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Contamination of fabric surface
by the particles woven from the
cotton waste open end rotor yarn

Gabriela Krupincova®"! & Brigita Kol¢avova Sirkova

The study investigated and analyzed the contamination of the fabric surface due to cotton waste
yarn woven into the weft. The impact of cotton waste proportion and cleaning methods on open-end
rotor yarn quality, using blends from 100 to 0% cotton waste mixed with virgin cotton fibers were
investigated. The study proves that cotton waste can be effectively incorporated into yarn production
without significantly compromising fabric properties, supporting the sustainable use of recycled fibers.
The innovative cleaning channel W increases fiber yield but also raises contamination levels, leading
to a higher number of detected impurities on the fabric surface. The classification method for dust
and trash particles significantly affects the contamination evaluation, though contamination trends
remain consistent. The classification of dust and trash particles by the maximal Ferret’s diameter is
preferred based on the obtained outputs from the realized experiment. Additionally, while the size of
dust particles decreases as the cotton waste proportion decreases, trash particle size is unaffected by
the cleaning channel or waste ratio in the weft yarn. In the case of the binary portion, contaminant
levels decrease as cotton waste content in weft yarns is reduced, with the lowest found in cleaning
channel A, followed by C and W. Surprisingly, dust and trash particles contribute to the binary portion
equally. It leads to the recommendation connected with optimizing fabric quality, the final treatment
should focus mainly on eliminating the visual impact of larger contaminants. The reason is that smaller
particles can be mostly removed during pretreatment because they are not firmly fixed in a woven
structure. The results also highlight the link between fabric contamination and potential health risks
from respirable dust particles in the workplace, underscoring the need for effective control during
processing to protect workers and ensure stable production not only in weaving but also in the
following processes.

Keywords Open-end rotor cotton spun yarn, Cotton waste, Trash and dust, Trash count and dust count,
Image analysis, Contamination of fabrics by seed coat fragments

Cotton fiber is still the main natural fiber used in textile production. The lack of sources and the environmental
impact of cotton production are leading to a greater awareness of sustainability in this industry sector and an
emphasis on waste reduction and its potential reuse. The importance and the way and impact of textile waste
recycling is declared e.g. in articles!™. The scientific teams of Damayanti, Duhoux, Esteve-Turrillas and Sandin
explores textile recycling routes, potential and relevant recycling technologies, key challenges, and innovations
advancing a circular economy as well as describe the life cycle assessment approach. Moreover, Duhoux and all
give the context to the Green Deal policy, relevant technologies and their capacity in Europe and publish it in?.
The quality of cotton fibers is significantly influenced by the way they are processed, and it is important
to optimize all processes in the transformation chain from fiber material through yarn to the final products,
in order to close the loop of upcycling cotton waste. The results for woven and knitted fabrics produced from
recycled cotton waste is presented for woven or knitted fabrics by Telli, Yitksekkaya and Gun et al in®”. The
importance of preselecting the setting of the whole production line from fibers through yarn to the final product
mainly for open end rotor spinning is realized in many studies. For example, Ute et al explored how waste type
and blend ratio affect yarn and fabric properties, promoting resource efficiency and cost reduction in textile
manufacturing in®. Hallimi et al in® studied the impact of cotton waste and spinning parameters on rotor yarn
quality. Hassani et al in'® optimized rotor spinning parameters to minimize yarn hairiness when producing
cotton yarn from ginning waste, identifying rotor diameter and navel type as the most influential factors, while
the opening roller speed had minimal impact. Similarly, Kaplan et al analysed the impact of various navel
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properties on the quality of rotor yarns spun from 100% cotton waste, pointing out that steel navel achieved the
best evenness and imperfection values, while spiral ceramic navel improved hairiness, tenacity, and elongation
due to reduced yarn deformation'!.

Processing cotton waste, whether pre-consumer or post-consumer, presents two challenges. One is the
optimization of the various stages of production, from the fiber to the yarn and the final product. The other
is to monitor and limit any deterioration in the safety of the working environment during production due to
the release of increased amounts of dust or trash particles included in cotton waste and fiber fragments, which
increase the need for maintenance in terms of cleaning and services of parts. Occupational exposure to textile
dust has been linked to various respiratory conditions, including byssinosis, which is characterized by chest
tightness and other pulmonary'?~'4. Long-term exposure to cotton dust has been shown to result in chronic
respiratory impairments, highlighting the importance of managing dust levels in textile manufacturing'?.
Additionally, studies have indicated that textile dust can exacerbate allergic reactions, further complicating the
health implications for workers in this industry!>1.

The processing of cotton waste can bring savings, but the potential impact on the working environment has
to be minimized too. The first spinning strategy adopted by companies focuses on processing pre-consumer
industrial cotton waste, where the raw material primarily consists of virgin cotton fibers and noils or fibers
recovered from the spinning process, typically in amounts ranging from 0 to 15% waste content. It is primarily
oriented to maximize the quality of semi-products and final yarns, ensuring that the fibers retain their optimal
length and minimal contamination. This is achieved by prioritizing the removal of dust and impurities over
fiber retention, making this strategy ideal for producing high-quality yarns. In contrast, the second strategy
is designed for processing industrial post-consumer waste, textile scraps, and hard-to-recover spinning waste,
which tend to have shorter fibers and higher contamination levels. Here, the focus is on minimizing fiber loss,
meaning that fiber holding is prioritized over impurity removal. As a result, this approach allows for higher
waste utilization, but it may also lead to lower yarn quality, characterized by unevenness, hairiness, faults, and a
rustic appearance due to the incorporation of plant particles into the yarn structure.

