regression accounts for the uncertainty arising from 

variations in the recycled fiber and the process [46]. These methodologies work together to develop forecasts 

that are accurate, make sense in the real world, and take into account the fact that producing circular fabric 

on a big scale is not always easy.
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RESULTS AND DISCUSSION

The Box Behnken design stated above was employed in experiments to see how the number of yarns, the 

length of the stitches, and the amount of recycled fiber in the fabric all worked together to affect its perfor

mance. The fabric mass per unit area (in GSM) and bursting strength (in kilopascal) were measured for each 

run. These two reactions were selected because bursting strength indicates how well a building can withstand 

mechanical stress when loads are applied from various directions, while GSM indicates how compact a 

structure is [47].

Table 5 shows the full experimental design matrix and the values that were measured. The results show that 

the GSM and bursting strength vary significantly depending on the combination of process factors used. This 

kind of alteration shows that the way cloth operates relies on the fibers it has and how it is knit.

Table 5. Experimental design matrix and measured responses illustrating the impacts of recycled fiber content, yarn count, and stitch 

length on fabric GSM and bursting strength

Run Recycle fibre % in yarn Yarn Count (Ne) Stitch Length (mm) GSM BS (kPa)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

25

25

25

25

20

30

20

30

20

30

20

30

25

25

25

26

26

34

34

26

26

34

34

30

30

30

30

30

30

30

2.70

2.80

2.70

2.80

2.75

2.75

2.75

2.75

2.70

2.70

2.80

2.80

2.75

2.75

2.75

160

152

129

126

159

156

128

118

140

142

132

130

137

139

135

853

724

654

549

755

759

614

598

773

746

673

634

705

710

701

Performance of the Fuzzy Linear Regression Model

Table 6 shows the statistical performance indicators for the fuzzy linear regression (FLR) models that were 

made to estimate fabric GSM and bursting strength based on the proportion of recycled fiber, yarn count, and 

stitch length. Using the core crisp predictions of the fuzzy model, the coefficient of determination (R²), the 
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mean absolute error (MAE), and the root mean square error (RMSE) were found. Also, total vagueness, which 

is the sum of the coefficient spreads, to measure uncertainty, was figured out.

Table 6. The fuzzy linear regression (FLR) models’ performance metrics for predicting fabric GSM and bursting strength

Response Variable R² MAE RMSE Total Vagueness (Σ spreads)

GSM

BS (kPa)

0.9234

0.9480

3.0106

15.0677

3.4196

17.2418

0.3085

17.1818

The FLR model demonstrates strong predictive capability for both responses. GSM has an excellent linear 

explainability because its R² value is 0.9234. The low MAE and RMSE results show that the central predictions 

are correct within the range of the experiment [48]. Bursting strength has a R² value of 0.9480, which shows 

that it is even more accurate at predicting things. This shows that it is very dependent on the composition of 

the fibers and the structural factors.

The overall ambiguity numbers reveal that GSM behaves in a fairly steady way, but the bursting strength is 

uncertain. This behavior is physically justified because the structure of the loop, the strength of the yarn, and 

how the load is spread out under stress from all directions all determine how strong the yarn can burst. Overall, 

the FLR model generates accurate predictions and also takes into consideration the fact that interactions 

between recycled fiber and knitting settings can be uncertain.

Analysis of Model Uncertainty and Total Vagueness

The spreads of the regression coefficients show how uncertain the model is in fuzzy linear regression. The 

total vagueness is the sum of these spreads [49]. It shows how unclear the model is overall. FLR gives interval-

based predictions by adding variability to the regression coefficients, which is different from deterministic 

regression. In addition, a minor portion of the observed vagueness may arise from measurement-related 

uncertainties during sample testing, including instrument precision and testing conditions.

