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Abstract

Today, the need for fabrics that resist the growth of microorganisms is rising rapidly, as bacteria and other
microbes are resistant to any clean room environment. In particular, health care and hygiene textile products
must be more bacterial resistant. This study thus concentrated on developing antibacterial surgical textile
products using eco-friendly material, such as casein and banana peel, which were used to coat fabric using
cyclodextrin as a cross-linking agent. In this research work, fabric was treated with banana peel, casein, and
a combination of banana peel and casein, without cyclodextrin, while cyclodextrin-loaded fabric treated
samples were tested for antimicrobial resistance (AATCC100-2004). The treated samples initially studied using
FTIR showed a peak point at 3,278.99 cm™, which infers the presence of an O-H group for banana peel extract,
and at 3,340.71 cm™, which infers the presence of an N-H group for casein. Antimicrobial tests against £. coli
showed a bacterial reduction of 81.44%, while a reduction of 52.80% was recorded for S. aureus. An analysis
of untreated and treated samples showed that treatment with extracts of an agent through the pad-dry-cure
process did not have a significant effect on the tensile and air permeability characteristics of the samples.
Keywords: banana peel, casein, antibacterial resistance, colony-forming units, natural agents

Izvlecek

V danasnjem casu potreba po medicinskih in higienskih tekstilijah s protimikrobnim delovanjem iziemno hitro
narasca, ker bakterije in drugi mikroorganizmi tudi v asepticnih prostorih postajajo cedalje bolj odporni. Glede
na to je bil namen raziskave razviti protibakterijske tekstilije za medicinske namene z uporabo okolju prijaznega
materiala, kot sta kazein in bananin olupek, ki sta bila nanesena na tkanino v kombinaciji s ciklodekstrinom kot za-
mreZevalnim sredstvom. V eksperimentalnem delu so bili vzorci tkanine obdelani z bananinim olupkom, kazeinom,
kombinacijo bananinega olupka in kazeina s ciklodekstrinom in brez njega. Protibakterijska aktivnost vzorcev je bila
testirana v skladu s standardno metodo AATCC100-2004. Rezultati analize FTIR obdelanega vzorca so pokazali pri-
sotnost absorpcijskega traku pri 3278,99 cm’, ki nakazuje na prisotnost skupine O-H ekstrakta bananinega olupka,
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in absorpcijskega traku pri 3340,71 cm’, ki nakazuje na prisotnost skupine N-H kazeina. Rezultati protibakterijske

aktivnosti so pokazali 81,44-odstotno redukcijo rasti bakterije E. coli in 52,80-odstotno redukcijo rasti S. aureus. Pri-

merjava neobdelanih in obdelanih vzorcev je pokazala, da nanos proucevanih sredstev z impregnirnim postopkom

nima bistvenega vpliva na natezne lastnosti in zracno prepustnost tkanine.

Kliu¢ne besede: bananin olupek, kazein, protibakterijska odpornost, Stevilo bakterijskih celic, ki na gojis¢u tvorijo

kolonije, naravna sredstva

1 Introduction

Currently, natural agents [1-10] are used for mul-
tifunctional application [4-12] in many alternate
treatments. These natural agents can also be treated
in textile substrates for the development of protec-
tive, medical and hygienic products. Surgical cloth-
ing is mainly classified as reusable and decomposable
textiles. In reusable textiles, cotton/cotton-viscose
are widely used, and the clothing is laundered and
reused. The risk of contamination with bacteria is
much higher. On the other hand, disposable textiles
solve the problem of contamination to a large extent,
but are not eco-friendly. To overcome this problem,
cotton woven textile material can be treated with an-
ti-microbial agents and used for several washes with
a lower percentage of contamination.

We chose two natural agents, i.e. casein [6-13]
and banana peel [10-16], for application on cotton
fabric. The work also included cyclodextrin [17-21]
as a cross-linking agent to enhance the durability of
cotton fabric. These natural agents thus transfer a
microbial resistance property to cotton fabric.

2 Materials and methods

2.1 Materials

Specifications of the fabric used in this study are
summarized in Table 1, while basic properties were
determined using standard instruments and proce-

dures.

Table 1: Cotton fabric details

Seq. no. | Parameters Values

1. Yarn count: warp/weft 16.9 (35%)/21.9 (27?)
2. Fabric mass (g/m?) 100

3. Warp density (ends/cm) | 28.35

4, Weft density (picks/cm) 2441

5. Cover factor 18.91

6. Stiffness (mgcm) 15.73

7. Thickness (mm) 0.21

a) Ne, cotton (English)

Peels from ripening green bananas (Musa sapien-
tum) were gathered from the local market in Coim-
batore, India. Peels were sliced into small pieces after
drying for 15 days. Casein (Hi-Media M-Protein,
vitamin free) (Precision & Scientific, Coimbatore,
India) and B-cyclodextrin with a molecular weight
of 1,134.98 g/mol (Sigma-Aldrich, USA) were used
in this research work. The above-mentioned natural
agents were then extracted using the Soxhlet appa-
ratus method.

Aqueous extraction of banana peel

A total of 100 g of natural agent, i.e. banana peel
(Musa sapientum), was taken and placed inside the
Soxhlet apparatus in the presence of a universal
solvent water for aqueous extraction. The extraction
was carried out for 10 siphoning cycles at 40 °C.
The obtained extracts were sealed with aluminium
foil and refrigerated at 4 °C until required for fabric
finishing treatment using the pad-dry-cure process.
The prepared fabric samples were then subjected to
strength and anti-microbial tests, and Fourier trans-
form infrared spectroscopy (FTIR) analysis.
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Fabric pretreatment and padding process

The fabric was pre-treated using a standard detergent
(pH of 7-8) soap solution (10 g/l) at 90 °C with a
liquor to material ratio (L:M) of 50:1 for 90 minutes,
followed by hot and cold washes (five times each)
and drying in ambient conditions.

As seen in Table 2, the pre-treated cotton fabric
was padded with an aqueous herbal extract with
cyclodextrin (2% on the weight of the material,
OWM) and without the aid of cyclodextrin using
a laboratory scale padding mangle machine with
a working width of 450 mm (manufactured by RB

Electronics, Maharashtra, India) following the pad-
ding-drying-curing sequence. A 60% wet pick-up
was achieved during padding, followed by drying at
80 °C for five minutes and curing at 120 °C for three
minutes. The quantity of herbal extract present in
the fabric after drying was tabulated in Table 2 as a
percentage of the weight of the material (OWM). The
treated samples were then washed under standard
wash conditions. Both the treated (unwashed) and
washed samples were taken for antibacterial testing.
The detailed experimental methodology used in this
study is shown in Figure 1.

Table 2: Sample details and percentage of weight add-on (% OWM) after the pad-dry-cure process

Sample no. Peel : casein ratio (%) OMW 2 (%) Cyclodextrin in solution (%) OWM after PDCP (%)
1 10:90 5 0 4
2 10:90 10 0
3 10:90 5 2 4
4 10:90 10 2 9.5
5 25:75 5 0 4.5
6 25:75 10 0 7
7 25:75 5 2 5
8 25:75 10 2 9
9 50:50 5 0 35
10 50:50 10 0 75
1 50:50 5 2 45
12 50:50 10 2 10
13 75:25 5 0 4
14 75:25 10 0 9
15 75:25 5 2 5
16 75:25 10 2 9
17 90:10 5 0 35
18 90:10 10 0 8.5
19 90:10 5 2 6

20 90:10 10 2 9
21 100:0 5 0 5
22 100:0 10 0 9.5
23 100:0 5 2 55
24 100:0 10 2 9
25 0:100 5 0 5
26 0:100 10 0 9
27 0:100 5 2 4.5
28 0:100 10 2 10
29 0:0 0 0 0

a) On the weight of the material; b) Weight add-on of the material after the pad-dry-cure process
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2.2 Methodology

Figure 1 illustrates the methodology used in the experiment.