The innovative cleaning method, which allows the selection of the spinning strategy for the production of
open-end rotor yarn on Rieter R 37 Rotor spinning machine, is part of a wider research work. The initial outcomes
from the early stages focused on processing cotton waste with high amounts of impurities are described in'”.
The comparative study for yarn produced from virgin cotton and extremely contaminated cotton waste with
relatively short fiber length was realized to find the limits for setting the whole spinning line and analyze the
impact on the quality of open-end rotor yarns. The follow-up study oriented to the evaluation of the potential
influence of blending portion of cotton waste and a cleaning channel used on the quality of rotor open-end yarns
for a set of 29.5-tex yarns in gray and dyed form is published in'® and for a set of 98-tex is presented in'. The
results confirmed that fiber quality, sliver preparation, and used cleaning channels during spinning significantly
impact yarn quality, mainly those spun from 100% cotton waste. On the other hand, also the yarns spun under
similar conditions from cotton waste only have to still be sufficient for preselected final application with respect
to USTER STATISTICS quality standards for specific final use in fabric structure. It allows manufacturers to
optimize waste removal, maintain fiber yield, and optimize costs.

The next step to move the topic further was to ensure how the quality of yarn impacts the quality of fabric in
a gray state and after final treatment. The earlier research demonstrated that highly contaminated cotton waste
could be effectively processed into open-end rotor yarns using specific cleaning channels, with comparable yarn
quality achieved for the most yarn count used in the market (29.5-tex and 98-tex yarns) despite variations in
fibre length, short fibre content, and impurity amount. While cleaning channel W improved fibre utilization,
it resulted in higher yarn contamination, particularly in terms of trash and dust particles. When woven into
fabrics and subjected to pre-treatment, bleaching, and home washing, contamination decreased, and fabric
quality remained stable, with no significant surface changes after abrasion. These findings confirmed that by
selecting an appropriate spinning and cleaning strategy, cotton waste can be efficiently utilized to produce yarns
and fabrics for specific final use with the optimal level of their quality.

To further investigate the effect of cotton waste blending proportions and used cleaning channels during
spinning, the follow-up planned experiment was conducted to assess not only their effect on yarn quality
but also their influence on fabric, mainly in terms of its surface contamination by seed coat fragments. The
contamination of the cotton raw fiber material is usually determined by the optical principle, which is realized
by using the Trash tester or USTER AFIS PRO?. The USTER TESTER 5*! or higher is a complex system for
the determination of yarn quality, including the evaluation of impurities. Based on the optical principle, it is
possible to monitor the number of impurities in 1 km of yarn for dust impurities and foreign particles, mainly
plant residues or seed coat fragments. Methodologies applied for fabric contamination are not widely spread in
the industry, and most of the existing techniques exist only in lab-scale format. The technique based on image
analysis is introduced by e.g. by Li, Bel et al. in?>~2%. These procedures are based on the scanning of fabric images
and their processing; the thresholding is realized by the adoption of the color difference of seed coat fragments.

Manuscript aim

The objective of this study is to assess the impact of cotton fibre quality on the quality of yarns and fabrics,
surface quality produced from them, with a particular focus on the degree of contamination. The research
examines existing methods for evaluating contamination levels in raw cotton, yarns, and fabrics, aiming to
identify and propose suitable qualitative and quantitative parameters for assessing impurities, particularly seed
coat fragments and other plant residues. Furthermore, the study evaluates the significance of the blend ratio of
reused cotton fibers and the cleaning processes applied during spinning, analysing their effects on yarn quality
and the resulting contamination of fabrics in a gray state. The findings aim to contribute to the optimization of
contamination assessment methods and quality control strategies in textile production and indirectly contribute
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CO waste (o[0]
Material type | 100% CO waste/CO 75%/25% | CO waste/CO 50%/50% | CO waste/CO 25%/75% | 100%
L(W) [mm] 21 21.7 22.7 23.1 23.6
CV L, [%] 40 38.4 365 355 34
UQL(W) [mm] 26.9 27.6 28.5 29.0 29.3
SFC(W)% <12,7 |17.2 15.0 12.2 11.3 9.8
Neps[Cntg™] | 412 289 196 138 74
Dust[Cntg™'] | 1004 711 486 350 146
Trash[Cntg™'] | 122 92 50 32 9

Table 1. Selected qualitative parameters of fiber blends.
CO waste CcO

Fiber blend 100% CO waste/CO 75%/25% | CO waste/CO 50%/50% | CO waste/CO 25%/75% | 100%
T, [tex] 6000 6000 6000 6000 6000
T, ltx] 29.5 295 29.5 295 295
Draft 203 203 203 203 203
Twist [m~!] 985 932 901 827 796
Phrix twist coeff. [ktex?’m™'] | 94 89 86 79 76
Rotor RPM [min™!] 100,000 100,000 100,000 105,000 110,000
Opening roller RPM [min~'] | 10,000 10,000 10,000 9500 9000
Delivery speed [m min™!] 102 107 111 127 138
Cleaning channel A,CW |ACW A,CW A, CW A, CW

Table 2. Rieter R37 machine settings.

to the knowledge of the amount of impurities that may have been released into the environment during the
processing of cotton waste yarns into fabrics.

Seed coat fragments are typically present in low amounts in virgin cotton or are removed during fiber pre-
processing as part of the overall spinning setup, as exemplified by Strategy 1. However, when highly contaminated
cotton waste is utilized, particularly in the case of Strategy 2, it becomes essential to assess the extent to which
impurities, especially seed coat fragments, remain fixed in the yarn and potentially affect fabric quality during the
following processes. Cotton waste recovered from blow-room operations can contain significant levels of dust
and trash particles. Furthermore, a gap in the current literature has been identified: no comprehensive study has
yet compared fabric contamination resulting from cotton waste yarns with varying impurity levels. Prior studies
and practical experience have shown that seed coat fragments may remain incorporated in the yarn structure. To
prevent deterioration in fabric quality, these residual fragments must undergo chemical decolorization, making
appropriate pre-treatment and bleaching necessary to achieve the desired color quality in the final fabric®>?*.

