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ABSTRACT

Textile industries are increasingly shifting toward eco-friendly fibers in response to environmental concerns, regulatory
pressures, rising raw material costs, and growing consumer demand for sustainable apparel. In this context, a sustainable
tri-blend yarn was developed using eco-viscose, recycled cotton, and modal fibers. The eco-viscose comprised a 30/70
blend of Circulose and Ecovero pulps, where Circulose is derived from post-consumer cotton textile waste and Ecovero
originates from sustainably managed wood sources. Recycled cotton was incorporated as a partial substitute for virgin
cotton, while a substantial proportion of modal fiber was included to enhance the mechanical performance required
for fabric production. An extreme vertices mixture design combined with response surface methodology was employed
to optimize the blend proportions. The design generated fourteen experimental runs, including replicates. Yarn quality
parameters were evaluated, and regression models were developed to describe the responses. The optimization targeted
minimization of unevenness, imperfection index, and hairiness, alongside maximization of count strength product (CSP),
tenacity, and elongation. The optimal blend composition was obtained as 40.0% eco-viscose, 20.3% recycled cotton,
and 39.7% modal. Experimental validation showed good agreement with predicted values, with deviations ranging from

0.23% to 4.97%, confirming the adequacy and reliability of the developed models.
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INTRODUCTION

The “fast fashion” business strategy was embraced by major international clothing stores in the 1990s in order
to manufacture vast quantities of inexpensive, trendy clothing that reacts swiftly to shift in customer demand

[1-3]. Fast fashion allows customers to buy trendy garments at low prices, but it is essentially unsustainable,
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as it speeds up fiber utilization and clothing disposal and presents a significant environmental challenge [4-7].
This includes significant environmental burdens on water consumption, pollution, microplastics, toxic chem-
icals, and carbon emissions [8-10]. Disposable fashion produces around 92 million tons of textile trash every
year, and this number is projected to be around 134 million tons by the year 2030 [11]. In addition, the sector
accounts for 20% of global wastewater discharge and 10% of global carbon emissions [12]. This has made
the sector more integrated with Sustainable Development Goal (SDG) 12 for responsible consumption and
production, through sound chemical management and waste reduction through recycling and reuse [13-14].
Cotton is the second most widely produced fiber globally, after polyester, and nearly 75% of clothing contains
some portion of cotton [15]. On the contrary, cotton production is very water-intensive, consuming around
198 Gm?3 of water globally every year [16], and producing 1 kg of cotton fiber requires 10,000-20,000 L of water
[17]. The production of cotton is also reliant on a great deal of pesticides and fertilizers that are harmful to the
environment and human health, whilst the dyeing and finishing of cotton products adds to the wastewater
pollution. Consequently, there is a rising focus on decreasing the dependence on virgin cotton by utilizing
sustainable alternatives, especially the recycled cotton fibers sourced from textile waste, which require less
environmental load and lessen the consumption of newly grown cotton [18-19].

Viscose fiber, primarily derived from wood pulp, is valued for its silky luster, softness, moisture absorbency, and
drape but exhibits relatively low strength, especially in wet conditions [20]. Conventional viscose production
contributes to deforestation and depends on hazardous chemicals that pose environmental and occupational
health risks. Carbon disulfide exposure can adversely affect workers’ reproductive health and nervous systems,
while sodium hydroxide causes severe corrosion [21]. In addition, large volumes of wastewater are generated
during viscose production, and insufficient treatment often leads to polluted effluents being discharged into
waterways [22-23].

To address these concerns, Renewcell developed a process to convert cellulosic textile waste into a biodegrad-
able pulp known as Circulose [24]. Circulose pulp may be used to produce regenerated fibers, including
viscose, lyocell, or modal, and has mostly been employed in viscose manufacturing without the usage of
toxic chemicals [25]. Textiles derived from circulose allow the production of high-quality clothes composed
completely of recycled materials. The pulp is abundant in cellulose, predominantly derived from cotton, with

its cellulose concentration rising from 90-95% to nearly 99% following scouring and bleaching processes
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that eliminate impurities [26-27], enhancing desirable fiber characteristics such as strength, durability, and
absorbency.

Eco-viscose, marketed as Ecovero, is a sustainable viscose fiber created by the Austrian firm Lenzing, derived
from certified renewable wood sources. The raw materials are sourced from sustainably managed forests
certified by entities such as the Forest Stewardship Council (FSC) and the Programme for the Endorsement
of Forest Certification (PEFC). These certifications ensure that the raw materials are obtained responsibly
without causing deforestation or ecological degradation. In contrast to traditional viscose, the manufacture
of eco-viscose necessitates considerably reduced water and energy use while producing less emissions [28].

Modal fiber, which comes largely from beech tree pulp, is known for being stronger and more elastic than
other types of fiber. Compared to cotton, it absorbs more, lasts longer, dries faster, and is less likely to pill,
making it good for things like underwear and sports [29]. Modal stays strong in wet places and doesn’t shrink
much after washing [30]. Modal is frequently thought to be better for the environment than cotton since
beech trees grow quickly, use less water, and help absorb CO, from the air [31].

In addition to selecting sustainable fiber resources, optimizing the processing parameters and blend compo-
sition is essential to ensure that recycled and regenerated fibers can meet industrial yarn quality requirements.
In textile manufacturing, the interactions among multiple variables such as fiber properties, blend ratios, and
spinning conditions often influence the final yarn characteristics in a complex and nonlinear manner [32]. To
address such complexity, statistical design and optimization techniques have been increasingly adopted to
systematically evaluate the relationships between process variables and product responses while minimizing
experimental effort [33]. Methods such as Central Composite Design (CCD), Response Surface Methodology
(RSM), artificial neural networks (ANN), machine learning models, and hybrid statistical-computational frame-
works have been widely applied for process optimization in various material and chemical systems [34-37].
These modern statistical approaches enable efficient parameter selection, process optimization, and perfor-
mance prediction, thereby supporting the development of sustainable materials and industrial processes [38].
Recent research has investigated sustainable tri-blend yarns based on recycled cotton, recycled polyester,
and regenerated fibers, where statistical and Al-based modeling methods have been applied to optimize yarn
performance and blend composition [39-40]. Unlike many previous studies that incorporate recycled cotton
only at limited levels with the virgin cotton [41], the present work demonstrates the complete replacement

of virgin cotton with recycled cotton in producing ring-spun yarns through an optimized combination of
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recycled cotton, eco-viscose, and modal fibers. The novelty of this study lies not only in the statistical
techniques themselves, but in their industrial-scale application using quadratic mixture regression modeling,
response surface methodology (RSM), and desirability-based multi-response optimization to optimize a newly
developed eco-viscose system composed of Circulose and Ecovero pulp in combination with recycled cotton
under strict spinnability and fabric-manufacturing constraints. Integrated assessment approaches considering
mechanical performance, economic feasibility, and environmental impact are increasingly used to evaluate
the sustainability of new material systems [42]. By integrating quadratic mixture modeling with experimental
validation at yarn, this study provides a scalable and industry-relevant framework for maximizing recycled

fiber utilization while maintaining yarn performance, processability, and cost efficiency.