Casein powder and banana peel

Y

Extract preparation
by Soxhlet apparatus method

Fabric sample

!

100% bleached cotton woven fabrics
with plain weave structure

Extract was applied on fabric using the pad-dry-cure process,
with and without cyclodextrin (cross linking agent) in different proportions

A4

v

| FTIR (fabric characterization test)

| Anti-microbial property test (functional)

\4

| Testing of physical and comfort properties for both untreated and treated fabrics (with and without cyclodextrin)

Figure 1: Methodology chart

2.3 Testing methods

Testing of anti-microbial activity

The cotton samples, both coated and untreated, were
put in separate glass jars in accordance with the
AATCC 100 [22] test methodology, and 1 ml of test
bacterial inoculum was added. The jars were shaken
vigorously 10 times after being diluted with distilled
water. Following serial dilution, the solution was
plated on nutrient agar and incubated for 24 hours at
37.2 °C. The number of colony-forming units (CFU)
was determined by counting the colonies. This re-
sult determined the number of colonies in the zero
contact period. A similar procedure was carried out
for an 18 hour contact period of cotton and bacteria,
and the number of colonies were counted. In order
to determine the percentage reduction of bacteria
(R) (equation 1), colonies of bacteria recovered on
the agar plate for both untreated and treated materi-

als were counted before and after washing.
R = %4 « 100 (%) (1)

where B represents the number of bacterial

colonies from the untreated control specimen after

inoculation at zero contact time and A represents
the number of bacterial colonies from the treated
specimen after inoculation throughout an 18 hour

contact period.

Wash fastness test
The AATCC 124 [23] test methodology, proposed
in literature reference [24], was used to perform the
wash fastness test. The test results indicated the bio
efficacy of the bound chitosan to cotton fabrics and
the number of washes it can withstand in the textile.
The treated fabrics were washed usingan AATCC
standard reference detergent without a bleaching
agent in accordance with the AATCC 124 test meth-
odology [23], as presented in Table 3, to determine
how long the antibacterial effect would last. Five
normal, careful hand washings at a temperature of
40 °C £ 3 °C were equivalent to one cycle of wash-
ing using this method. All of the treated samples
underwent three consecutive cycles of washing. The
samples were rinsed with warm water at the conclu-
sion of the third cycle, allowed to air dry, and then
tested for antibacterial activity using the AATCC
100 methodology [22] (mentioned above).
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Table 3: Washing conditions AATCC 124 test meth-
odology

Details Conditions

Cycle Normal/sturdy cotton
Wash water temperature (°C) 60+3

Rinse water temperature (°C) <29

Water level (1) 68.14 + 3.785
Agitation speed (rotations/min) |[179+2

Wash time (min) 12

Spin speed (rotations/min) 630-660

Final spin cycle (min) 6

Fourier transform infrared spectroscopy (FTIR)

A Fourijer transform infrared spectrometer (Shi-
matzu, Japan) was used. An FTIR spectrogram was
obtained at a spectral range of 4000-400 cm™ at a

resolution of 0.9-1 cm.

Physical and comfort properties of fabrics

The physical and comfort properties of 100% cotton

© ©
o o

7372

~
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59

49 o1
44

56
49
42

a o
o O

w
o

Colony forming units (CFU)
N P
o o

-
o

o

Untreated (0 h) Banana peel +
casein (0 h)

(Oh)

46

Banana peel +
casein + cyclodextrin

woven fabrics, such as the thickness [25], tensile
properties (ASTM D 5035) [26], air permeability
(ASTM D737) [27], wickability [28] and wettability
[29] of both untreated and treated samples were
evaluated using standard testing procedures and
equipment after conditioning the samples at 65%
relative humidity and 27 °C + 1 °C for 24 hours to
bring them to approximate moisture equilibrium
in standard atmospheric conditions for precondi-
tioning textile as directed by ASTM D 1776 in an

environmental chamber [30].

3 Results and discussion

3.1 Antimicrobial test

An antimicrobial test applying the AATCC 100 [22]
standard was performed for two strains, i.e. E. coli
and S. aureus. The results obtained are presented

below in Figure 2 and Table 4.

79 79
74

65

39

29
20
11 HI
i

Banana peel +
casein + cyclodextrin
(18 h)

26 27

Untreated (18 h) Banana peel +

casein (18 h)

Cotton fabric samples

B Escherichia coli (before washing)

B Escherichia coli (after washing)

O Staphylococcus aureus (before washing)

B Staphylococcus aureus (after washing)

Figure 2: Growth of tested bacteria on treated and washed samples
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Table 4: Growth rate of the tested bacteria on the samples
Time Number of colonies
Bacteria Washin Fabric
e h | 10 10° 10+ 10° 10° 107
0 TNTC TNTC TNTC 92 59 46
Untreated CO
18 TNTC TNTC TNTC TNTC 79 53
Banana peel- and casein- 0 TNTC TNTC TNTC 89 51 43
Escherichia coli | No
treated CO 18 82 71 57 40 26 14
Banana peel-, casein- and 0 TNTC TNTC TNTC 94 56 39
cyclodextrin-treated CO 18 64 43 32 19 11 7
0 TNTC TNTC TNTC 81 49 30
Untreated CO
18 TNTC TNTC TNTC TNTC 79 53
Staphylococcus No Banana peel- and casein- 0 TNTC TNTC TNTC 74 44 21
aureus treated CO 18 17 84 69 44 27 16
Banana peel-, casein- and 0 TNTC TNTC TNTC 68 49 29
cyclodextrin-treated CO 18 97 78 56 34 20 1
Banana peel- and casein- 0 TNTC TNTC TNTC 109 73 59
After first | treated CO 18 TNTC TNTC 89 60 42 29
Escherichia coli .
WaShlng Banana pee|_l casein- and 0 TNTC TNTC TNTC 123 74 46
cyclodextrin-treated CO 18 TNTC TNTC 79 47 29 18
Banana pee|_ and casein- 0 TNTC TNTC TNTC 98 72 46
Staphylococcus | After first | treated CO 18 TNTC TNTC TNTC 69 46 29
aureus washing | ganana peel-, casein- and 0 TNTC TNTC TNTC 93 65 51
cyclodextrin-treated CO 18 TNTC TNTC TNTC 61 39 27
Table 5: Overall performance on treated material and washed material
Washin Bacterial growth reduction (107
Seq. no. Bacteria Sample description A g A 9 . (
specification inoculation) (%)
1. Escherichia coli Untreated X -15.21
2. Escherichia coli Banana peel and casein X 67.44
3. Escherichia coli Banana peel, casein and cyclodextrin X 82.05
4. Staphylococcus aureus Untreated X -76.66
5. Staphylococcus aureus Banana peel and casein X 23.8
6. Staphylococcus aureus | Banana peel, casein and cyclodextrin X 62.06
7. Escherichia coli Banana peel and casein v 50.84
8. Escherichia coli Banana peel, casein and cyclodextrin v 60.86
9. Staphylococcus aureus Banana peel and casein v 36.95
10. Staphylococcus aureus | Banana peel, casein and cyclodextrin v 47.05

Positive and negative values in bacterial growth
reduction indicate that the inoculation of serial dilu-
tion effectiveness, i.e. at zero hours and at 18 hours of
serial dilution of inoculates; if the CFU value (num-
ber of colonies) at 18 hours exceeds the CFU value

at 0 hours, the resultant bacterial growth reduction

is negative, otherwise the bacterial growth reduction
value will be positive. A positive value indicates that
the bacteria multiplication factor fell sharply, while
a negative value indicates the bacteria multiplied in
increasing rather than decreasing order. Thus, an

additional dilution might be needed for evaluation.
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It is evident from Table 5 and Figures 3 and 4
that the treated and washed samples have traces of
the applied natural extracts, which helps explain
why the tested samples demonstrated antibacterial

activity against both strains of E. coli and S. aureus.