Materials and methods

Selection and production of open-end rotor yarn from cotton waste

The impact of cotton waste proportion and cleaning methods on open-end rotor yarn quality, using blends of
100-0% cotton waste mixed with virgin cotton fibers, was investigated. The blowroom waste (mixture of waste
from fibre pre-treatment, cleaning and mixing, flat stripes, hard card waste, remains of sliver from doubling and
drawing, and noils) was blended with virgin cotton fibers. The fiber blends underwent standard pre-treatment,
mixing, and carding before being spun on a Rieter R37 spinning machine. The selection of the cleaning channel
allows the producers to select the optimal spinning strategy. Channel A prioritizes high yarn quality, removing
both impurities and some good fibers, resulting in higher waste generation (spinning strategy 1). Channel C
optimally removes impurities and fiber neps, suitable for low-contamination raw materials (spinning strategy
1). Channel W minimizes waste and maximizes fiber yield but increases contamination risks, leading to a more
rustic yarn appearance (spinning strategy 2).

To determine the optimal yarn construction parameters and spinning settings, fiber quality was assessed
based on standard length parameters (fiber upper quantile UQL, length, mean length L , and short fiber content
SFC,, measured by weighting method) and fiber contamination (Neps, Dust, Trash) was conducted on samples
taken from slivers using the USTER AFIS PRO. The details about the fiber quality are shown in Table 1.

The optimum spinning settings of Rieter R 37 open-end rotor spinning machine were selected (rotor type
S$533, draw-off nozzle SR7 KS, spinning pressure 6 kPa) to produce 25 yarn samples with a count of T =29.5
tex and a suitable twist Z, which increased as the percentage of cotton waste increased. The details about the
spinning machine setting are summarized in Table 2.

The qualitative structure, mechanical properties, abrasion resistance, and lint generation during yarn-on-
yarn abrasion were assessed to determine how factors such as waste portion, fiber quality, cleaning method,
and twist level influence overall yarn quality. The typical yarn structural and mechanical characteristics were
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evaluated together with the yarn abrasion resistance and lint generation. The USTER TESTER 4SX and 5%! were
used to evaluate the yarn unevenness CVim, number of faults (Thin —40%, Thin — 50%, Thick + 35%, Thick +50%,
Neps +200%, and Neps +280%), hairiness index H as well as Trash count, Dust count (testing condition: speed
400 m min~! and evaluation time 2 min, 5x).

The optical system implemented in USTER TESTER 4SX for assessment of yarn contamination detects
particles only on accessible yarn surface relevant to the measured length in the range of size 100-1750 um?2 The
ZWEIGLE G 567 was applied for analysis of the sum criteria of yarn hairiness S,, and S, (testing condition: 100
m min~! and evaluation time 1 min, 5x). The INSTRON TESTER was taken for the measurement of the yarn
tenacity F__ and yarn breaking elongation e __ (testing condition: length 500 mm, speed 500 m mmin™, 50x).
The number of strokes to yarn destruction was evaluated as yarn abrasion resistance by ZWEIGLE 552 (testing
condition: all strokes, 50x) and the mass of separated abraded lint from a 1 km long yarn section of the wrapped
yarns the Lawson-Hemphill constant tension transport instrument was used (testing condition: speed 100 m
min~!, length 1 km, 1x).

Woven fabric sample production and their basic qualitative assessment

The experimental woven fabric samples with a plain weave were produced using a SOMET rapier weaving
machine with STAUBLI electronic jacquard shedding mechanism. Weaving machine speed is 435 picks min~'.
Reed working width of the machine is 148 cm. The fundamental parameters of the woven fabric construction are
presented in Table 3. The selection of an industrial weaving machine, rather than a laboratory sampling weaving
loom, was justified by the study’s focus on processing waste materials. The difference in the weaving process
dynamics is a crucial factor, as it can significantly influence fiber release in waste yarns. Although using a frame-
shedding mechanism would have been a more cost-effective option, it would not have impacted the quality of
the woven fabric samples. To ensure the process ability of the warp system, the warp was prepared from 100%
Egyptian combed compact 2x 6 tex two-ply cotton yarns with a ply twist level of 1100 m™ (S direction). Due
to the poorer properties of waste yarns, a plain weave was chosen for the fabric construction. Plain weave is the
weave with the most cohesive fabric structure. The warp system provides the supporting system from the point
of view of production, cohesion and properties of the resulting fabric. In this fabric construction, the weft system
with waste yarn is a filler. The float weaves in the fabric construction, we will achieve worse properties, due to
the necessity of the weft position on the surface of the fabric at the place of floatation (non-interlacing place).
The weft thread will be exposed to greater stress, which will lead to faster destruction of the fabric and its shorter
lifetime compared to the construction of a fabric with a plain weave.

A standard qualitative assessment of the woven fabric was conducted. The density of ends D, and density of
picks D, was measured in accordance with the EN 1049-2 standard using ten 100 mm x 100 mm samples. The
areal mass m,, . was determined following the ISO 12127 standard, also using ten 100 mm x 100 mm for ten
samples. The mechanical properties, including fabric tensile force F, Fwe and elongation e o Were
evaluated based on the ISO 13934 standard. These tests were performed using an INSTRON TESDTER on ten
samples in both main fabric directions, each with a length of 200 mm and testing speed of 100 m min~".

The methodology for the evaluation of woven fabric surface contamination

The potential alterations in fabric appearance caused by the presence of seed coat fragments were analyzed
using image analysis and were inspired by techniques introduced in**~?*, The appropriate magnification and
calibration of the scanned woven fabric images were selected to accurately capture and describe the smallest
details, particularly the size of impurities. The images were scanned using an upper lighting system and a
minimally contrasting background to effectively distinguish dark-colored impurities, primarily seed coat
fragments, from the fabric structure while minimizing the influence of dark pores between the yarns. The
scanning was performed on the fabric in its gray state after the relaxation process. To ensure reliable evaluation,
the captured images needed to include a sufficient length of weft yarn, and the number of detected impurities
on the fabric surface had to be statistically adequate for minimal sampling in the data processing. The length of
the weft thread on the surface of the fabric can be expressed based on the definition of the spatial geometry of
the fabric. The spatial geometry can be described based on the longitudinal and transverse cross-sections of the
fabric. From the waviness of the weft and warp threads and the thread distances, the length of the threads on
the surface of the fabric can be expressed. A description of the spatial geometry and fabric cross-sections of the
studied fabrics is given in Chap. 3. A total of 200 microscopic images were captured at a resolution (image width
a= 2880 px, image height b= 2048 px), with a calibration of c= 7.98 um px! to ensure the correct description
of the smallest particle on the image — dust impurity. Half of the images were taken from the front and half from
the back of the woven fabric to identify and describe the nature of the visible impurities from the area of fabric