The total ambiguity value for GSM is 0.3085. The fact that the spread is so small shows that the amount of 

fabric mass per unit area is controlled by stable structural relationships between the proportion of recycled 

fiber, the yarn count, and the stitch length. The strong R² value of 0.9234, together with the low MAE of 3.0106 

and RMSE of 3.4196, shows that GSM predictions are both correct and consistent in the experimental region. 

The total vagueness value for bursting strength, however, is much greater at 17.1818. The expected accuracy 

is still excellent, with R² equal to 0.9480, MAE equal to 15.0677, and RMSE equal to 17.2418. But the bigger 
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spread means that modifications in materials and structures have a bigger effect on bursting strength. This 

behavior makes sense physiologically since the strength of the yarn, how the loops fit together, how well the 

fibers hold together, and how the tension is distributed out in various directions all determine how strong 

the yarn is. In systems that employ recycled fiber, little changes to the length of the stitches or the quantity 

of yarns may have an effect on how the machine performs. Microscopic observations of the knitted fabric 

surfaces further support the variability associated with recycled fibre systems.

Figure 2. Microscopic images of knitted fabrics containing (a) 30% recycled cotton and (b) 20% recycled cotton, showing increased 

fibre protrusion and surface hairiness with higher recycled cotton content.

Figure 2 presents fabric images produced with 20% and 30% recycled cotton content in the tri-blend yarn. The 

sample containing 30% recycled cotton exhibits a higher number of protruding surface fibres compared with 

the 20% recycled cotton sample. These fibres originate mainly from the shorter fibre fragments generated 

during the mechanical recycling process. The increased surface hairiness and fibre protrusion introduce struc

tural irregularities within the knitted loops, which may influence stress distribution under multidirectional 

loading conditions. Such structural variability provides physical evidence for the uncertainty captured by the 

fuzzy linear regression model, particularly in the prediction of bursting strength.

Fuzzy Regression Equations for Fabric Property Prediction

Table 7 displays the fuzzy linear regression equations that were used to figure out the fabric’s GSM and 

bursting strength based on the amount of recycled fiber, the yarn count, and the stitch length. Each regression 

coefficient in these equations is a fuzzy integer with a middle value and a range of values. The center value 

tells how much each parameter adds to the model, while the spread tells the model’s uncertainty [50].
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Table 7. Fuzzy linear regression (FLR) equations developed for predicting fabric GSM and bursting strength

Equation

𝑌GSM = (447.5745, 0) − (0.2000, 0)𝑋RF − (3.7181, 0.3085)𝑋Ne − (69.7872, 0)𝑋SL

𝑌BS = (4064.3750, 0) + (0.1500, 0)𝑋RF − (19.8125, 0)𝑋Ne − (1008.5909, 17.1818)𝑋SL

For GSM, yarn count exhibits a non-zero spread of 0.3085, indicating that structural fineness contributes to 

model uncertainty. The negative central coefficient of thread length shows that making the stitch longer makes 

the fabric less dense. The proportion of recycled fiber has a small negative central effect and no spread, which 

means that its effect is quite constant within the experimental range. The stitch length has a range of 17.1818 

for bursting strength, which is why the overall ambiguity was higher earlier. This shows that the strength of 

a burst is very sensitive to the shape of the loop and how loose the structure is. The negative central effect 

of yarn count illustrates that finer yarns do affect mechanical resistance. The percentage of recycled fiber 

exhibits a minor positive central effect in the range that was chosen.

Overall, the fuzzy regression equations give both a way to evaluate process parameters and a way to show 

how unpredictable things are in circular fabric manufacturing processes.

Interpretation of Fuzzy Regression Interval Plots

The fuzzy regression interval graphs (Figure 3) show that the experimental data and model predictions for 

both GSM and bursting strength are extremely near to one other. The GSM plot includes a number of data 

points in the little fuzzy interval, which makes sense considering the overall vagueness value is just 0.3085. 