B-cyclodextrins used as cross-linking agent acted as
a reservoir in treated samples and leached key com-
ponents of applied natural extracts after each wash-
ing cycles to contribute to the antibacterial activity

of treated samples.

0h Oh 0h
18h 18h 18h
Banana peel-, casein- and
Untreated cotton Banana peel- and casein-treated cotton g

cyclodextrin-treated cotton

a) Antimicrobial activity against Escherichia coli (without washing)

Oh Oh Oh
18h 18h 18h
Banana peel-, casein- and
Untreated cotton Banana peel- and casein-treated cotton P

cyclodextrin-treated cotton

b) Antimicrobial activity against Staphylococcus aureus (without washing)

Figure 3: Antimicrobial activity of untreated and treated cotton (without washing)
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0h Oh

18 h 18h
Banana peel- and casein-
treated cotton

Banana peel-, casein- and
cyclodextrin-treated cotton

a) Antimicrobial activity against Escherichia coli
(first wash)

0h 0h

18h 18h
Banana peel- and casein- Banana peel-, casein- and
treated cotton cyclodextrin-treated cotton

b) Antimicrobial activity against Staphylococcus au-

reus (first wash)

Figure 4: Antimicrobial activity of the treated cotton
(after washing)

3.3 FTIR

FTIR curves were obtained and the wavelength
in each individual FTIR of extracts applied fabric
sample infers that the natural agents became affixed
to the fabric during the pad-dry-cure process. The
treated sample characterized by FTIR showed distin-
guished peak point at various wavelengths, notably
at 3,278.99 cm™ and 3,340.71 cm™. It is evident from

Figures 5 and 6 that the peak point is achieved at
3,348.42 cm™, which infer the presence of an N-H
group of amines for casein, while the peak point at
3,217.27 cm™ infer the presence of an O-H group of

phenols for banana peel.

Figure 5: FTIR graph of untreated and banana peel -

casein combination treated fabrics

Figure 6: FTIR graph of untreated and treated fabrics

(banana peel - casein combination with cyclodextrin)

Figures 5 and 6 illustrate FTIR curves, and an
analysis of those curves shows that the following
points can be observed in a precise manner: the
peaks at 3,348.42 cm™ and 2,785.21 cm™ are due the
O-H stretching vibration of primary alcoholic groups
in glucose units and the C-H stretching vibration of
residual wax, respectively, which are present in the
untreated cotton fabric. In the case of banana-peel
extract and casein-finished materials, peaks at
1,366.60 cm’!, 3278.99 cm’!, and 3,340.71 cm™ can be
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attributed to the O-H bending of active phenolic con-
tent of banana peels and N-H stretching of amines
in casein, respectively. To summarize, FTIR analyses
revealed the presence of the key chemical component
of both banana peel and casein on treated samples at
peak wavelengths of 3,278.99 cm™ (phenolic group)

and 3,340.71 cm™ (amines group), respectively.

25

20

15

10

Tensile strength (MPa)

0 5 10 15 20
Elongation (%)

a) Untreated fabric sample

3.4 Instron tensile strength tester

When comparing untreated sample and treated sam-
ple strength, as presented in Figures 7 and 8, it can be
inferred that there is an increase in tensile strength
characteristic of 9.08% with respect to individual
evaluations of the tensile strength of untreated sam-
ples of 21.31 MPa and the tensile strength of treated
sample of 23.24 MPa.

25
20
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10

Tensile strength (MPa)

0 5 10 15 20
Elongation (%)

b) Treated fabric sample

Figure 7: Tensile trend of untreated fabric and treated (combination of peel, casein and cyclodextrin) fabrics
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Figure 8: Tensile strength of untreated fabric and
treated fabrics

3.5 Airpermeability

The air permeability of untreated samples was
16.3 cm’cm s (rotometer reading of 590 litre/cm?),
while the air permeability of treated samples was
15.5 cm*cms™ (rotometer reading of 560 litre/cm?).
Thus, the permeability value of treated samples
was slightly lower due to the application of natural
agents. This clearly indicates, however, that comfort
aspects do not under go significant changes due to
the finishing process.
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4 Conclusion

The study resulted in the following important con-

clusions:

« From the physical properties of control (un-
treated and treated samples), it can be conclud-
ed that treatments with the extracts of a natural
agent through the pad-dry-cure process did not
have a significant effect on physical properties,
such as air permeability, wettability and wick-
ability.

* Antibacterial activity showed that the natural
agents of banana peel and casein extracts
demonstrated a satisfactory and good activity
against bacteria, such as Escherichia coli and
Staphylococcus aureus.

* Both the properties investigated in the study
were well-supported by the cross-linking agent
B-cyclodextrin in the form retention of both
agents, and responded well, even after the
treated sample were washed applying standard
washing procedures

* The development of natural agent-finished
garments was designed especially for medical
textiles, such as face masks and surgical gowns.
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Abstract

The automation of current crocheting technology offers many possibilities. To fully exploit this potential, it
is necessary to develop not only hardware, but also methods that enable the design of novel machine-cro-
cheted fabrics. In the case of manual crocheting, approaches for an automated generation of crochet pat-
terns according to 3D shapes have already been presented in the literature. However, the most technically
advanced crocheting machine prototype currently proposed automates the crocheting of flat fabrics starting
from a chain row. Given the limitations and operation of this so-called CroMat crocheting machine, a tool for
shaping flat machine-crocheted fabrics according to 2D convex polygons is presented here. With this, surfac-
es can be divided into crochet stitches using a tessellation process and numerical optimization. The rules of
the automated crocheting process were thus followed to ensure the machine manufacturability of generated
patterns. Computer models of the fabrics were used as previews. In addition, the shaping possibilities of the
CroMat crocheting machine, in particular with respect to increase and decrease stitches, are presented and
discussed by means of the tessellation optimization of exemplary polygon shapes. Generally speaking, the
algorithm extends the toolbox for designing machine-crocheted fabrics through the automated generation
of valid crochet patterns corresponding to input shapes and according to the possibilities of the CroMat
crocheting machine prototype.

Keywords: crochet, design, tessellation, crocheting machine, numerical optimization

Izvlecek

Trenutni razvoj avtomatizacije tehnologije kvackanja ponuja veliko mozZnosti. Da bi v celoti izkoristili njen poten-
cial, ni potreben le razvoj strojne opreme, temvec tudi metod, ki omogocajo oblikovanje novih strojno kvackanih
tekstilij. Pri rocnem kvackanju je mogoce oblikovanje tekstilij po tridimenzionalni obliki predmetov. Tehni¢no
najnaprednejsi prototip kvackalnika, ki je trenutno znan iz literature, omogoca le avtomatizirano izdelavo ploskih



264 Tekstilec, 2023, Vol. 66(4), 263-284

kvackanih tekstilij z verizno zacetno vrsto. Glede na omejitve in delovanje kvackalnika CroMat je bilo razvito orodje

za oblikovanje plosko izdelane kvackane tekstilije z vzorcem dvodimenzionalnih konveksnih mnogokotnikov. Cla-

nek predstavlja pristop k razdelitvi povrsin na kvackane zanke s postopkom teseliranja in numeri¢no optimizacijo.

Pri tem se upoStevajo pravila avtomatiziranega kvackanja, ki zagotavljajo strojno izdelavo generiranih vzorcev.