CO waste | CO waste/CO | CO waste/CO | CO waste/CO | CO
Fiber blend 100% 75%/25% 50%/50% 25%/75% 100%
Used cleaning channel A,CCW |ACW A,CW A,CW A,CW
End count T, [tex] 6x2
Pick count TP [tex] 29.50

Density of ends D, [cm™] | 30

Density of picks D, [em™1] | 22

Table 3. Construction parameters of woven fabric samples.
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produced from 6.6 km of weft yarn. The chosen condition of woven sample preparation (same warp system
and same construction for all fabric samples D, D ) and the same setting for fabric scanning (resolution axb,
calibration ¢, and number of images) for the evaluation of fabric contamination ensures that the same area of
fabric for each sample was evaluated. The high quality of the used warp system provides minimal contamination
by dust or trash particles. In other words, the contribution of the warp system to fabric contamination can be
neglected. Based on the presumption that the waviness of the weft is minimal, the rough estimation of weft yarn
length can be realized. When the size of the image and number of pics D are taken into consideration, the length
of weft yarn in all 200 images for each sample is about 0.165 km.

The character of the scanned images enables the identification of an appropriate threshold for converting
color images into a gray image and then into a binary form based on the bottom end of the image histogram.
The image processing method is illustrated in Fig. 1, showing a woven fabric sample in plain weave produced
with the 29.5 tex 100% CO waste yarn spun with W cleaning channel. The appearance of the fabrics is primarily
influenced by the presence of seed coat fragments and fiber neps, as these impurities can cause visual defects
after dyeing. In this study, the dark color impurities caused by plant fragments and seed coat fragments are taken
into account. To quantify and qualify the character of impurities, both object and field features were analyzed to
determine the contamination of the fabric surface.

The detected objects’ area A . . was measured. The presumption of equivalence among the area of objects A

bi and circle A _  is used to calculate the equivalent diameter d, see the Eq. (1).
object circle

d2
Aobject - Acircle - ﬂ‘T (1)

Additionally, minimum and maximum Ferrets diameters ferret, ., ferret, were assessed, as seed coat fragments
and dust particles exhibit convex character. The USTER AFIS PRO 2 classification sorts out impurities detected
on yarn surfaces into two categories (dust and trash) based on their size, where the dividing boundary is 0.5
mm?. It is not clear what type of size specification is used, whether the equivalent diameter d or Feret’s diameter

I 2000 um I
a)
frequency [-]
2e+05-
1e+05-
8e+04 -
e 4e+04
- I 2000 pm i
% 0- . I T T T T T T T |
- 0 50 100 150 200 250
intensity [-]
c) d)

Fig. 1. Example of processing of woven structures in plain weave. (a) Color image. (b) Binary image—
separated impurities (c) overlaid image (d) grayscale image histogram.
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(ferret . or ferret ). Following the recommendations for the classification of yarn impurities?, the detected
particles were categorized on the basis of the equivalent diameter d (criterion 1) and the maximum Feret’s
diameter ferret, (criterion 2) with the limit boundary size 0.5 mm.

The specifications of whether the impurity was dust or trash were realized with respect to equations (criterion
1: Eq. 3a, b) and (criterion 2: Eq. 4a, b), and the number of impurities (dust, trash) and their shape character

were evaluated.

Ndust :| {d | d= ddust < 05rnrn,z = 1,. . ,k} ‘

Ntrash :‘ {d | d= dt'r‘ash > 05mm,] = 1, ey l} ‘ (Za)b)
Ndust =| {feretmax | feretmax = feretmax quse < 0.5mm,i=1,... k} | (3ab)
. a,
Nirash =| {feretmax | feretmax = feretmax trasn > 0.5mm, j =1,...,1} |

Various parameters can be used to describe the impurity shape character. The ovality or circularity, as well as the
shape factor, can be used. To be able to explain how the detected object varies from the circle, the shape factor

Dopject 18 selected. Its definition is given by the Eq. (3).
Pobject 1= pobject_l

DPcircle 7Tde

(4)

Qobject =

In addition, the qualitative shape parameter - elongation e is also analyzed as the portion of minimal and

; A 8 . object A
maximal Feret’s diameter to get an idea about the proportion of detected objects, see Eq. (4).
fe?"etmax
€object = feT (5)
min

The binary portion is calculated as a field feature to give a complex idea of the impurity’s effect on the fabric’s
visual quality. The indices i and j are utilised to diversify the dust and trash particles. The index i ranges from 1 to
k, where k denotes the total number of dust particles detected. In a similar manner, the index j ranges from 1 to ,
where [ corresponds to the total number of detected trash particles. The definition of the binary portion is based
on the area fraction of all dust particles A . and all trash particles A, , divided by the whole area of the sample
A, usure S€€ EQ. (52). The whole area of the sample A, . is given by image resolution axb and calibration c.
The partial binary portion for dust and trash (binary portion . binary portion, ) is then calculated by (6b, c).

trash

k l
- . _ Adust + At'rush _ Zi:l Al + Zj:l Aj (621)
binary portion = = >
Ameasured abc
k
Agust > A
bi tiondust = us = ==l (6b)
nary poritiondust Ameasumjd abc2
l
bi . At'rash Zj:l AJ (6C)
1nary portionirash = =
Ameasured abc?

Statistical data processing

All experimental data underwent statistical processing, including verification of normality and homogeneity?.
The appropriate methodologies (typically the exponential transformation of data - for non-Gaussian
distribution, excluding outliers - if detected) were applied to determine key statistical parameters, including
mean, standard deviation, coefficient of variation, and a 95% confidence interval. In most cases of qualitative
assessment of impurities (their size and shape parameters), the most suitable exponential data distribution was
detected. The validity of the data transformation has been verified by means of the likelihood function. Only
for the characteristics where the small data set is obtained (set of ends D, set of picks D, fabric mass Mibric
and mechanical parameters of fabric F,_, Fweﬁ, e,., and e .), the Horn’s principle of statistical parameters,
including mean, standard deviation, variation coefhcient, and 95% confidence bounds, is used?’.