MATERIALS AND METHODS
Raw Materials

Recycled cotton fibers (purple in color), obtained by shredding purple pre-consumer knit garment clips, were
sourced from Akij Recycled Plant, Dhaka, Bangladesh. The use of purple recycled fibers was deliberately
chosen to impart a distinctive mélange shade to the yarn, in contrast to the predominantly grey mélange
yarns commonly available in the market. However, the recycled fibers were produced through an industrial
mechanical shredding process involving multi-stage opening and fiberization, where a sequence of tearing
and opening rollers progressively disintegrated the fabric into individual fibers. Owing to the aggressive nature
of this process, some reduction in fiber length, increased short fiber content, and partial loss of fiber strength
are unavoidable.

Fiber quality was assessed using High Volume Instrument (HVI), and the corresponding results are presented
in Table 1.

Eco-viscose (made from a 30/70 blend of Circulose and Ecovero pulp) and Modal fiber, both originating from
China, were collected through local suppliers. Figs. 1 (a-c) shows the three fiber types employed in this study,
along with their microscopic images. The properties of these fibers, determined using a High-Volume Instru-
ment (HVI) according to ASTM D5867-05 [43] and supported by information from supplier documentation,

are summarized in Table 1.

https://doi.org/10.31881/TLR.2026.6157 6160



ALAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6157-6190
Table 1. Properties of fibres used

Parameters Recycled cotton Eco-viscose Modal
Length or Upper Half Mean Length (UHML) (mm) 24.30+0.40 38.00 38.00
Uniformity Index 63.51+1.04 - -

Fineness (dtex) 1.77 £0.01 1.33 1.30

Short fiber content (SFC)% (< 12.7 mm) 41.80+1.90 - -

Tenacity (cN/tex) 18.51+0.88 23.40 36.00
Elongation (%) 7.01+0.12 17.30 14.00
Moisture regains (%) 8.50 £ 0.03 11.51 11.20
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Figure 1. (a) Eco-viscose (b) Recycled cotton, and (c) Modal fiber and their respective microscopic images (50x).
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Experimental design and optimization process

A quadratic mixture design combined with response surface methodology (RSM) was employed to determine
the optimal proportions of recycled cotton, eco-viscose, and modal fibres for producing sustainable tri-blend
yarns with balanced quality and performance. Statistical analyses such as regression, analysis of variance
(ANOVA), and desirability-based multi-response optimization were performed in Minitab statistical software
(Version 2022).

The responses recorded in mixture experiments mainly depend on the proportions of the components and
not on absolute amounts, subject to the constraint that the sum of all components equals unity. Accordingly,
recycled cotton (X1), eco-viscose (X2), and modal (X3) were treated as mixture variables satisfying the condi-
tion X1 + X2 + X3 = 100%.

Based on industrial spinning practice and supporting literature, lower and upper bounds were imposed on
each component to ensure spinnability and acceptable yarn quality. The selected bounds were defined based
on practical spinnability limits observed in industrial processing, where higher proportions of recycled cotton
(>30%) tend to result in excessive yarn irregularity, increased breakage, and unstable spinning due to the high
short-fiber content and reduced fiber cohesion [41]. Conversely, reducing recycled cotton below 20% would
limit the sustainability objective of incorporating a meaningful proportion of recycled material. Therefore, the
chosen range represents a balanced and practically achievable domain that ensures process stability while
maintaining significant recycled fiber utilization. The adopted constraint-based design focuses on identifying
an optimal composition within this feasible region rather than exploring unrealistic or non-spinnable blend
ratios. Eco-viscose was constrained within the range of 40-60% to enhance softness and moisture absorbency,
while modal was maintained between 20-40% to compensate for strength loss and to improve elongation.
These limits defined the feasible experimental region for the mixture design.

The experimental design was generated using an Extreme Vertices mixture design, resulting in 14 experimental
runs consisting of 9 distinct design points and 5 replicated runs, which were included to estimate experimental
error and verify the reproducibility of the measured yarn properties. Table 2 displays the proportions of

recycled cotton, eco-viscose, and modal for each trial run.
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Table 2. Proportion of mixture component for experimental runs

Blend ratio
Run X1% (r-Cotton) X2% (Eco-viscose) X3% (Modal)
1 22.5 53.75 23.75
2 20 40 40
3 20 60 20
4 30 40 30
5 22.5 43.75 33.75
6 25 47.5 27.5
7 30 40 30
8 25 47.5 27.5
9 20 60 20
10 20 40 40
11 27.5 43.75 28.75
12 30 50 20
13 27.5 48.75 23.75
14 30 50 20

- Blend constraints: 20 < X1 < 30%, 40 < X2 < 60%, 20 < X3 <40%
- Mixture constraint: X1 + X2 + X3 = 100%
- Replicate runs (run number 7, 8, 9, 10 and 14) were included to evaluate experimental variability and model

robustness.

Six yarn quality parameters were considered as response variables in the experimental design. The coefficient
of mass variation (CVm%) was defined as Y1, imperfection index (IPl) as Y2, hairiness as Y3, count strength
product (CSP) as Y4, tenacity (cN/tex) as Y5, and elongation (%) as Y6. Mixture design also determined the
number of experimental runs (fourteen in this case) and specified the proportion of each fiber component,
such as X1 % (recycled fiber), X2% (eco-viscose), and X3% (modal), for each run, as presented in Table 2.
The experimental data were fitted to quadratic mixture regression models to account for both individual
component effects and binary interaction effects among the fibres.