Za predogled se uporabljajo racunalniski modeli kvackanih tekstilij. Poleg tega so predstavijene in obravnavane

moZnosti oblikovanja pletiv na kvackalniku CroMat, zlasti za operacije Sirjenja in oZenja s pomocjo optimizacije

teselacije vzorénih mnogokotnih oblik. Na splosno algoritem razsirja nabor orodij za oblikovanje strojno kvackanih

tekstilij z avtomatskim generiranjem izvedljivin kvackanih vzorcev, ki ustrezajo vnesenim oblikam in izdelavnim

moZnostim prototipa kvackalnika CroMat.

Kliuc¢ne besede: kvackanje, oblikovanje, kvackalnik, geometrijsko sosledje, raport

1 Introduction

The first developments for the automation of the tex-
tile technology of crocheting have recently started. A
prototype for the flat crocheting of rectangular fab-
rics [1-3] and a prototype for the circular crocheting
of seamless tubes [4] have been presented, while
digital methods for designing crocheted textiles have
been developed [3, 5-11]. Some already established
industrial textile machines are mistakably referred
to as crocheting machines, although they are warp
knitting machines that can only produce structures
similar to crocheting [3, 5, 6]. The machine produc-
tion of crocheted textiles offers great potential in
the replacement of commercial crocheted products,
which have thus far been produced exclusively by
hand under poor working conditions [3, 4]. More-
over, automation will enable the use of crocheted
fabrics as a novel technology in the field of technical
textiles. In this regard, promising applications have
already been proposed, such as tissue engineering
scaffolds [12], fibrous sound absorbers [13] and
textile sensors [14].

Crocheting is similar to knitting but is more
difficult to perform by machine because the loops of
a new stitch are drawn both vertically and laterally
through old stitches (in knitting, they are only drawn
vertically) [15, 16]. Additionally, the formation of
one stitch must be completed before the next one
can be created [5, 6]. Due to crocheting’s potential

for creating diverse stitches and complex structures,

such as hyperbolic planes, [17, 18] the automation
of this technology should give particular attention
to shaping possibilities. Increase (INC) and decrease
(DEC) are the fundamental shaping methods used
in crocheting to change the number of stitches in
one course (fabric row) in flat crocheting or in one
round in circular crocheting [4-6].

Perry et al. [4] were the first to present an ap-
proach for the creation of crocheted INC and DEC
using a circular crocheting machine (called Cro-
che-Matic) based on a magic ring and crocheting in
spirals, which is a crocheting technology with simi-
larities to circular knitting. On account of its mecha-
tronic design, chain stitches (CH) and single crochet
stitches (SC) can be automatically created. However,
the Croche-Matic prototype has encountered major
reproducibility problems due to its 50.7% success
rate in terms of stitch completion [4].

The first prototype for automating the crocheting
of flat rectangular fabrics, through crocheting slip
stitches (SL) in courses with alternating directions
based on a chain row, was presented back in 2019
[2]. This likewise mechatronic prototype was further
developed independently of Croche-Matic and can
now produce half double crochet stitches (HDCs)
for the first time, in addition to previously automat-
ed CHs, SL and SCs [3]. On account of the suitable
suspension of crocheted stitches, no serious limita-
tions of reproducibility occur, such those reported
by Perry et al. Together with this approach, referred
to as CroMat, the first tool specific to the machine
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for designing machine crocheted fabrics, including a
modelling preview and a generation of the machine
code for manufacturing, was recently proposed [3].

Introduced in this paper is the supplementation
of the CroMat with the capability of INC and DEC,
and with alternative operations for changing the
width of courses. Also presented is an alternative
approach for the automated designing of flat-cro-
cheted textiles according to the given shapes of 2D
polygons. Producibility by the CroMat of the gen-
erated crochet pattern and machine instructions
are ensured. This method can thus be used in the
future in an industrial context for the rapid design of
crocheted textiles, without requiring knowledge of
crocheting. In this regard, extended topology-based
modelling is beneficial as a preview option.

In terms of control of versatile V-bed knitting
machines, there is a trend in research towards
high-level programming with shape primitives
or 3D objects and automated transfer to knitting
patterns, [19, 20] as well as translation to machine
commands for production [21-24]. For manually
crocheted textiles, similar tools have been presented
for the automated generation of textual crocheting
instructions based on 2D sketches, which are trans-
ferred into 3D shape primitives [7], or based on 3D
objects [8, 9]. These breakdowns of geometries into
individual stitches in a crochetable sequence relates
to the technology of circular crocheting based on a
magic ring, which can be used to create 3D struc-
tures. In addition, there are some programs for the
design of hand-crocheted textiles. These are based
on the graphical arrangement of crochet symbols
in charts to store patterns and provide no automatic
generation of instructions for production [5, 6].

In contrast to these fabric design approaches and
in the context of high-level programming, the shapes
of 2D geometries are transferred to flat-crocheted
patterns based on a chain row. Machine instructions
for the crocheting of fabric can be automatically
generated from output crochet patterns. The focus
on the producibility of the CroMat crocheting ma-

chine distinguishes the design approach presented
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herein from related manual crocheting approaches.
Moreover, the structure of flat-crocheted textiles is
different than circular-crocheted textiles, especially
in terms of stitch sequence, so that it is necessary
to develop a new logic for dividing geometry into
stitches. An algorithm for subdividing the 2D
polygon according to the rules and restrictions of
machine-crocheting with the CroMat is thus pro-
posed, and the possibilities of shaping the fabric are
discussed by considering automatically generated

crochet models.

1.1 Representation of crocheted fabrics
Crocheted fabrics are commonly described by
text-based instructions on how to crochet them [5,
6]. Pattern information is given by the sequence
of stitches, which are represented by short strings.
Standardizations and guidelines are introduced by
the Craft Yarn Council [25].

Such a representation is used for the program-
ming of the crocheting machine, and information
regarding the structure of the crocheted fabric is
stored as short strings for stitches in a two-dimen-
sional array. In such an array, as shown in Figure
1, the arrangement of elements corresponds to
the topology of the technical face of an automated
crocheted fabric. A stitch position is defined by the
course and wale (or row and column) numbers. The
bottom row represents the first CH course that was
initially manually crocheted to the left, while the
second course is crocheted by the machine to the
right. INC and DEC each comprise two elements,
depending on the stitch type (for example sl_inc_a
and sl_inc_b for INC with SL, or sc_dec_a and
sc_dec_b for DEC with SC). T1 denotes a turn with
one CH as the first element of a new course. The
first turn after the CH course, with which machine
production starts, is called the first lay over (FLO).
Such a pattern array with the information about the
structure of the crocheted fabric is the output of the
developed crochet polygon subdividing algorithm,
and input of the topology-based modelling and of

the G-code generation.
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Figure 1: Computer representation in a 2D array with strings for stitches arranged topologically and correspond-

ing to the technical face of an exemplary crocheted fabric

It is also common to represent and visualize
crochet patterns graphically with crochet chart sym-
bols, which describe the stitches used and how they
are connected [5, 6, 26]. Some of the stitch symbols
are explained in Figure 2 b). The slanted orientations
of the slightly modified symbols for INC and DEC
illustrate the stitch connections [5, 6]. These are
additionally explained in Figure 2 a) by the small

red arrows, while the normal stitch connections

are indicated by blue arrows. A crochet stitch is
connected to the element in the course beneath,
and to the previous element from the same course,
which is the result of drawing loops during the stitch
formation through two previously existing stitches.
Conveniently, the arrangement of the symbols in
rows and columns corresponds to the arrangement

of the strings in the two-dimensional array.