Results and discussion
Impact of cotton waste portion and cleaning method on open-end rotor yarn quality
The previous study'® examined the effect of different blending portions of cotton waste processed the same way
by Rieter R 37 open-end spinning machine by adopting the three types of cleaning channels (A, C, W). As an
illustration of the difference in quality between fiber blends, Fig. 2 shows a graphical comparison for selected
fiber parameters (fiber upper quantile UQL,, length, mean length L , and short fiber content SFC,, number of
impurities Neps, Dust, and Trash in slivers), including the 95% confidence intervals. It is clearly visible that fiber
length (fiber upper quantile UQL, length, mean length L ) slightly increases as the amount of cotton waste in
slivers decreases. Short fiber content SFC,, and impurities (Neps, Dust, Trash) decrease as cotton waste in slivers
decreases. Due to the data character, the confidence bounds are too narrow and, in some cases, less visible.

To demonstrate the differences among open-end rotor yarns spun by various cleaning channels (A, C, W),
the comparison for impurity counts (Trash count, Dust count) in yarns together with Lint generation during
yarn-on-yarn abrasion is shown in Fig. 3. The mean together with the 95% confidence intervals of Trash count
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Fig. 2. The quality of fiber blends used for the production of open-end rotor weft yarns (a) fiber length (b)
amount of impurity.
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Fig. 3. The contamination of open-end rotor yarns and amount of lint generation'®. (a) Dust count (b) Trash
count (c) Lint generation.
and Dust count are presented in the figure to get a complex idea about their variability. However, they are very
narrow and less visible due to a sufficiently high number of measured values (one value for each 1 cm of the
measured 5x 1 km of yarn). Lint generation was measured only for 1 km of yarn, and therefore, the graphical
interpretation of the trend behavior of various yarns is based on one experimental value for each sample.
Scientific Reports|  (2025) 15:19101 | https://doi.org/10.1038/s41598-025-04703-z nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The deterioration in fiber quality in terms of length (UQL,, L, ), short fiber content SFC,, and amount of
impurities with increasing cotton waste content in the sliver is also reflected in the amount of yarn impurities
(Trash count, Dust count). Higher release of fibers, fiber fragments, and/ or seed coat fragments in terms of Lint
generation are found in yarns spun with a higher portion of cotton waste, even though a higher twist has been
used. The lower degree of fiber arrangement in these yarns and the lower fiber length characteristics (UQL,,
L,) with a significantly higher short fiber content SFC, in slivers are probably the main reasons. The findings
confirmed that it is possible to produce 29.5 tex rotor-spun yarns from a blend of recycled cotton fibers, with
or without virgin cotton, by carefully selecting the appropriate spinning strategy and twist level. Although the
innovative cleaning method W resulted in some deterioration of specific yarn quality parameters (Trash count,
Dust count), the overall quality remained within the acceptable range according to USTER STATISTICS?® valid
for the year 2020.

Moreover, the study'® showed that yarns composed entirely of recycled cotton could achieve quality levels
comparable to those made from virgin fibers when the cleaning and spinning parameters were properly adjusted.

Impact of cotton waste portion and cleaning method on standard fabric characteristics
Building on these insights, the next phase of research was realized. The impact of blending portion of cotton
waste, resulting in various portions of yarn contamination by dust and trash particles was analyzed on woven
fabric in plain weave having the same construction parameters and warp threads system.

The open-end rotor yarns with identical 29.5 tex counts exhibited similar overall quality, with differences
primarily observed in the number of faults and impurity contamination mainly in the case of yarn spun with
cleaning channel W. Consequently, when processed into woven fabrics as weft yarns under the same construction
parameters, plain weave, using identical weaving machines with the same setting only minor variations in fabric
properties were expected, largely influenced by yarn quality.

The mean and 95% confidence boundaries of experimental data for selected fabric parameters are shown in
Table 4. The results verified this expectation in terms of fabric mass, density of ends D,, and density of pics D,
The diversities are mostly covered by confidence bounds overlapping. The mechanical parameters (F abric warp?
Fabric wefe Cabric warp Cabric we ) in both main directions are also comparable from the point of view of a’blend o
cotton waste (from 160 to 0% of cotton waste) as well as the cleaning channel (A, C, W) used. The slight increase
of relative force of F, abric wepe I connection with the weft yarn spun from 100% virgin cotton is visible but still
statistically 1n51gn1ﬁcant due to overlaps of confidence bounds.

To demonstrate the appearance of the fabric surface influenced by the cotton waste yarn in the weft system,
the planar view and cross-sections in both main directions of the fabric are provided. The planar view was taken
as a detail from the fabric woven from the weft yarn 29.5 tex 100% CO waste spun by cleaning channel W) see
Fig. 4.

The longitudinal and transverse cross-sections of the fabric prepared by the technique of soft cross-section
are presented in Fig. 5a, b. The cross-sections of the fabric are made from the fabric presented in Fig. 4. As
can be seen from the cross-sections, the spatial geometry of the fabric is defined by an uneven structure. The
warp system is maximally wavy and wraps the weft yarns, see Fig. 5a. The waviness of the weft waste yarns is
in a straightened shape with almost zero waviness, see Fig. 5b. The weft waste yarns, in this case, form a filling.
The weft waste yarns are protected on the fabric surface of the warp yarns. The length of the weft yarns on the
surface of the fabric are given by the distance between two warp threads. The length between two warp threads
defines the thread distance. The geometric relationship between the thread distance and the thread density can
be defined based on the reciprocal value, where the thread distance is equal to the reciprocal value of the thread

density.