The main prediction line fits the pattern of the test quite closely. This means that the structure keeps the same 

even when the yarn count, stitch length, and quantity of recycled fiber vary. The bursting strength plot, on the 

other hand, has a broader fuzzy interval since the total vagueness value is 17.1818, which is greater. Even if 

the variability is more, most of the experimental data is still within the range that was predicted. This means 

that the model works well. It makes logical that the bursting strength range is greater since the way the loops 

are set up and how the fibers interact have a higher influence on mechanical resistance than the weight of the 

fabric. In general, the figures show that the fuzzy linear regression model makes accurate central predictions 

while also capturing uncertainty in the conditions of making circular fabric.
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Figure 3. Fuzzy Regression Interval Plots: (a) GSM and (b) BS

Response Surface Prediction Analysis

Figure 4 shows the three-dimensional fuzzy linear regression response surfaces for GSM and bursting strength 

when the recycled fiber levels are 20%, 25%, and 30%. The surfaces show how the number of yarns and the 

length of the stitches work together to affect the performance of the fabric in the experimental area. The 

response surfaces for GSM show that, in general, increasing the yarn count makes the fabric less heavy per 

unit area. This behavior makes sense since thinner yarns make fabric structures that are lighter and less dense 

[51]. Increasing the length of the stitches also lowers the GSM since longer loops make the fabric structure 

looser and less dense. The surfaces have the same slope patterns at all levels of recycled fiber, which shows 

that yarn count and stitch length have a constant effect on structure. However, little changes in the height 

of the surface can be seen when the amount of recycled fiber changes, which shows that it has a secondary 

effect on fabric density.
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Figure 4. FLR projected response surfaces that show how the number of yarns and the length of the stitches affect the GSM and 

bursting strength of fabric at varying percentages of recycled fiber.

The surfaces show that both yarn count and stitch length have a big effect on mechanical performance when 

it comes to bursting strength. Longer stitches don’t fit together as well; therefore, the structure isn’t as tight, 

which makes the bursting strength lower. The quantity of yarns can also change how strong something is. For 

instance, yarns that are somewhat fine react more strongly to strength. The bursting strength surfaces had 

more fluctuation than GSM, which makes sense since the fuzzy interval analysis showed higher uncertainty.

The response surface plots show that the length of the stitches, the number of yarns, and the quantity of 

recycled fiber all impact each other. The three-dimensional graphic indicates that fuzzy regression is a suitable 

technique to understand how circular knitted fabric systems work and how they are built.

Performance of the Quadratic Regression Model

Table 8 displays the statistical performance metrics for the quadratic regression models that were used to 

guess the fabric’s GSM and bursting strength based on the amount of recycled fiber, the yarn count, and the 
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length of the stitches. The root means square error (RMSE), mean absolute error (MAE), and coefficient of 

determination (R²) were used to check how accurate the model was.

Table 8. Statistical performance of the quadratic regression models for predicting GSM and bursting strength

Response Variable R² MAE RMSE

GSM

BS (kPa)

0.9350

0.9570

1.5333

7.2222

1.9536

8.6165

The quadratic regression model demonstrates its capability to reliably forecast both answers. The R² score of 

0.9350 for GSM suggests that the model can explain 93.5% of the variations in fabric mass per unit area. The 

MAE and RMSE values are low, which shows that the predictions were quite close to what really happened 

in the experiment. The model works even better for bursting strength, with a R² value of 0.9570. The low 

MAE and RMSE statistics show that the mechanical behavior was anticipated rather effectively. The quadratic 

regression model demonstrates strong predictive capability of showing how the amount of recycled fiber, 

the number of yarns, and the length of the stitch interact in a nonlinear way. While the quadratic regression 

models demonstrated strong predictive accuracy, their statistical adequacy was further evaluated using 

analysis of variance (ANOVA).