Figure 2: Symbolical representation of the crochet pattern shown in Figure 1: a) graphic representation of the cro-

chet pattern with symbols; b) description of stitch symbols based on international standardization but modified

slightly for INC and DEC

The modelling as an additional fabric representa-
tion, which was presented in reference 3, was extend-
ed here by INC and DEC. In short, the models are
based on parameterized key points that are defined
for each stitch type as a unit cell and are virtually shift-
ed in space to meet the arrangement of the stitches in
the crochet pattern array. A Python script, which is
described in more detail regarding the modelling of

manually crocheted fabrics in reference 27, was devel-

oped for this purpose. The freeware TexMind Viewer
tool [28] was used for the spline interpolation of the
key point curves, volume-sweeping along the centre
yarn path and the visualization of the freeware tool.
Figure 3 depicts such a topology-based key point
model of the yarn path generated as a visualization
from the crochet pattern array representation. The
construction of the stitches as well as their inter-

looping are obtained from the idealized illustration
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of a fabric crocheted by the machine. As indicated,
different stitches have different heights, while the
highest stiches set the height of a course. It is also
remarkable that courses are positioned staggered to
each other, which is due to the fashion of the wale-
wise connections of crocheted fabrics. This renders
the structure of crocheted textiles different from the

regular wales of knitted fabrics.

Figure 3: Representation of an exemplary crocheted
fabric (cf. Figures 1 and 2) as a topology-based key
point model of the yarn path. The red “x” marks one
of the points of needle insertion to draw yarn through

the working stitch.

With regard to INC with SC at the beginning of
the third course, Figure 3 illustrates how two SCs in a
course emerge from one stitch in the course beneath.
In comparison, the structure of INC with SL (at the
beginning of the fourth course) is slightly less obvi-
ous, although INC follows the same principle, as can
be seen from the symbolic representation in Figure 2.
Regarding DEC, however, both stitch types illustrate
the drawing of the loops of one stitch through two
stitches in the course beneath. Due to machine lim-
itations, only one stitch can be added with INC at the
start of a course, while DEC removes only one stitch
at the course’s end. If it is necessary to add or remove
more than one stitch in a course, further operations
described in the supplementary materials are used for
these additional stitches. Additional details regarding
INC and DEC as well as the CroMat crocheting ma-

chine are also presented in those materials.
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Similar to the text-based instructions of crochet
patterns, the G-code for machine production can be
seen as a further representation of automatically cro-
cheted fabrics. Such a G-code program can be gener-
ated by traversing the crochet pattern array according
to the crocheting sequence and mapping the elements
to G-code macros, which are programmed for each
stitch in relative coordinates. This has the advantage
of easy interchangeability, so that modifications in
the stitch formation procedure can be implemented

flexibly. More details can be found in reference 3.

2 Subdivision of shaping polygons
by crochet stitches

2.1 Principle of subdividing by stitches

Fundamentally, the breakdown of a polygon into a
crochet pattern is a tessellation problem, since the
polygon can be seen as a space that is to be partitioned
into smaller stitch cells and uncovered areas [29]. To
ensure machine manufacturability, pattern generation
must follow the constraints of the automated cro-
cheting process. Due to the various rules to be con-
sidered, no well-known area tessellation algorithms,
for example centroidal Voronoi tessellation [30],
can be applied. Moreover, good algorithms excel by
being problem-specific, especially regarding real-life
applications [31]. A new algorithm was therefore
developed which traverses a 2D polygon according
to the crocheting process, and decides stitch by stitch
whether it may be set according to the rules.

For the purpose of simplification, stitches are rep-
resented by rectangles with the width as stitch length
(/) and the height corresponding to the stitch height
(h). The stitch dimensions relate to the values used
for modelling. The rectangles for modelled SL and
SC stitches are shown in Figure 4. It should be noted
that the stitches largely overlap with the surrounding
stitches, while the stitch rectangles are defined with-
out these overlaps for reasons of simplicity.
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Figure 4: Examples of the arrangement of the stitch polygons with indicated stitch length (1) and height (h): a)
Part of rectangular fabric consisting of SLs; b) Respective SC fabric

According to the taxonomy of Lee et al., [29]
such partitioning by polygons representing stitches
relates to vector or feature-primary tessellation,
where the boundaries of features are described as
polylines. In this regard, the shaping polygon is first
divided into a course as a feature. This sub-polygon
is then further partitioned by the stitch rectangles.
Afterwards, the next course is partitioned. Stitches
are placed in the polygon according to the sequence
of crocheting, gradually filling the two-dimension-

al array with information regarding the resulting

crochet pattern.

The main steps of the basic structure of the de-
veloped tessellation algorithm are shown in Figure
5. If no further course fits into the polygon, or no
element can be inserted at the beginning of the
course or only one element was inserted in a course
(which is then removed), the algorithm terminates
and outputs the results. Note that a course with only
one element, namely a turn, is not a valid course
because the turn aligns next to the last stitch of the

previous course.

Figure 5: Flow chart of the crochet tessellation algorithm based on a convex input polygon. Y and N are abbrevi-

ations for yes and no. Created using the PapDesigner freeware from Friedrich Folkmann [32].

The stitch type and its width, which is set by de-
fault to 5 mm according to the needle gauge of the

machine, as well as a convex polygon with an arbi-

trary size and degree must be defined by the user.
One polygon edge must be in line with the x-axis of

a Cartesian coordinate system. It can also be decided
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whether the stitch rectangles are allowed to exceed
the polygon within certain limits, i.e. 30% of the
stitch area by default, or without this tolerance, i.e.

the polygon limits may not be exceeded.

2.2 Exemplary crochet tessellation of a
triangle
In Figure 6, the principle of the crochet tessellation
is illustrated without (a to ¢) and with a tolerance
(d to f) for exceeding the polygons boundaries. A
stitch is indicated by two green vertical segments,
each consisting of two points, which are taken into
account for deciding on stitch placement.
According to the first step of the flow chart (cf.
Figure 5), it is checked whether the corresponding
sub-polygon with the CH height fits into the shaping
polygon. The sub-polygon is then calculated (step
2), as well as the start of the course (step 3), which
is the position of the outermost segment of the first
stitch. This starting point, which can be shifted later
to achieve better results, is at the right end of the
sub-polygon (the first course goes to the left). In the

sub-polygon, stitches are then inserted according to

steps 6 and 7 (cf. Figure 5) until their segments ex-
ceed the polygon boundaries or no longer meet the
tolerance condition.

An exception occurs at the end of the CH course
due to the specificity of the machine, and the CH
before the following special turn is removed. This is
because the last CH is used as the FLO with which
machine production starts (cf. Figure 1). The re-
moved segment is indicated in Figure 6 b) by the
dashed line in the area marked u,.

Following steps 8 and 9 of the flow chart (Figure
5), the next course is calculated taking into account
the stitch height, and steps 1 to 4 are computed. As
can be seen in Figure 6 b), the first element of the
second course (5), i.e. the FLO, is placed according
to the alternating crochet direction and staggered
stitch pattern. With the overlapping tolerance, four
elements can be fitted in the second course as shown
in Figure 6 f) instead of the two elements depicted
in Figure 6 ¢).

In the third course of partitioning without taking
into account a tolerance (Figure 6 c), no element is

placed. This is because the pattern and the polygon

Figure 6: Crochet subdivision of a triangle without allowing the stitches to exceed the shaping polygon (a to c)

and with exceeding allowed as long as 70% of a stitch area is inside the polygon: a) placement of the first CH

stitch in the first course; b) start of second course; c) result of the crochet subdivision without tolerance; d) initial

situation of the subdivision with permitted exceeding of the borders by the stitches; e) start of the second course;

f) result of the respective crochet subdivision
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shape only allow the placement of one stitch, which
is then removed due to the check in step 8 and step
10 of the flow chart (Figure 5).