Impact of cotton waste portion and cleaning method on contamination of fabric surface

To determine whether yarn contamination affects fabric contamination, it is essential to consider that some
impurities are released during each production phase. As the yarn is rewound and processed into fabric, it
comes into contact with multiple guiding elements, where friction causes the detachment of loosely bound
fiber segments as well as the loosing of impurities not firmly fixed to the yarn surface. In addition, the dynamic
nature of the weaving process results in the removal of dust particles from the yarn surface and the breaking of
impurities due to its fragility. Consequently, the number of detected impurities on the fabric surface is expected
to be lower, as some remain hidden within the fabric structure due to the arrangement of yarns, making them
invisible from both the face and reverse sides.

The higher release of fibers and fiber fragments of segments of plant impurities from the cotton waste yarn is
partly confirmed by the evaluation of Lint generation during yarn-on-yarn abrasion, see Fig. 3c. More frequent
cleaning of all guiding parts of the weft yarns and the beating area of the weaving machine was required during
fabric production. This was especially necessary when processing weft yarns with a higher cotton waste content
and those spun using cleaning channel W, see Fig. 6.

Industrial weaving mills set up suction equipment when processing yarns with greater or lesser dustiness.
Greater dustiness of yarns automatically activates more frequent suction than yarns with less dustiness. Suction
of dust from yarns is an important production factor in relation to the resulting quality of the fabric in general,
not only when processing waste materials. Furthermore, in the case of greater dustiness, industrial production
sets up cleaning of weaving machines after weaving, where all impurities arising during weaving are sucked off.
It is known from practice that possible contamination during weaving comes from the primary raw material
that is woven.

An example of a woven fabric planar view of potentially the most contaminated (the weft yarn 29.5 tex 100%
CO waste spun by cleaning channel W) and the minimally contaminated fabrics (the weft yarn 29.5 tex 100%
CO spun by cleaning channel A) is shown on Fig. 7.

Scientific Reports |

(2025) 15:19101 | https://doi.org/10.1038/541598-025-04703z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

‘s1ojowrered oLIqe] Paldsfes ay], ' dqel,

(9'9%6S) | (9°959) (8'9:19) | (8'999) (£'9%09) (89'89) |  (LL%9) (L9%5) (6'9¢'9) (6949°S) (Towss) | (§9:T9) (8'98°5)
€9 99 79 L9 79 €9 0L €9 €9 99 79 65 €9 €9 [96] ¥
(9791 LT (nar e (891 (90T | (o)1 e I R o R e o1 <o I e
cen | g | 910D wr) | sgen | OLUTOD | (6L15TLD) | (FOTAT6D) | (FLIOD) | (TLT99T) | (S8TTLD) | (0°LTHE9T) | (§9T°8ST) | (9°0T8°91) | (FLI6'ST)
. . . . . o . . . . . . . . . dremduiqey
6'ST 9°L1 [ 6T T6l 691 SLI 6l TL1 891 8Ll L91 €91 L'81 L91 (%] 2
(0'10€ (Teze (LLog (LL8T (081€ (T66C (8€LT (8982 (0182 (8csT (s°29¢ o - (6°s€T (SSLT | (fonar <o
T680) | ‘080 |  9¥87)| ‘6190 | ‘1890)|  9780) |  Wskd)|  TI90) 0050 | wwo | reve) | COTEOD L qarg | gy | (609080
TS6T|  €£50¢ 1967 | 8FLT| 16T 6067 1'19¢ 07T §'597 8'8€T 8'L5¢ 65T 1§34 65T gopz | [wo g/N] Py
(678¢ (628¢ (87TLE (6'18¢ (8707 (zco¥ (8'96¢ (8'88¢ (€TLe (6'76€ (L co¥ oc e (970% (096€ | (1. oc <o
0'8€E) | F0S€) €TTE) | 'ECETE) | f6FEE) TESE) 5'6£€) 8'6L€) ‘6P¥¢) LLSE) F15¢) (9°18¢ %6'9¢€) F1E€) *L'86€) (ese ‘c'gee)
S19¢ 9'99¢ 9'LFE 9 L¥E 6'69¢ ¥'8LE 789¢ €8¢ 9'g5¢ €9L€E SLLE g€LE 0'89¢ VLS geog | [uo o/N] g
(X34 0T (rem e (X34 0T (rem e e e . e U . e e e R e
07) g | (O€T0T0) 072) gy | (0€L0T0) | (0eTioce) | (0eiee) | (0€Ti0Te) | (0€ei0ee) | (0T 0'1T) (0¢z07e) | (0eTi0€r) | (0CT 01T) | (0°€T°0°€Q)
ST 0T ST ST 0T ST §TT 0Te ST STT S1T §TT 0'€T ST 0'€T [-wo] ‘g
(01¢ 00€ | neen (01¢ (0°0€ | (e cne e e e e e R e e e
0'16) 0'08) (0zef0°1E) 01 00 (0zeto'1e) | (0zet0'1E) | (0'0€00€) | (0T€20°T€E) | (0°TE*0TE) | (0°0€ *0°0€) (0'1€%0°1€) | (0'1€%0°TE) | (0°0€ “0°0€) (0°1€%0°0€)
0°1¢E 0°0¢ S'I¢E 0'1¢E 0°0€ SI¢E [ 0°0€ 01 S'Ig 0°0€ 0’1 0'1¢E 0°0¢ so¢ [Luwol’q
(0¢ot (1701 (001 (o101 (0701 (0°¢o0t1 (1701 (0°90T | (1epy o (1501 (1) S P (0901 00T | (rcnr e
‘0701) | “6°001) 0°201) | ‘0°001) | ‘0°€0T) 0°'101) £6°001) por) | (1EO16°66) 6'101) opor) | (17010°6001) £0°5071) gon) | (O°SOT0FOD
§T01 §T01 S201 S001 S€01 07201 §201 0°501 S101 S€01 SFHOT ST01 §°S01 0°901 SP01 [-wS] w
96L 128 106 €6 586 [(-w]Z
S'6C ESIR
M o] v M o] v M o v o v M o v | puuey Sumeao
0. H
00D %001 2)5eM 0D %ST/OD%SL a)seM 0D %0S/0D%0S a)seM QD %SL/0D %ST a)seM 0D %00T PUdIq 2191y

nature portfolio

| https://doi.org/10.1038/s41598-025-04703-z

(2025) 15:19101

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 4. The appearance of the fabric surface influenced by the weft yarn 29.5 tex 100% CO waste spun by
cleaning channel W (fabric detail).