Model adequacy was evaluated using standard statistical indicators, including the coefficient of determination
(R?), adjusted R?, predicted R?, and predicted residual sum of squares (PRESS). The validated models were
subsequently employed in a desirability-function-based multi-response optimization framework to simulta-
neously minimize yarn irregularity and surface defects while maximizing mechanical performance. The overall

experimental workflow adopted in this study is schematically illustrated in Fig. 2.
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Select the maximum and minimum% of each component

Use extreme vertices design that suggests several experimental
runs with different mixing ratios

Perform regression- and ANOVA analysis to generate the
response surface equations

Produce yarn and verify the optimized solution
Verification of optimized solutions

Figure 2. Schematic representation of the experimental design and mixture-based optimization procedure.

Preparation of Yarn Samples

Accurately weighed amounts of recycled cotton, eco-viscose, and modal fibers were blended according to
the experimental runs in Table 2 to prepare an approximately 25 kg fiber mixture. This quantity ensured the
production of at least 10 rovings (>1 kg each), providing sufficient material for yarn testing and fabric sample
preparation. The fibers were thoroughly hand-mixed and conditioned at ambient temperature for a minimum

of eight hours prior to processing.
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The blended fibers were processed through the blow room and fed into the carding machine via chute
feed. The carded slivers were then equalized in two stages: first in the breaker draw frame (6-doubling) and
subsequently in the finisher draw frame (8-doubling). Fiber blending was initiated through manual mixing and
progressively enhanced during blow room, carding, and draw-frame processing. A homogeneous fiber blend

was ultimately achieved at the finisher draw frame, as evidenced by the sliver images in Fig. 3.

Figure 3. Delivery slivers obtained from (a) the carding machine, (b) breaker draw frame, and (c) finisher draw frame.

The finisher-drawn slivers were processed on the Simplex machine to produce rovings, which were subse-
quently fed into the creels of the ring-spinning frame to spin 30 Ne (19.68 Tex) yarns. Detailed technical
specifications of the yarn production process are listed in Table 3. Following this procedure fourteen sets of
yarn samples corresponding to the different blend ratios from the fourteen experimental runs (outlined in

Table 2) were successfully manufactured.
Experimental instruments, testing conditions, and standards

The instruments and relevant standards employed for fibre and yarn characterization in this study are
summarized in Table 4. Before testing, the specimens were conditioned at a standard testing atmosphere
of 65 + 2% relative humidity and 27 % 2 °C, representative of tropical conditions, in accordance with ASTM
D1776/D1776M-15 [44]. For each experimental run, ten bobbin samples were tested, and the reported yarn

properties represent the mean values of these ten measurements.

Table 3. Production parameters for producing tri-blend yarn

Processing stage Equipment (manufacturer & Country of origin  Output material & lin- Operating conditions
model) ear density

Bale opening & blow Tritzschler BO-E 1200 with Germany Card mat, 650 ktex Throughput = 1000

room TO-T1 chute feed kg-h™
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Processing stage

Equipment (manufacturer &

model)

Country of origin

Output material & lin-

Operating conditions

Carding

Breaker drawing

Finisher drawing

Roving (simplex)

Ring spinning

Tritzschler T19i card

Rieter SB-D 50 draw frame

Rieter RSB-D 50 draw frame

HongYuan HY492E

Jingwei F1508

ear density
Germany Card sliver, 6.38 ktex Production rate = 50
kg-h™
Switzerland Drawn sliver, 5.88 ktex ~ Delivery speed 600
m-min~', 6 doublings
Switzerland Drawn sliver, 5.30 ktex ~ Delivery speed 600
m-min~', 8 doublings
China Roving, 0.79 ktex (TPl Flyer speed =900 rpm
0.85)
China Yarn count 30 Ne (19.68 Spindle speed = 16,000

tex), TP1 20.40

rom

Table 4. Instruments, testing conditions, and standards used for fibre and yarn characterization

Property / Analysis Instrument / Equipment Manufacturer & Model Test conditions Standard
Fibre characterization High Volume Instrument Uster Technologies Standard laboratory con- ASTM
(HVI1) and ditions D5867-05
Advanced Fiber Informa- Uster Technologies Standard laboratory con- ASTM
tion System (AFIS Pro-2) ditions D5866-05
Yarn mass variation  Uster® Tester 6 (UT 6) Uster Technologies, Massvariationat8 mmcut ASTM
(CVMm%) Switzerland length D1776/
D1776M-15
Imperfection Index (IPI) Uster® Tester 6 (UT 6) Uster Technologies, Thick (+50%), thin (-50%),
Switzerland neps (+200%) per 1000 m
Yarn hairiness (H) Uster® Tester 6 (UT 6) Uster Technologies, Optical (photoelectric) de- 1SO 16549
Switzerland tection of protruding fi-
bres within 1 cm
Tensile properties (Tenac- Tenso-Lab 4  Tensile Mesdan Lab, Italy Gauge length 500 mm; EN ISO
ity, Elongation) Strength Tester speed 500 mm/min; pre- 2062:2009

Surface morphology

Optical microscope; Scan-
ning electron microscope

(SEM)

Carl Zeiss Axiolab 5 (Ger-
many); JEOL JSM-6460LV
(Japan)

tension 5 cN; load cell 100
N; 10 tests/sample

Morphological  observa-

tion

RESULTS AND DISCUSSION

Yarn appearance and response data

Using the blend ratios specified for the fourteen experimental runs from the mixture design, fourteen sets of

30 Ne (19.68 Tex) yarns were spun on the ring frame. Representative yarn packages from each run are shown

in Fig. 4.
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Figure 4. Yarn packages produced from fourteen experimental blend compositions of recycled cotton, eco-viscose, and modal.