In partitioning taking into account a tolerance,
the program’s termination is also the result of the
deletion of a single element, but here in the fourth
course. Previously, the third course was filled with
the turn 10" and the stitch 11'. To illustrate the log-
ic of determining the x-position of the turn’s first
segment, an alternative position is indicated by the
dashed line (near area v,,).

Generally, only discrete stitch positions corre-
sponding to the offset of the stitches from different
courses are possible. For example, the dashed seg-
ment (near area v,,) is an option but was deemed un-
suitable because the respective stitch would exceed
the polygon boundaries by more than 30%. For each
turn, the algorithm checks first whether it is possible
to add a stitch before it checks the possibilities to not
change the number of stitches or to remove a stitch
in the beginning of the course (RB; see supplemen-
tary materials). If RB is not sufficient to fit the shape,
a stitch is dropped at the end of the previous course
to allow suitable turn placing.

2.3 Assessment of the quality of crochet
tessellation
Only uncovered areas (u) are present in the case

of subdivision without exceeding polygon borders

(cf. Figure 6 a to c). When the polygon boundaries
may be exceeded, equation 1 is used to calculate the
uncovered (1) and overlapping (o}.) areas based on
the difference between the border area (ba) and the
stitch area (sa). A ba refers to the area at the begin-
ning or end of a course, including the first or last
stitch (cf. the red dashed lines in Figure 6). In this
regard, p, is the area of a stitch exceeding the polygon
while v, is the part of the stitch inside the polygon
(cf. Figure 6 f).

w=v,—p, ando=0 ifba-sa>0 )
w=0ando =p -v, ifba-sa<0

If no stitches are set in a course, the resulting ar-
eas are also counted as uncovered areas u, (cf. Figure
6 c and f). The absolute values of areas u. and o, are
added to a total area-error value (Z; see equation
2). The lower this value is, the better the shaping
polygon is filled with crochet stitches, and the better
mimicking of the shape.

With the strict condition not to exceed the poly-
gon’s boundaries (cf. Figure 6 c), the uncovered area
totals 173.61 mm? With regard to the area of the
shaping polygon, the subdivision error is 58.45%,
which means that most of the area was not covered.
In contrast, the error of the second approach, tak-
ing into account a tolerance (cf. Figure 6 f), is only

30.00%, with 74.72 mm? of non-covered area and

Figure 7: Crochet pattern arrays and models of the results of the exemplary subdivisions of Figure 6: a) output

stitch array for the first partitioning approach without a tolerance for stitches exceeding the shaping polygon’s

border; b) array of the second partitioning approach with a tolerance taken into account; c) computer-generated
model of the first approach; d) model of the second approach
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14.38 mm?* overlapping the shaping polygon. Evi-
dence that this approach yielded a better result can
also be seen in Figure 7 by comparing the models
generated from the output stitch arrays.

Regarding the crochet pattern in Figure 7 b), it is
noteworthy that two stitch positions are removed in
the second course by combining DEC and removing
a stitch at the end (RE). The latter is an additional
shaping method described in the supplementary
materials. DEC is always used for removing the
first stitch at the end of a course, while potential
additional stitches are then removed with RE. At the
beginning of the third course, the number of stitches
is further reduced by one using the RB operation.
Below, in order to present better results, only the
subdivision with a tolerance for exceeding the poly-
gon boundaries with stitches will be considered.

In general, the stitch pattern and the respective

area-error are determined from the starting point,
as the first point on the right segment of the first
stitch set in the polygon. This first stitch is placed, by
default, as far as possible to the right side of the first
course without exceeding the polygon borders. To
improve the coverage of all possible polygon shapes,
the tessellation can be optimized, depending on the

first stitch position.

2.4 Optimization of the tessellation by
shifting the starting point

The changing of uncovered and overlapping areas, as
well as crochet patterns, depending on a starting point
shift in x-direction, is illustrated in Figure 8. Here, a
section of the triangle from Figure 6 is considered.
Moreover, the specific calculation of u, (uncovered)
and o, (overlapping), depending on the border area

according to equation (1), is demonstrated.

Figure 8: Effect of shifting the starting point in x-direction on the areas u and o, , and on the crochet pattern. The
border area (ba) is marked with the red dashed line and the shifted right segment of the first stitch is displayed as
a yellow line: a) first stitch shifted by -3 mm; b) initial starting point; c) starting point shift of 1.5 mm; d) x-shift

of 3 mm

Generally, the problem of finding an optimal
subdivision of a 2D polygon by stitch rectangles
is similar to the common initial situation of a
bi-dimensional cutting stock problem or packing
problem, where a set of smaller objects is placed on
a set of larger objects under certain conditions [31,
33]. Usually, the partitioning of the objects is then
optimized so that the waste is minimized. Optimiz-
ing the area coverage with crochet stitches similarly
minimizes the uncovered areas seen as waste.

The function Z is introduced to describe the total

area-error depending on the shifts in x- and y-di-
rection of the starting point of the first stitch placed
in the shaping polygon (equation 2). Regarding
equations 3 and 4, the boundaries of the x-shift and
y-shift, as design variables, are defined with as the
stitch length and as the stitch height, respectively.
A farther shift than one stitch width or height in a
positive or negative direction does not make sense
because the stitch pattern would be repeated with a
greater chance of error (cf. Figure 9).
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Z = f(Xgi> Vo) = ; U; +JZ1 9; )
-l < xS (3)
~h < x,,<h (4)

Due to the complexity of subdividing countless
possible shaping polygons while respecting the
various rules of crocheting and the specifics of a
machine, the analytical description of the func-
tional relationship between the displacement of
the starting point and the resulting area-error is
unknown. A corresponding analysis would exceed
the scope of this paper. For this reason, commonly
known optimization algorithms from cutting stock
problems [34] cannot be applied here. Instead, a
numerical approach is followed, where many data
points are sampled and the best one selected. This is
less computationally costly and error prone than ap-
proximating function Z for computing its minimum
to find the optimal starting point.

The sampled data points consist of the starting
point shifts in the x- and y-direction with the asso-
ciated area-error values. For the respective subdivi-
sions, the step size (depending on the stitch size) and
the number of steps for a shift are set by the user.
The default value of the step size in x-direction is
divided by the number of steps, while it is divided by
the number of steps for the y-direction.

The algorithms are implemented in Python 3,
while the SymPy library [35] is used for the geo-
metric calculations. Also, the NumPy library [36]
is utilized for the handling of data. Additionally, the
open source Python library pytexlib [37] is applied
for describing and saving the modelled textiles. The
TexMind viewer [28] is used to visualise the models.
Results are plotted using the Matplotlib library [38].
The parallel computing of the tessellation runs is
implemented to speed up the algorithm via multi-
processing. All the software developed for surface
decomposition, machine code generation and mod-

elling are based on open-source frameworks.

3 Results and discussion

Below, the chosen digital representation of crocheted
fabrics is discussed and the possibilities of shaping
2D flat crocheted fabrics producible by the CroMat
crocheting machine are presented. The respective
crochet subdivision algorithm of shaping polygons
is also discussed.

3.1 Computer representation of crocheted
fabrics

The representation of the crochet patterns in python
lists is well suited in the context of the extension of
the crochet design software from reference 3, and
supports the modular approach. This data structure
represents the textile in the fabric space. In terms of
knitted textiles, this is a known approach, with the
advantage that validation is easy to perform [39]. The
disadvantage that manufacturability is more difficult
to achieve at this level of representation [39] does not
arise here, since producibility is already taken into ac-
count when populating the data structure. Due to the
programming of the crocheting machine at the stitch
level by grouping machine instructions to stitches, [3]
machine instructions or models of the fabrics can be
generated directly from the data structure.