Fig. 5. The woven fabric cross-section with weft yarn 29.5 tex 100% CO waste spun by cleaning channel W (a)
the longitudinal cross-section - the binding wave is warp thread (b) the transverse cross-sections - the binding
wave is weft thread.

Objects detected on the woven fabric surface were classified as dust particles if their equivalent diameter d or
maximum Feret’s diameter feret, _was less than 0.5 mm (criterion 1: d=d ;< 0.5 mm; criterion 2: feret,  <0.5
mm), see equations (3a and 3a). "Particles larger than 0.5 mm in terms of d or feret, _(criterion 1:d,=d, , > 0.5
mm; criterion 2: feret, > 0.5 mm) were classified as trash impurities, see equations (3b and 3b). The graphical
comparison of total numbers of dust 7, , is shown in Fig. 8a, and total number of trash particles r,,, is shown
in Fig. 8b for all woven fabric samples.

The legend provides a description of the cleaning channel and the criteria used to categorize dust and trash
particles. It is visible that the selection of criteria for the classification of impurities into dust and trash categories
is very important and leads to totally different results in values, but the trends remain the same. Using criterion 1
(d=d, > 0.5 mm), the number of particles marked as trash is significantly lower than using criterion 2 (feret,
> 0.5 mm). The innovative cleaning channel W ensures that shorter fibers are formed in the yarn structure, the
fiber yield is higher, but the contamination of the yarn by trash and dust particles is higher. This also results in a
higher number of impurities detected on the fabric surface if the weft yarn spun by cleaning channel W is used.

tras
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Fig. 6. Deposit of fiber fragments and impurities released from weft yarns during weaving. (a) unwinding area
of weft yarn (b) beating area of fabric.

The comparison of yarn and fabric contamination in terms of the number of detected particles is not
provided. Building up the serious semi-theoretical estimation of a number of contaminants based on the data of
yarn contamination is problematic mainly because of the facts mentioned below:

« Various conditions for yarn and fabric samples contamination evaluation setup and sensitivity. The contam-
ination of the weft yarn in terms Dust count, Trash count realized by USTER TESTER 5 evaluates only on
Y of the yarn surface relevant to the measured length, and the sensor detects particle size in the range of
100-1750 um?!. The calibration 7.98 um px~! used for scanning fabric images was selected as more sensitive
to detect smaller fragments and give more relevant information for potential needs of correction of the final
fabric treatment process. The majority of detected dust particles on fabric surface are smaller than 100 pm in
terms of feret, . . Figure 9 shows an example of histograms of dust particles detected on fabric surface with
the cumulative function. Moreover, the categories relevant to dust particles having feret . . <100 um are
highlighted in red. Hence, the number of detected particles for a 1 km yarn length is used only as an indicator
of yarn contamination, not as a value for estimating the fabric contamination values.

o An expression of the length of yarn in the analyzed fabric and its surface with respect to the fabric structure. The
problematic part is the expression of the surface of the yarn, which is taken into account for the detection
of impurities on yarn itself and on the fabric surface woven from these yarns. To calculate the length of the
weft waste yarn on the surface of the fabric, a length calculation based on the structure and geometry of the
fabric can be used. As mentioned above, the length of the weft yarn on the surface of the fabric is given by
the distance between two warp threads. The length between two warp threads defines the thread distance.
The geometric relationship between the thread distance and the thread density can be defined based on the
reciprocal value, where the thread distance is equal to the reciprocal value of the thread density.

o Transformation and loss of impurities during weaving. Some of the impurities may change their character due
to their fragility. Hypothetically, a single trash particle decomposes into several smaller particles due to fric-
tion and mechanical stress during weaving, and next, it is detected as a sequence of dust on the fabric surface.
A further complication is that some of these newly created pieces can become detached. It is impossible to
easily obtain information on the amount of particles that are shed during weaving, which requires a specific
experiment.

The following analysis is based on the data, where only criterion 2 for defining dust, respectively, trash particles,
is used. The assumptions about size parameters are based on previous research and long-term experience. Only
small variations in the size parameters of the dust and trash contaminants are to be expected when different
amounts of cotton waste are used since the contaminants have the same origin. Ferret’s diameters may be more
suitable, as larger contaminants tend to have a convex shape character. The size and shape characteristics of
contaminants in different weft yarns produced using the three cleaning channels (A, C, W) remain similar.
The obtained results are presented in Fig. 10, where the mean values together with 95% confidence intervals
are presented. The results are in good accordance with the assumptions. Values of equivalent diameter and
Ferret’s diameters significantly differ for both types of contaminants (dust and trash particles). The equivalent
diameter (d,, ., d,,.;,) is significantly lower than the maximal Ferret’s diameter (feret, . .. fetet, . .). It can
be concluded that the size of dust particles described by the equivalent diameter or Ferret’s diameters tends to
decrease as the amount of cotton waste in used weft yarns in woven fabric decreases. On the other hand, the
diversity is also connected with the precision of the measurement; the lowest detail in the image is given by using
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Fig. 7. An example of a woven fabric views (a) weft yarn 29.5 tex 100% CO waste spun by cleaning channel W
(b) weft yarn 29.5 tex 100% CO spun by cleaning channel A.

calibration 7 um px~!. In the case of trash particles, the size characteristics are not affected by the type of cleaning
channel used, nor by the ratio of cotton waste in used weft yarns in the woven fabric.

A comparison of contaminant shape characteristics in terms of mean and 95% confidence intervals (g,
Diraste Cause Corag) 1S Shown in Fig. 11. The experimental data confirmed that impurity shapes in terms of shape
factor and elongation vary by category, with higher values observed for trash particles. The contaminants were

generally non-circular and slightly elongated. The shape factor for dust was q,,, ., = 0.14, while for trash it was
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Fig. 8. Comparison of the number of dust and trash particles by using two criteria for categorization (a)

number of dust particles n,,, (b) number of trash particles n, .
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Fig. 9. Histogram and cumulative function of dust particles for fabric (a) weft yarn 29.5 tex 100% CO waste
spun by cleaning channel W (b) weft yarn 29.5 tex 100% CO spun by cleaning channel A.