All yarns exhibited a mélange appearance with slight shade variations, reflecting the differing amounts of
purple recycled cotton used (ranging from 20% to 30%, as indicated in Table 2). Incorporating a broader
spectrum of colored recycled fibers could have produced more pronounced differences in the mélange effect.
Nevertheless, each yarn was subjected to laboratory testing, and the measured values for CVm% (Y1), IPI (Y2),

hairiness (Y3), CSP (Y4), tenacity (Y5), and elongation (Y6) were documented in the design matrix, as presented

in Table 5.
Table 5. Experimental data of fourteen yarn samples
Factors Responses .
RUN (Yarn properties)
X1% r-Cot- X2% Eco-Vis- X3% Y1 Y2 IPl(counts/ Y3 Hairi- Y4ACSP Y5 Tenac- Y6 Elonga-
ton cose Modal CVm% km) ness ity(cN/Tex) tion (%)

1 22.50 53.75 23.75 15.88 590 5.56 2185 14.15 8.02
2 20 40 40 15.42 485 5.48 2248 14.78 8.64
3 20 60 20 15.35 455 5.47 2235 14.62 8.36
4 30 40 30 16.97 937 5.75 2150 13.22 8.09
5 22.50 43.75 33.75 15.64 540 5.52 2218 14.42 8.49
6 25 47.50 27.50 15.71 516 5.50 2203 14.09 8.45
7 30 40 30 16.89 905 5.72 2166 13.31 8.13
8 25 47.50 27.50 15.79 568 5.55 2120 14.20 7.94
9 20 60 20 15.29 440 5.45 2242 14.7 8.43
10 20 40 40 15.48 505 5.49 2260 14.85 8.73
11 27.50 43.75 28.75 16.16 657 5.56 2144 13.83 7.82
12 30 50 20 16.65 820 5.71 2110 13.40 7.76
13 27.50 48.75 23.75 16.83 851 5.65 2126 14.39 7.63
14 30 50 20 16.87 853 5.78 2092 12.99 7.51
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Model adequacy statistics for quadratic mixture regression models

Table 6 summarizes the goodness-of-fit and predictive performance of the quadratic mixture regression
models developed for all yarn quality responses. The standard error of regression (S), coefficient of determi-
nation (R?), adjusted R?, predicted R?, and predicted residual sum of squares (PRESS) were used to evaluate
model adequacy and predictive reliability.

The R? values for all replies are above 85%, which means that the composition of the fiber mix explains a
large part of the differences in yarn qualities. Tenacity (R? = 93.94%) and hairiness (R? = 93.29%) had the most
explanatory power, which means that these reactions are quite sensitive to the quantities of the blends. The
adjusted R? values are quite similar to the R? values, which shows that adding quadratic mixing factors did not
cause the model to overfit.

The predicted R? values show how well the models can be used in other situations. CSP (81.56%), tenacity
(81.08%), and hairiness (79.78%) were the most accurate predictors, showing that the mixture models can
consistently estimate these qualities in the experimental domain. On the other hand, elongation (66.63%),
IPI (71.96%), and CVm% (74.29%) had lower predicted R? values, which means that the experiments had
process-related variables that weren’t directly incorporated in the mixture design. This comparatively lower
predictability may be associated with the higher short fiber content and lower length uniformity of recycled
cotton, which can introduce greater variability in yarn structure and extensibility, thereby influencing the
elongation behavior of the blended yarns.

Although the number of experimental runs is relatively limited, the adopted extreme vertices mixture
design is specifically developed to efficiently estimate quadratic mixture models within constrained design
spaces. In this study, five replicated runs were intentionally included to provide an independent estimate of
pure experimental error and to improve the robustness of statistical validation. To further assess potential
overfitting, special attention was given to the relationship between R?, adjusted R?, and predicted R2. The
close agreement between R? and adjusted R?, together with the consistently small differences (less than 20%)
between adjusted and predicted R? for all responses, confirms that the developed models are not overfitted
and possess satisfactory predictive capability within the experimental domain [45]. Although the predicted R?
value for elongation (66.63%) is relatively lower than those of the other responses, the difference between

adjusted R? and predicted R? is below 20% still indicating the satisfaction of the validation criterion.
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The standard error of regression (S) shows how far off the predicted values are from the actual values on
average. It is measured in the same units as each answer. Lower S values for hairiness and tenacity mean that
the prediction bands are narrower. On the other hand, larger S values for IPI and CSP are in line with the fact
that irregularity and strength-related data in recycled fiber spinning tend to be more spread out.

The PRESS values also back up the prediction evaluation. A lower PRESS means that the model can generalize
better [46-48]. Responses with elevated predicted R? values have proportionally reduced PRESS, so affirming
the coherence between cross-validated prediction error and explained variance.

In general, the results show that the quadratic mixture regression framework makes statistically sound and
predictive models for all responses. It works especially well for tenacity, CSP, and hairiness, and it works
moderately well for CVm%, IPl, and elongation, which shows how complicated and noise-sensitive these

properties are.

Table 6. Model adequacy summary for all responses (quadratic mixture models)

Response S R? (%) Adj. R? (%) Pred. R? (%) PRESS

CVm% 0.2428 90.88 85.18 74.29 1.3298
Imperfection Index (IP1) 73.42 89.95 83.68 71.96 120363
Hairiness 0.0373 93.29 89.10 79.78 0.0336
Count Strength Product (CSP)  22.13 90.54 84.62 81.56 7635.9
Tenacity 0.1952 93.94 90.16 81.08 0.9523
Elongation 0.1856 85.57 76.55 66.63 0.6372

Response surface equations interpretation

The quadratic mixing equations show how the amounts of recycled cotton (X1), eco-viscose (X2), and modal
(X3) affect the quality of the yarn, as long as X1+X2+X3=100. Linear coefficients show how much each fiber
adds to the mix, while interaction terms show how the fibers mix in a way that isn’t straight [49], [50]. For a

three-component fiber blend, the quadratic mixture regression model can be expressed as Equation (1)

Y = 8121 + Boxy + B3y + B12T1To + B13T1T3 + BozToTs

subject to z; + x5 + x5 = 100

where Y represents the predicted response variable, x, , , , and x; denote the proportions of recycled

cotton, eco-viscose, and modal fibers, respectively, and i and 3ij represent the regression coefficients of
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the linear and interaction terms. Recycled cotton has a strong positive effect on CVm%, IPI, and hairiness. This
means that as the amount of recycled fiber increases, the yarn becomes more uneven and the surface sticks
out more. Eco-viscose and modal, on the other hand, lower reactions associated to irregularity, which shows
that their fibers are more homogeneous and stick together better. The unfavorable interaction terms with
recycled cotton support the idea that mixing regenerated fibers might help lessen these detrimental impacts.
Regenerated fibers improve CSP and tenacity, with modal having the largest benefit. On the other hand,
recycled cotton weakens yarn strength. The interaction terms show that fiber compatibility is very essential.
Too much recycled cotton makes regenerated fibers less effective at reinforcing. The elongation reaction shows
conflicting results: recycled cotton and eco-viscose have a positive impact, while modal has a little negative
effect. This shows how hard it is to find the right balance between fibre extensibility and structural stiffness.
The response surface equations indicate that the quality of yarn is determined by both the qualities of the
individual fibers and how they interact with each other in pairs. The quadratic mixture model also shows how

recycled—regenerated fiber blends behave in a non-linear way (shown in Table 7).