The domain-specific language developed by Seitz
etal. [5, 6] for designing manually crocheted textiles
also ensures manufacturability and a structure’s va-
lidity during the creation of a fabric. Beyond 2D, 3D
textiles can be represented and visualized via crochet
charts. An interesting difference lies in the model-
ling of SLs. According to Seitz et al., SLs do not add
height to the textile and are the only stitch type that
provides no insertion points for subsequent stitch-
es. This corresponds to the conditions of manual
crocheting, where it is difficult to insert the crochet
hook into SLs and where these are mainly used for
the seam. In contrast, machine production facilitates
the efficient formation of new stitches based on
SL working stitches and the construction of entire
fabrics from this stitch type. Therefore, unlike Seitz
et al., SLs are interpreted here as a normal crochet
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stitch and modelled by adding height as well (cf.
Figure 10).

Furthermore, Seitz et al. [5, 6] consider gener-
ating machine instructions in the future. In terms
of the CroMat, this would be possible with the
development of the suitable mapping of the repre-
sentation of Seitz et al. to the machine’s G-codes. To
meet the limitations of the machine and automated
flat crocheting in rows, their validation would have
to be revised. Moreover, SLs should be represented
differently so that the manufacturing capabilities of

the machine are not restricted.

3.2 Numerical optimization of the triangle
crochet tessellation

In terms of the optimization of the start position,
how the quality of the surface tessellation and thus
the shaping of the crocheted fabric depends on the
position of the first stitch as the starting point is
studied. Thus, it can be estimated whether and to
what extent such an optimization is necessary for the
future application of the tool.

In this regard, the starting point of the triangle

subdivision shown in Figure 6 was shifted negatively
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and positively in the x-direction by 10 steps, each
with a step size of one tenth of the stitch width.
According to the default values, the step size in the
y-direction was set to one tenth of the height of
the subdividing stitches. To avoid repetition of the
crochet pattern and to save computation time, only
y-shifts smaller than the height of the CHs of the
first course were performed. Thus, fewer subdivision
runs are calculated with respect to the y-direction. A
crochet pattern repetition due to y-shifts would in-
evitably have a larger area-error, due to the missing
coverage or overlap of the entire CH course.

In terms of displacement in the x-direction, a
repetition of the crochet pattern can be observed
with a deviation of the starting point of one stitch
width (5 mm). As shown in Figure 9, the repetitions
(see -2.5 mm and 2.5 mm or 0 mm and 5 mm) dif-
fer only in the first stitch and thus have deviating
area-error values. In terms of the y-shift of -1 mm,
the entire first course extends beyond the polygon
increasing the o, part of the area-error. However,
such a shift can lead to another course being filled
in the upper part of the polygon, which can be ad-
vantageous, depending on the shape of the polygon.

Figure 9: Crochet patterns resulting from exemplary starting point shifts, which were calculated during the nu-

merical optimization of the triangle’s crochet subdivision with SCs

In order to visualise the results of all crochet
subdivisions of the triangle from Figure 6 and 9, the
total area-errors Z (see equation 2), which depend
on the starting point shifts, are colour coded and
plotted in Figure 10. It is evident that a positive or
negative shift in the y-direction has a greater impact

on the error values than a shift in the x-direction.
This is because shifting in the y-direction affects an
error area below the first course (cf. Figure 9) and
above the last one, while an x-shift only changes the
area coverage of the courses’ first and last stitches.
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Figure 10: Area-error values depending on shifts of the
start position with respect to the polygon in Figures 6
and 9 with colour scale

According to the distribution of small error
values in the case of no displacement in the y-di-
rection, a sufficiently optimal crochet subdivision
with an area-error value of 19.65% was found with a
displacement of the starting point by 4.5 mm in the
x-direction. This is shown with the resulting model

in Figure 11. Due to optimization, a better tessella-
tion solution and crochet pattern was found.

Next, the stitch types of SL and SC are compared
with respect to a crochet subdivision of a scaled
varjant of the shaping triangle. The same starting
point shifts were performed. More stitches can be
placed in a larger polygon, which generally facilitates
a better replication of the shape with the crocheted
fabric. Accordingly, it is evident from Figure 12 that
the area-error values of the initial and optimized
starting points are lower and that the shape is better
reproduced compared to Figure 11. Figure 12 also
shows that the lower stitch height of the SLs facili-
tates a subdivision with more stitches. Interestingly,
the best SC subdivision resulted in a smaller ar-
ea-error than the best SL subdivision. However, the

replication of the shape is similar.

Figure 11: Result of the optimized crochet tessellation: a) Corresponding crochet subdivision and b) respective model

Figure 12: Comparison of crochet subdivision with SC and with SL: a) initial subdivision with SCs and no

shifting (area-error value of 18.88%); b) SC subdivision result with minimal area-error value of 5.64% and

starting point shifted by 3 mm in the x-direction; c) model corresponding to b); d) initial subdivision with SL and

no shifting (area-error value of 13.85%); e) SL subdivision with minimal area-error value of 9.12% and starting

point shifted by 3.5 mm in x-direction; f) model corresponding to e)
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For both SL and SC, the optimal tessellations
show only a shift of the starting point in the x-di-
rection. Accordingly, the area-error values shown in

Figure 13 are similar to those in Figure 10 and again
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indicate a greater impact of the error values by shift-
ing in the y-direction. The more common SC stitch

type is used for subsequent subdivisions.

Figure 13: Area-error values of crochet subdivisions with starting point shifts of a scaled triangle: a) SC as stitch

type; b) subdivision with SL

To investigate the crochet subdivision results in
more detail, in particular with regard to the visible
repetitions of the minima regions visible in Figure
13, the resolution is increased. Accordingly, the
starting point of the division of the scaled triangle
is shifted with a step size of 1/20 mm or h/20 mm,
respectively. The higher resolution of Figure 14 con-
firms the presence of two local minima repeating on

the x-axis.

Figure 14: Area-error values with colour scale as
crochet subdivision results with a higher resolution by
using a step size of stitch length (/) / 20 mm or stitch
height (h) / 20 mm for shifting the starting point

Despite the significantly higher number of data
points (1,024 compared with 272), the same shift of
the starting point was again chosen as the best one
(cf. Figure 12). However, this may be a coincidence.
Depending on the application and the available

computing resources, the shifts with step sizes of one
tenth of the stitch size might probably be sufficient.
Nevertheless, to further explore the possibilities
of the developed shaping tool and the correlation
between the starting point and the quality of the
subdivision, a finer optimization with a step size of

1/20 mm or h/20 mm is applied.

3.3 Crochet tessellations of additional shapes
To further investigate the shaping possibilities given
by the extended capabilities of the crocheting ma-
chine to change fabrics widths, polygons with higher
orders are also tested. In this regard, Figure 15 shows
the optimization results of the crochet subdivision
of a quadrilateral. The illustrated area-error values
are similar to the previous polygons in that strong
y-displacements affect the area-error more than
strong x-displacements. However, for shifts on the
x-axis, less distinct local minima of the area-error
are seen. Here, with a relatively high computational
effort, the area-error of the subdivision could only be
improved slightly, from 6.44% to 5.23%, by shifting
the first stitch by 0.25 mm in the x-direction.

In terms of the initial and best subdivisions of the
quadrilateral shown in Figure 16 a) and b), it is evi-
dent that the first stitch of the last course protrudes
significantly more than the allowed 30% beyond the
polygon boundaries. This is due to the difficulty of
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representing the slight slope of the upper edge (see
also Figure 16 c). In general, with a combination of
DEC at the end of the previous course and RB (see
supplementary materials) at the beginning of the
current course, the position of the first stitch of the
corresponding course can be shifted by only two
stitch positions. If more is required, the last stitch in
the previous course is also removed and the begin-
ning of the current course is set accordingly. Here it
becomes apparent that the tool will have to be ex-
panded in the future to allow the removing of more

stitches in the previous course to better fit the shape.