Table 9. ANOVA results for the selected quadratic regression models of fabric GSM and bursting strength

Response 
variable

Source Sum of squares

 

 

DF

 

 

Mean square F-value p-value Remark

GSM Model

Lack of fit

Pure error

Model

Lack of fit

Bursting 
strength

Pure error

2232.48

49.25

8.00

84570.07

1073.00

40.67

9

3

2

9

3

2

248.05

16.42

4.00

9396.67

357.67

20.33

21.66

4.10

-

42.19

17.59

-

0.0017

0.2021

-

0.0003

0.0543

-

Significant

Not significant

-

Significant

Not significant

-

The ANOVA results indicate that both models are statistically significant, with p-values of 0.0017 for GSM and 

0.0003 for bursting strength. The corresponding F-values further confirm the strong explanatory power of the 

models. Moreover, the lack-of-fit tests were not significant (p = 0.2021 for GSM and p = 0.0543 for bursting 

strength), indicating that the models adequately represent the experimental data. Although the quadratic 

models were found to be statistically significant and exhibited no significant lack of fit, it should be noted 
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that the models were developed using the three-factor Box–Behnken design. While this design is sufficient for 

estimating second-order effects within the selected factor space, a larger experimental dataset would further 

enhance the robustness and generalizability of both the quadratic and fuzzy regression models. In industrial 

cycle manufacturing contexts, the quadratic model correctly and consistently predicts the mechanical and 

structural properties of fabric.

Quadratic Regression Equations for Fabric Property Prediction

The quadratic regression equations in Table 10 were created to guess the GSM and bursting strength of fabric. 

These equations explain the percentage of recycled fiber, the yarn count, and the stitch length work together 

to change a fabric functions.

Table 10. Quadratic Regression Equation

Equation

𝐺𝑆𝑀 = 1629.50 + 15.80𝑋RF − 35.8125𝑋YC − 715.00𝑋SL −0.050𝑋RF
2 + 0.28125𝑋YC

2 + 100.00𝑋SL
2 −0.0875𝑋RF𝑋YC −

4.00𝑋RF𝑋SL + 6.25𝑋YC𝑋SL

𝐵𝑆 = 26952.00 + 50.8833𝑋RF − 31.1250𝑋YC − 17848.3333𝑋SL −0.2467𝑋RF
2 − 1.1042𝑋YC

2 + 2933.3333𝑋SL
2

−0.2500𝑋RF𝑋YC − 12.00𝑋RF𝑋SL + 30.00𝑋YC𝑋SL

𝑋RF = Recycle Cotton%,𝑋YC = Yarn Count (Ne),𝑋SL = Stitch Length

For GSM, yarn count and stitch length have strong negative linear effects, which means that finer yarn and 

longer stitch length make the fabric less dense per unit area. The positive squared terms show that there 

is curvature in the experimental domain. The interaction terms show that the content of the fibers and the 

structural factors both affect how tightly the fabric is packed. For bursting strength, stitch length has a large 

negative linear influence. This shows that a looser fabric structure makes it less resistant to mechanical stress. 

The interaction factors between yarn count and stitch length show that there are important structural inter

action effects. The existence of quadratic factors validates nonlinear mechanical behavior under fluctuating 

process circumstances [52].

Interpretation of Quadratic Regression Model

The graphs that show the actual versus anticipated values for GSM and bursting strength show how well the 

quadratic regression model can make predictions. The projected values in both figures are closely aligned with 

the 45° reference line, which shows that the experimental and modeled responses are very similar.
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Figure 5. Actual versus Predicted Quadratic Regression Model (a) GSM and (b) BS

The data points for GSM are quite close to the reference line, which shows that the model is stable and makes 

accurate predictions. This observation aligns with the R² value of 0.9350 and the minimal MAE (1.5333) and 

RMSE (1.9536). The little gap between the actual and predicted results suggests that the quadratic model 

correctly captures both linear and curvature effects in the region where the experiment took place.

There is also a significant connection to the power of the burst. The points remain close to the reference 

line, which is why the R² value is so high (0.9570) and the prediction errors are so low (MAE = 7.2222, RMSE 

= 8.6165). Because recycled fiber systems aren’t always the same, some differences in strength values may 

happen.