Table 7. Response Surface Equations

CVm% = 0.4932z, + 0.1599z, + 0.1900z5 — 0.00406z, x5 — 0.004352, 25 — 0.00107z,24 (i)
IPI = 315.313z; + 17.583z, + 0.578x3 — 4.919z, 25 — 4.739z, 25 + 0.740z5 24 (ii)
Hairiness = 0.6957x; + 0.0669z, + 0.0022123 — 0.01044z,2, — 0.010762, 25 + 0.00360z42 5 (iii)
CSP = 134.039z, + 35.307x, 4+ 17.757x5 — 2.270x, 2, — 1.7822, 25 4 0.4332525 (iv)
Tenacity = —4.6101z; + 0.0670z4 + 0.7128z5 + 0.07876x, x5 + 0.07777z 23 — 0.03087x525 (v)
Elongation = 1.7848x, 4+ 0.1689z, — 0.0906x5 — 0.03097x,x, — 0.027632,z5 + 0.010472,24 (vi)

xz; =1 — Cotton% , x5 = Eco — Viscose% and x5 = Modal%

The statistical significance and adequacy of the developed quadratic mixture regression models were evalu-
ated using analysis of variance (ANOVA). The ANOVA results summarized in Table X indicate that all regression
models are statistically significant (p < 0.05). The lack-of-fit test results indicate that the models for hairiness,
CSP, tenacity, and elongation adequately represent the experimental data (p > 0.05). However, significant lack-
of-fit is observed for CVm% and IPI (p < 0.05), suggesting that the developed quadratic models do not fully
capture the variability associated with these responses. This behavior can be attributed to the inherently
higher variability of yarn irregularity and imperfection-related properties, particularly in recycled fiber blends

where short fiber content, fiber damage, and process fluctuations introduce additional randomness. Despite
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this limitation, the models still provide useful predictive trends within the studied design space, as supported

by reasonable predicted R? values and validation results.

Table 8. ANOVA results for quadratic mixture models of yarn responses

Response Model DF  F-value p-value Model signifi- Lack-of-fit F- Lack-of-fit p- Lack-of-fit signifi-

cance value value cance
CVm (%) 5 15.95 0.001 Significant 31.50 0.001 Significant
IPI 5 14.33 0.001 Significant 24.20 0.002 Significant
Hairiness 5 22.26 <0.001 Significant 1.94 0.241 Non-significant
CsP 5 15.31 0.001 Significant 0.04 0.989 Non-significant
Tenacity 5 24.82 <0.001 Significant 3.42 0.109 Non-significant
Elongation 5 9.49 0.003 Significant 1.06 0.445 Non-significant

Actual vs Predicted Value

Fig. 5 compares the experimentally measured values with the corresponding model-predicted values for all
yarn quality responses, including CVm%, imperfection index (IPl), hairiness, count strength product (CSP),
tenacity, and elongation. In all cases, the data points are distributed close to the 45° reference line, indicating
good agreement between predicted and observed values.

CVm% and IPI (Figs. 5a—b), a relatively wider scatter around the reference line is observed, which can
be attributed to the inherently higher variability associated with yarn irregularity and imperfection-related
properties in recycled fibre blends. In contrast, hairiness and CSP (Figs. 5¢c—d) exhibit a tighter clustering along
the reference line, reflecting stronger predictive accuracy for surface and strength-related responses.
Similarly, tenacity and elongation (Figs. 5e—f) show satisfactory linear correspondence between experimental
and predicted values across the studied mixture domain. Overall, the predicted-versus-actual plots confirm
the adequacy and predictive reliability of the developed quadratic mixture models for subsequent optimiza-

tion analysis.
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Figure 5. Comparison between experimentally measured and model-predicted values for (a) CVm%, (b) imperfection index (IPI), (c)

hairiness, (d) count strength product (CSP), (e) tenacity, and (f) elongation (%).

Relationship between mixture components and yarn characteristics

In the following subsections, ternary contour plots and corresponding response surface plots are used to
illustrate the influence of recycled cotton, eco-viscose, and modal proportions on yarn properties. In the
ternary diagrams, each vertex represents one blend component, while contour lines and surface gradients
indicate the variation of the response within the feasible mixture region.

Dependence of mixture components on unevenness and IPI of yarn

Yarn unevenness is commonly measured using the coefficient of mass variation (CVm%). In addition, yarn
quality is also assessed by imperfection index (IPl) which is the summation of thin places, thick places, and
neps in one km length. Yarns with high CVm% and IPI are more prone to breakage during winding, warping,

sizing, weaving, or knitting, leading to increased end-breakages and reduced productivity[51-52].
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The mixture contour plot of CVm% and IPI depicted in Fig. 6 (a & b) and the mixture surface plot, shown in Fig.
6 (a’ & b’) respectively, visually demonstrates how the relative proportions of recycled cotton, eco-viscose, and
modal influence CVm% (response: Y1) and IPI (response: Y2) in the blend yarn. The regions with lower CVm%
and IPl indicate that a well-balanced composition, particularly with a lower proportion of recycled cotton, and

higher proportions of eco-viscose and modal reduce yarn unevenness and IPI.

(a) Mixture Contour Plot of CVm?% (a")  Mixture Surface Plot of CVm%
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Figure 6. Mixture contour plot and surface plot showing the influence of mixture components on the (a & a’) coefficient of mass

variation (CVm%), (b & b’) imperfection index (IPI), and (c & c’) hairiness of yarns.