Qprasp = 0-57. Similarly, the elongation of dust particles was e, , = 1.5, whereas for trash particles it was e, , =
1.95. Neither the cleaning channel nor the cotton waste content in the weft yarns significantly affected these
shape characteristics, as indicated by the overlapping confidence intervals.

The binary portion for all detected particles is calculated, as well as the binary portion separately for trash
and dust particles in respect to the definition by Eq. 5c. The categorization of particles is done in accordance
with the criterion 2. The graphical comparison is shown in Fig. 12, where the mean, together with the 95%
confidence intervals, is presented. In view of the results presented earlier, it can be assumed that the differences
between the binary proportions will be very small and statistically insignificant due to overlapping confidence
intervals. However, they may provide information on trends of the different analyzed types of woven fabric made
of various weft yarns from the point of view of the used blending ratio of cotton waste and the cleaning channel
applied. The results of the yarn analysis proved that the amount of dust and trash particles decreases as the
cotton waste decreases and moreover, the yarn spun by cleaning channel W has the largest amount of impurities.
Thus, it can be expected that the trend of the binary portion will also be affected. The results indicate that the
binary proportion of all contaminants tends to decrease as the cotton waste content in the weft yarns decreases.
Additionally, the lowest binary proportions were observed when using cleaning channel A, followed by channels
Cand W. Interestingly, the contribution to the binary portion given by dust particles is comparable to that of trash
particles. Previous research has shown that the smaller impurities have a smaller impact on the visual quality of
the woven fabric and are more likely to be removed during pretreatment. However, they are important in terms
of bath contamination and the need for filter cleaning in water-based processes. Therefore, when optimizing the
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Fig. 10. Comparison of the size impurity parameters (classification of impurities is based on criterion 2) (a)
ddust (b) dtmsh (C) feretmin dust (d) feretmin trash (e) feretmax dust (f) feretmux trash’

final treatment process to minimize the impact of contaminants on the visual of fabric, greater attention should
be given to larger particles, as they are more likely to affect fabric appearance and quality.

Examples of impurities for dust particles and trash particles detected on the surface of woven fabric made
from weft yarn spun from 100% CO waste are shown in Figs. 13 and 14. The impurities are sorted according to

the maximal Ferret's diameter feret, , .

Conclusion

The study investigated and analyzed the contamination of the fabric surface due to cotton waste open-end rotor
yarn woven into the weft. The objective of this study is to assess the impact of cotton fibre quality on the quality
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Fig. 11. Comparison of shape impurity parameters (a) shape factor g, ., (b) shape factor g, , (c) the

elongation e, , (d) the elongation e, .

of yarns and fabrics, surface quality produced from them, with a particular focus on the degree of contamination.
The research examines existing methods for evaluating contamination levels in raw cotton, yarns, and fabrics,
aiming to identify and propose suitable qualitative and quantitative parameters for assessing impurities,
particularly seed coat fragments and other plant residues. Furthermore, the study evaluates the significance of
the blend ratio of reused cotton fibers and the cleaning processes applied during spinning, analyzing their effects
on yarn quality and the resulting contamination of fabrics in a gray state. Additionally, it indirectly evaluates the
potential hazard risk for environmental pollution by shedding or fibers, fiber fragments, plant impurities, and
dust particles.

This study is a follow-up research examining the impact of cotton waste proportion and cleaning channels (A,
C, W) used during the spinning of open-end rotor yarns on the quality of woven fabrics made from them in the
weft direction. The study proves that cotton waste can be effectively incorporated into yarn production without
significantly compromising fabric properties, supporting the sustainable use of recycled fibers. Moreover, more
frequent cleaning of the weaving machinery is required to ensure a stable weaving process, minimize yarn
breakages, and reduce contamination of the working environment.

The findings confirm that yarn contamination does not fully translate into fabric contamination, as
impurities are released throughout production, particularly due to friction and dynamic forces during
weaving. The innovative cleaning channel W increases fiber yield but also raises contamination levels, leading
to a higher number of detected impurities on the fabric surface. The classification method for dust and trash
particles significantly affects the contamination evaluation, though contamination trends remain consistent.
The classification of dust and trash particles by the maximal Ferret’s diameter is preferred based on the obtained
outputs from the realized experiment. Additionally, while the size of dust particles fixed in fabric structure
decreases as the cotton waste proportion decreases, trash particle size is unaffected by the cleaning channel or
waste ratio in the weft yarn. It also means that it can be expected that the particles decompose due to mechanical
forces, and smaller particles are shed from the structure. The respirable dust is the most critical aspect for the risk
of pulmonary infection of workers and has to be eliminated from the working area.

In the binary portion, the contaminant amount decreases as cotton waste content in weft yarns is reduced,
with the lowest found in cleaning channel A, followed by C and W. Surprisingly, dust and trash particles
contribute to the binary portion equally. This leads to the recommendation connected with optimizing fabric
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Fig. 12. Comparison of the binary portion (classification of impurities is based on criterion 2) (a) binary

portion (b) binary portion

quality: the final treatment should focus mainly on eliminating the visual impact of larger contaminants. The
reason is that smaller particles can be mostly removed during pretreatment because they are not firmly fixed
in a woven structure. At the industrial scale, the notable benefits of the presented results are their potential to
indicate the level of fabric contamination, which is crucial for planning subsequent textile finishing processes,
such as pretreatment, bleaching, and dyeing, particularly in terms of adjusting process parameters to effectively

dust

(c) binary portion

trash’

decolorization of residual seed coat fragments adhered to the fabric surface.
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Fig. 13. Examples of detected dust particles on woven fabric made of weft yarn spun from 100% CO waste.
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Fig. 14. Examples of detected trash particles on woven fabric made of weft yarn spun from 100% CO waste.
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