The figures show that the quadratic regression model can accurately and consistently forecast the cloth’s 

mechanical and structural characteristics for the circumstances of the process.

Quadratic Response Surface Analysis

Figure 6 shows the three-dimensional quadratic regression response surfaces for GSM and bursting strength 

when the fraction of recycled fiber is 20%, 25%, or 30%. The surfaces demonstrate how the quantity of yarns 

and the length of the stitches work together to change how the fabric works in the experiment.
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The surfaces have a strong nonlinear trend for GSM. Adding more yarn decreases GSM because finer yarns 

make fabric structures that are lighter. As the length of the loops increases and the fabric gets less compact, 

the GSM likewise goes down. The curvature seen in the surfaces shows that there are quadratic impacts, 

which means that the relationship is not only linear. The overall form of the surface stays the same across all 

levels of recycled fiber, however there are some little changes in size that may be seen. For bursting strength, 

the reaction surfaces are quite sensitive to the length of the stitches. A longer stitch length makes the loop 

structure looser and the interlocking less strong, which makes the bursting strength lower. The number of 

yarns also affects how the material behaves mechanically. Generally, finer yarns make the material weaker. 

The pattern of the curved surface shows how the process variables interact with each other and how they 

affect each other in a second-order way.

The quadratic response surfaces show that there are interaction and curvature effects in the experimental 

domain. The quadratic model gives a smooth deterministic surface that shows how nonlinear structural and 

mechanical behavior changes with different amounts of recycled fiber.

Figure 6. Quadratic regression predicted response surfaces illustrating the combined effects of yarn count and stitch length on fabric 

GSM and bursting strength at different recycled fibre percentages.
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CONCLUSION

This study examined the structural and mechanical performance of circular knitted fabrics made from pre-

consumer recycled cotton, Circulose-based regenerated fiber, and modal under industrial manufacturing 

conditions using full-scale machinery. Recycled cotton totally replaced virgin cotton, and Circulose was 

employed as a more environmentally friendly alternative to regular viscose. Modal was added to enhance 

mechanical performance and surface characteristics. A Box Behnken experimental design was used to rigor

ously study how the proportion of recycled fiber, the number of yarns, and the length of the stitches affected 

the fabric’s GSM and bursting strength.

Both quadratic regression and fuzzy linear regression models were successfully developed to predict fabric 

performance. The quadratic model demonstrated strong predictive capability, with R² values of 0.9350 for 

GSM and 0.9570 for bursting strength, confirming its ability to capture nonlinear interaction and curvature 

effects. The fuzzy linear regression model also showed high prediction accuracy (R² = 0.9234 for GSM 

and 0.9480 for bursting strength) while additionally quantifying model uncertainty through total vagueness 

analysis.

Response surface analysis indicated that fabric weight and mechanical resistance are significantly influenced 

by stitch length and yarn count. The structure of the fabric doesn’t vary significantly within the designated 

range, even with a lot of recycled fiber in it. GSM exhibited relatively stable behavior, whereas structural 

variations had a more pronounced effect on bursting strength.

The findings indicate that extensive use of sustainable tri-blend yarns made from recycled cotton, Circulose, 

and modal might exhibit commendable structural and mechanical performance. The comparative modeling 

method provides some predictions and evaluations that take uncertainty into consideration. This ensures 

reliable fabric design and performance under variable industrial manufacturing conditions.

RESEARCH HIGHLIGHTS

• A framework for a circular economy was used to make fabrics that have recycled fiber content.

• The Box–Behnken experimental design was used to systematically study how recycled fiber (%), yarn count, 

and stitch length affect each other.

• Fuzzy Linear Regression (FLR) modeling was developed to predict the GSM and bursting strength of cloth 

when the process is not certain.
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• Quadratic regression modeling was created to forecast fabric GSM and bursting strength, and FLR gave 

prediction intervals that took uncertainty into account.

• The suggested modeling method helps with optimization in the making of circular textiles.
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