Dependence of mixture components on the hairiness of yarn
Yarn hairiness refers to fibers protruding from the yarn surface. Although a limited degree of hairiness
may enhance fabric softness and comfort, excessive or uneven hairiness adversely affects yarn appearance,

abrasion resistance, pilling behavior, and print quality [53-55].
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The mixture response analysis indicates that yarn hairiness increases with increasing recycled cotton content
and decreases with higher proportions of eco-viscose and modal fibers. This behavior is primarily attributed
to the higher short-fiber and nep content of recycled cotton, which originates from the mechanical shredding
of pre-consumer textile waste [52]. AFIS results (Table 9) confirm that recycled cotton exhibits lower upper-
quartile length and poorer length uniformity compared with regenerated fibers.

Although carding and subsequent drawing stages remove a portion of neps and short fibers, blends containing
higher recycled cotton still retain sufficient fiber heterogeneity to promote fiber protrusion during spinning.
As a result, yarns with elevated recycled cotton content exhibit higher hairiness, whereas eco-viscose and

modal fibers improve fiber alignment and cohesion, effectively suppressing hairiness.

Table 9. AFIS test reports of 100% recycled cotton, 100% Eco-Viscose, 100% Modal, mixing (blow room delivery or card feed) and

finisher draw frame (D/F) slivers consisted of recycled cotton, eco-viscose and modal fibre.

Material Recycled fiber: Fiberneps FN  size Seed-coat SCN size Upper Quar- Short
Eco-Viscose: (FN)/g [um] neps (SCN)/g  [um] tile Length fiber con-
Modal (uaL) [mm] tent, SFC
(w) %
100% Recycled cotton (in  100:0:0 675 724 49 1430 23.2 16.7
bale)
100% Eco-Viscose (in bale) 0:100:0 79 627 3 800 38.2 0.2
100% Modal (in bale) 0:0:100 62 619 2 817 38.27 0.3
Card feed of tri-blends 20:40:40 162 656 26 13057 35.9 10.25
22.5: 43.75: 196 676 28 1309 36.2 10.41
33.75
25:47.5:27.5 205 685 32 1324 36.3 10.82
27.5: 43.75: 261 692 38 1337 36.2 11.29
28.75
30:50:20 276 698 48 1355 36.2 13.11
Finisher D/F slivers of tri- 20:40:40 13 528 2 744 37.6 8.40
blends
22.5: 43.75: 17 545 2 770 37.6 8.80
33.75
25:47.5:27.5 19 556 3 782 37.5 8.80
27.5: 43.75: 20 564 3 786 37.4 9.30
28.75
30:50:20 22 572 3 797 37.4 10.90

A review of fiber characteristics in Table 1 (HVI) and Table 9 (AFIS) confirms that recycled cotton fibers are
significantly shorter and contain a higher proportion of short fibers compared with eco-viscose and modal.

In ring spinning, the spinning triangle formed immediately after the front roller nip exposes fibers to non-
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uniform tension, where shorter edge fibers are less effectively incorporated into the yarn body, leading to
increased surface hairiness [56-57]. Additionally, during yarn ballooning, shorter and coarser fibers tend to
migrate toward the yarn surface, whereas longer and finer fibers preferentially migrate toward the core [58].
The comparatively higher fiber fineness of recycled cotton (4.5 pg/inch) relative to eco-viscose (=3.37 pg/inch)
and modal (=3.30 pg/inch) further contributes to elevated hairiness at higher recycled cotton proportions, a

trend that is also evident from the SEM images shown in Fig. 7.

/
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T Rk P e TR e ) o ¥ e Mg T R e S

500um

Figure 7. SEM images of yarns produced with (a) 20% and (b) 30% recycled cotton content in the blend.

Dependence of mixture components on the strength (CSP and tenacity) of yarn

To make sure that textiles are of good quality and work well, it is important to check the strength of the yarn.
The Count Strength Product (CSP), calculated as the product of yarn count (Ne) and lea strength (Ib), reflects
overall bundle strength and is useful for comparing yarns of similar counts. Tenacity, which is measured in g/tex
or cN/tex, tells you how much power it takes to break a yarn based on its linear density. This lets you compare
various kinds and counts of yarn [59]. Used together, CSP and tenacity provide a comprehensive assessment

of yarn strength and tensile resistance, supporting reliable performance in textile applications [60-61].
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Figure 8. Mixture contour plots and surface plots showing the influence of mixture components on (a & a’) CSP, (b & b’) tenacity (cN/

tex) and (c & c’) elongation at break% of yarns.

Fig. 8(a & a’) and Fig. 8(b & b’) present the mixture contour plot and mixture surface plot, respectively, for CSP
and tenacity illustrating that a greater content of recycled cotton tends to lower CSP and tenacity, while higher

proportions of modal and eco-viscose improve them. However, the steady decrease in both CSP and tenacity
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as the proportion of recycled fibers in the yarn increases, corresponds with the rise in yarn unevenness and
imperfections shown in Fig. 6. This decline is primarily attributed to the shorter fiber length and higher short
fiber content found in recycled cotton. Unlike longer fibers, short fibers struggle to properly bind and migrate
within the yarn structure. When subjected to tensile stress, shorter fibers have a limited ability to bear the
load and are more prone to slippage, which ultimately decreases the overall yarn strength.

It is important to note that several pre-treatment methods, including scouring, bleaching, and mercerization,
followed by dyeing, usually change the microstructure of cellulose. For example, they might make it less
crystalline, which weakens cotton fibers [62-63]. Because of this, virgin cotton usually has tenacity values
between 30 and 42 g/tex [64]. However, the aggressive shredding operation done by several beaters on
colored garment cut clips turns recycled cotton into something much weaker, as shown by the results of this
study (HVI results, Table 1). These weaker recycled fibers are more likely to break when cleaning machines
(blow room and carding) beat them, which makes the finished yarn weaker. In addition, the modified surface
frictional behavior of dyed fibers disrupts fiber flow and slippage during drafting, leading to irregular drafting,
which negatively contributes to yarn unevenness and imperfections as well as strength [65-66].

Dependence of mixture components on breaking elongation of yarn

Elongation is a key mechanical property of yarn alongside strength. In warping, sizing and weaving, warp
yarns must possess sufficient elongation to absorb applied tensions and dynamic stresses without breaking.
Elongation is equally important in knitting, where yarns undergo repeated bending, looping, and stretching.
Although yarn elongation primarily depends on the extensibility of constituent fibers, inter-fiber cohesion,
yarn structure, and manufacturing processes also play significant roles in determining its overall elongation
behavior of yarns [55].

The contour plot and surface plots shown respectively in Fig. 8 (c and ¢’) demonstrate that eco-viscose and
modal are the primary factors contributing to higher elongation. As their proportions rise, the elongation
(response Y6) significantly increases. Conversely, when recycled cotton is present in higher amounts relative
to eco-viscose and modal, elongation decreases.

The higher yarn elongation in presence of higher eco-viscose and modal content is attributed to their inher-
ently higher fiber elongation values (eco-viscose: ~17% and modal: 14% as shown in Table 1). In contrast, the
lower yarn elongation associated with a higher recycled cotton ratio is due to its lower fiber elongation (7%

as mentioned in Table 1).

https://doi.org/10.31881/TLR.2026.6157 6177



ALAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6157-6190

Multi-response optimization and experimental validation

Quadratic mixture models developed in the preceding sections were employed to identify the optimal blend
composition of recycled cotton, eco-viscose, and modal by simultaneously considering multiple yarn quality
responses. A desirability function—based multi-response optimization strategy was applied to minimize yarn
unevenness (CVm%, Y1), imperfection index (IPl, Y2), and hairiness (Y3), while maximizing count strength
product (CSP, Y4), tenacity (Y5), and elongation at break (Y6). The optimization objectives, response limits,

and weighting criteria for each response variable are summarized in Table 10.

Table 10. Optimization criteria

Code Name Range Goal Criteria
Fiber Component X1 Recycled cotton 20-30 Optimize

X2 Eco-Viscose 40-60 Optimize

X3 Modal 20-40 Optimize
Response Y1l CVm% 14.74-16.93 Minimize

Y2 IPI 268-933 Minimize

Y3 Hairiness 5.40-5.78 Minimize

Y4 Csp 2092-2295 Maximize

Y5 Tenacity 12.99-15.79 Maximize

Y6 Elongation at break 7.50-8.90 Maximize

The numerical optimization results shown in Fig. 9 show that a high composite desirability value (D = 0.8258)
may be reached within the mixing limitations that were set. The best mix was found to be 20.3030% recycled
cotton, 40.00% eco-viscose, and 39.6970% modal. This was the best balance between the needs of the yarn
quality and the need to use fibers in a way that is good for the environment. Table 11 shows the model-

predicted values of all six answers at this best point.

https://doi.org/10.31881/TLR.2026.6157 6178



ALAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6157-6190

[ J:r-Cotton [X]:Eco-Visc [ IMaodal
Mew

High 30.0 60.0 40.0
D: 0.8258
Cur [20.3030] [40.0] [39.6970]

Low 20,0 40.0 30.0

Composite
Desirability
D: 0.5258

CWVim %
Minimunm
y = 15.4613
d = 0.72348

Imperfec
Minimum
v = 483.6979
d = 0.70180

Hairines
hAinimum
y = 5.4574

d = 097749

Count 5t
Maximum
¥ = 2246.8923
d = 0.87018

Tenacity

Maximum
y = 15.0109
d = 0.80515

Elongati
Maximum
y = 8.5945

d=0591211

Figure 9. Numerical optimization of mixture components using desirability functions
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Table 11. Optimized blend ratio and predicted responses obtained from multi-response optimization.

Components Value
Recycled Cotton 20.30%
Eco-Viscose 40.00%
Modal 39.70%
Responses Value
CVm (%) 15.46
IPI 489
Hairiness 5.46
CSP 2247
Tenacity (cN/tex) 15.01
Elongation at break (%) 8.59

Contour Plot of Graphical Optimization
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Figure 10. Overlaid contour plot illustrating the feasible optimization region for the selected yarn quality responses

Fig. 10 shows the ternary contour plots for the optimum composition, which show how the optimized blend
responds in the viable mixing range. These graphs show that the chosen blend is in a stable area where the

quality of the yarn reactions is close to their best levels at the same time, not at the edges of the combination

https://doi.org/10.31881/TLR.2026.6157 6180



ALAM M et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 6157-6190

space. This picture shows that the optimization result is strong and that modest changes around the optimized
mix are not likely to produce a sudden drop in yarn performance.

To validate the optimization results, yarns were produced experimentally using the optimized blend compo-
sition under identical spinning conditions and ten bobbin specimens were tested for each response. The
reported experimental values represent the mean of these measurements, thereby providing a reliable
estimate of the yarn properties. The experimentally measured yarn properties were then compared with
the corresponding model-predicted values. As summarized in Table 12, the deviations between predicted
and experimental results remained within acceptable limits for all responses, confirming the adequacy and
predictive capability of the developed quadratic mixture models. Minor discrepancies observed for certain
responses are attributed to the inherent variability of recycled cotton fibers and unavoidable process fluctu-

ations during industrial ring spinning.

Table 12. Comparison between the estimated and experimentally measured yarn properties of the optimized tri-blend yarn compo-

sition
Response Predicted value (a) Actual value (b) Difference[(a-b)/a]%
CVm% 15.46 15.62 1.03%
IPI 488.70 513 4.97%
Hairiness 5.46 5.54 1.47%
CSP 2247 2231 0.71%
Tenacity 15.01 14.92 0.60%
Elongation 8.59 8.61 0.23%

The combined findings of optimization, visualization, and experimental validation show that the right mix
of recycled cotton and regenerated fibers may provide yarns with good physical and mechanical qualities
while making the most of recycled fibers. So, the suggested optimization framework provides a solid and
useful guidance for choosing sustainable yarn blends while spinning in an industrial setting. The optimized
tri-blend yarn contributes to improved resource efficiency by incorporating recycled cotton and eco-viscose,
which are reported in the literature to have lower environmental impacts compared to conventional cotton
and viscose fibers. The use of recycled cotton reduces dependence on virgin fiber production, while eco-
viscose is produced using more environmentally responsible processes. However, it should be noted that a
detailed life cycle assessment (LCA) and quantitative evaluation of environmental benefits, such as reductions

in water consumption, energy use, and carbon emissions, were not conducted in this study. Therefore, the
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sustainability implications discussed here are qualitative and based on material selection rather than quanti-
fied environmental metrics. Future work should focus on comprehensive LCA to validate the environmental

performance of the proposed blend system.
Cost-effectiveness for Eco-viscose/Recycled cotton/Modal tri-blend Yarn

To evaluate the economic feasibility of the developed yarn, a cost comparison was performed between the
optimized sustainable tri-blend yarn and a corresponding conventional yarn with the same blend proportions.
In the benchmark case, recycled cotton and eco-viscose were replaced by virgin cotton and regular viscose,
respectively, while maintaining the optimized blend ratio (40.0% viscose, 20.3% cotton, and 39.7% modal).
Natural fibers like cotton are getting harder to find and more expensive, so more and more people around
the world are interested in using sustainable fibers made from textile waste and recycled materials [56,67].
This is because the cost of raw materials is a big part of the total cost of making yarn. In this context, the
current study sought to augment the ratio of eco-viscose and recycled cotton in yarn production to create
yarns that are economically viable, environmentally sustainable, and industrially feasible, while mitigating the
environmental and health issues linked to traditional cotton cultivation and viscose production. So, recycled
cotton was chosen to replace virgin cotton, and eco-viscose was chosen to replace normal viscose.

The cost of making 30 Ne tri-blend yarns made from recycled cotton, eco-viscose, and modal was compared to
the cost of making ordinary yarns made from virgin cotton, regular viscose, and modal. Table 13 shows the full
cost breakdown, which includes the prices of raw materials, the cost of processing waste, the resale value of
trash, and the overhead costs of production. The findings show that eco-viscose is cheaper than conventional
viscose and that recycled cotton costs around half as much as virgin cotton. The price of recycled cotton, on
the other hand, might change based on things like where the trash came from (before or after it was used),
the color of the fabric, and the method used to recycle or shred it.

The cost analysis was done in Bangladesh’s industrial setting and looked at important production factors
like ring frame speed, yarn twist multiplier, energy use, labor costs, processing waste, and capital costs like
machinery, land, depreciation, interest, and administrative overheads. When recycled cotton was used, the
spinning speed had to be slowed down to avoid breaking the yarn, and the amount of processing waste went
up since there were more short fibers and neps. The cost of making these things took into consideration all

of the operating problems.
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Although the incorporation of recycled cotton leads to higher processing waste and a modest increase in
manufacturing overhead, the optimized eco-viscose/recycled cotton/modal tri-blend yarn shows only a slight
rise in production cost (3.52 USD/kg) compared with the conventional virgin cotton/regular viscose/modal
yarn (3.27 USD/kg), as presented in Table 13. This marginal increase is mainly driven by the higher cost of eco-
viscose (2.68 USD/kg) relative to regular viscose (1.80 USD/kg).

Nevertheless, the integration of recycled cotton and eco-viscose substantially reduces reliance on virgin raw
cotton, thereby lowering the overall environmental burden. Consequently, despite the minor cost escalation,
the proposed tri-blend yarn aligns with sustainable manufacturing practices effective waste recycling and

resource reuse.

Table 13. Manufacturing cost of 1 kg of 30 Ne cotton/regular viscose/modal and recycled cotton/eco-viscose/modal tri-blend yarn

based on optimized blend proportions

Cost components Price (USD/kg) 20.30 30% Virgin Cotton+40% 20.30 30% Recycled Cot-
Regular Viscose+39.69 70% ton+40% Eco-Viscose+39.69
Modal 70% Modal

Virgin cotton (Cameroon)(a) 2.25 0.46 -

Regular Viscose(b) 1.80 0.72 -

Modal(c) 2.70 1.07 1.07

*Recycled Cotton(d) 1.12 - 0.23

Eco-Viscose(e) 2.68 - 1.07

Total raw materials (f) = 2.25

Processing waste (g) 12% 15%

Raw material cost considering waste, (h) = 2.56 2.79

(f)/(1-g)

**Waste price, (i) 0.80 0.80 0.80

Net Raw Material Cost, (j)=(h)-(i) 1.76 1.99

***Manufacturing overhead(k) 1.51 1.53

Total Yarn Cost, (j)+(k) 3.27 USD/kg 3.52 USD/kg

* The price of recycled cotton fluctuates over time based on the color, source and processing methods.

** The spinning waste comprising of multiple fibers holds a good sale value in the local market to produce
domestic goods like pillows, quilts, and mattresses

***Manufacturing overhead includes indirect costs such as utilities, salaries, depreciation. It rises slightly for

processing the recycled cotton due to the necessity of reducing machine speed to ensure smooth operation.
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CONCLUSION

This study demonstrates a sustainable approach to producing tri-blend yarns by combining eco-viscose, recy-
cled cotton, and modal fibers. Recycled cotton was used to replace virgin cotton, while modal compensated
for the associated reduction in yarn strength. Response surface methodology based on an extreme vertices
mixture design was applied to determine the optimal blend composition. Fourteen yarn samples with different
blend ratios were produced and analyzed using regression and ANOVA. The developed models showed good
predictive capability within the defined mixture constraints.

The optimal blend, consisting of 20.30% recycled cotton, 40.00% eco-viscose, and 39.70% modal, produced
yarn properties that closely matched the predicted values obtained from the developed regression models.
The quadratic mixture models demonstrated strong predictive capability for the investigated responses.
The experimentally validated yarn exhibited acceptable levels of unevenness, imperfection index, hairiness,
strength, and elongation, confirming its suitability for processing on a commercial high-speed knitting
machine. These findings demonstrate the feasibility of producing sustainable tri-blend yarns with balanced
performance using recycled cotton and regenerated cellulosic fibers.

Future research may focus on applying advanced predictive tools such as machine learning and artificial neural
networks to further improve yarn property prediction and process optimization. In addition, detailed evalu-
ation of fabric performance and long-term durability of the developed sustainable blends is recommended.
Overall, the development of the tri-blend yarn reduces dependence on conventional viscose production
and resource-intensive cotton cultivation and processing, thereby contributing to environmental conserva-
tion. Furthermore, this approach aligns with sustainable manufacturing practices and supports Sustainable
Development Goals Goal 12 by promoting responsible consumption and production through effective waste
recycling and resource reuse.
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