Figure 15: Area-error values with colour scale in terms
of the crochet subdivisions of the quadrilateral poly-
gon with starting point shifts

Figure 16: Crochet patterns resulting from the subdivision optimization of the quadrilateral: a) generated crochet

pattern with initial starting point; b) optimized crochet subdivision; c) modelled pattern of the best run

The generated crochet patterns according to the
shape of an irregular pentagon are presented in Figure
17. Similar to the previous examples, the shape can
be fundamentally recreated by the crocheted fabric,
while the slopes of the edges and sharp peaks cannot
be reproduced efliciently due to the limitations of the

machine’s shaping operations. As shown in Figure 18,
the pattern of the area-error values exhibits, similar to
the scaled triangle, some kind of repetition along the
x-axis with two local minima. Another similarity is
that an additional course could be filled with stitches
due to the starting point shift (cf. Figure 17).

Figure 17: Irregular pentagon as shaping polygon for crochet pattern generation: a) First crochet subdivision

pattern with initial starting point and area-error of 10.10%; b) Crochet pattern of the optimization with start po-

sition shifted by 0.75 mm in the x-direction and with an area-error of 7.47%; c) Respective model of the best run
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Figure 18: Area-error values with colour scale in terms

of the optimization of the irregular pentagon

Lastly, an exemplary crocheted fabric is shaped
as a regular hexagon using the developed algorithm.

In Figure 19, the corresponding model shows that
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the shape is fundamentally reproduced, but the sym-
metry of the structure is not achieved. The crochet
pattern could be improved from an area-error of
6.70% to an error of 4.68% by moving the starting
point 1.25 mm in the x-direction.

The visualization of the area-error, depending on
the shifts shown in Figure 20, again illustrates two
distinct local minima with a close to zero y-shift.
At the right side, a further repetition of the error
pattern emerges with another potentially local min-
imum. With a 1.25 mm x-direction shift, the ideal
position of the starting point was placed in one local
minimum. Large y-shifts result once again in large

area-error values.

Figure 19: Crochet patterns corresponding to a regular hexagon as shaping polygon: a) Initial crochet subdivi-

sion; b) Crochet pattern resulting from the optimization; c) Model of the optimal subdivision

Figure 20: Results of the starting point optimization of
the regular hexagon with area-error values in colour

scale

3.4 Discussion of crochet tessellation results
The observed repetitions of the area-error patterns
with local minima along the x-axis emerge because

the crochet pattern repeats itself, with the first stitch

as the exception, when the starting point is shifted by
one stitch width (5 mm) on the x-axis (cf. Figure 9).
The local minima further away from the initial start-
ing point are associated with larger error values. In a
negative x-shift, the first stitch position of the initial
starting point is not covered, while large positive
x-shifts cause the first stitch to extend far beyond the
shaping polygon.

Opverall, the presented crochet subdivisions show
that the developed algorithm indeed facilitate the
shaping of machine-producible crocheted fabrics
according to diverse convex geometries. The qual-
ity of shape matching, represented by the error of
uncovered and excessively covered areas, can be
improved by increasing the computational effort
and calculating multiple subdivisions with shifted

starting points. This simple numerical optimization
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yielded better results in all cases in which the start-
ing points were shifted a few millimetres in the posi-
tive x-direction to a minimum of the error values. A
step size of one tenth or one twentieth of the stitch
width is suitable for this purpose. Depending on the
requirements for the quality of the tessellation and
shaping, the step size can be adjusted. In addition
to the trend of the location of the minima, the ten-
dency was observed that large y-shifts usually result
in large area-error values. Based on these findings,
computing time can be saved in future applications
by scanning a smaller range in the y-direction with
perhaps a coarser resolution.

The shaping possibilities of the developed Cro-
Mat prototype of a real crocheting machine are
much more limited compared to the almost unlimit-
ed possibilities of manual crocheting, and compared
to technically advanced V-bed knitting machines.
This is mainly due to missing loop transfer capabil-
ities, so that INC and DEC can only be performed
at the beginning and end of a course, respectively.
Nevertheless, the development and demonstration
of shaping possibilities are important for technical
progress in the automation of crocheting. To expand
the shaping possibilities of crocheting machines in
the future, loop transfer should be integrated, for
example, by means of fashioning points, as known in

straight bar frames [40].

3.5 Comparison of the crochet tessellation
approach with literature

Researchers have already studied the division of
surfaces into crochet patterns. Capunaman et al. [9]
followed a similar procedure of inserting the courses
or curves before populating them with stitches, while
transferring the shape of a 3D geometry applying a
non-uniform rational basis spline (NURBS) UV
division to crochet patterns. The difference is that
the stitches from different curves/rows are not con-
strained with respect to a stitch offset as it was done
in this study. Thus, in contrast to the idealized offset
of the stitches modelled here, Capunaman et al.

assumed that the stitches will deform appropriately

according to the desired shape. As a restraint regard-
ing manufacturability, the continuity of the stitch se-
quence is considered, while the rules of INC and DEC
are taken into account. In the approach presented in
this paper, additional rules for machine manufactur-
ing, but only 2D geometries, are considered.

Guo et al’s [8] algorithm for the automated
generation of crochet patterns based on a mani-
fold 3D mesh builds on a previous approach for
machine-knitted textiles [21, 23]. The stitches are
basically represented by squares containing in-
formation about topology, connections to others,
and instructions for fabrication, but triangles or
pentagons for INC or DEC are also used. The data
structure in this paper is similar to their approach
in that the stitch-representing rectangles are mapped
to information about topology or fabrication. The
difference is that here the stitch structure is assumed
to be slightly offset from course to course, while Guo
et al. modelled them without such offsets. This leads
to a warped picture compared to the representation
chosen here. However, the relaxed state of crocheted
textiles remains unexplored. It is thus not possible
to judge which representation is more realistic. In
general, crocheted textiles are underresearched [27].

Overall, it is quite common in literature to mesh
a surface with rectangles representing stitches on
a surface [8, 9, 19-21, 23]. The approach present-
ed herein differs because not the whole surface is
meshed by rectangles. Instead, the rectangles are
placed only at permitted positions in a fixed ori-
entation one after the other, taking into account
rules for valid textiles and manufacturability. In this
context, the consideration of the manufacturability
of a crocheting machine constitutes a new approach.
Corresponding to machine manufacturability, cro-
chet pattern generation is here limited to 2D shapes.
To date, the manufacturability of a real crocheting
machine has only been addressed in reference 3.
Thus, an important contribution is made regarding
the research of the possibilities of machine-made
crocheted textiles and the development of technol-

ogies for future, industrial use.
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4 Conclusion

In this paper, a novel algorithm for automatically
generating and shaping crochet patterns manufac-
turable by a real crochet machine according to 2D
polygons is presented and discussed. Machine-pro-
ducibility is ensured by successively filling a shap-
ing polygon with crochet stitches represented by
rectangles according to the rules and limitations in
connection with automatically manufacturing the
respective fabrics with the CroMat crochet machine
prototype. As a result, only valid patterns are gen-
erated, which, given the limited capabilities of the
crochet machine, can sufficiently replicate shapes of
convex polygons. In this regard, the missing capabil-
ity of stitch transfer is especially limiting, and stitch-
es can only be added or removed in the beginning
or end of a course. This is achieved, in particular,
by INC and DEC operations, which were presented
here for the first time with regard to automated flat
crocheting based on a chain row. In the future, the
machine will be expanded to facilitate the produc-
tion of more diverse shapes.

The quality of the subdivision of a polygon by
crochet stitches is determined by the area-error,
which is calculated by adding the areas not covered
by the rectangles and the areas exceeding the poly-
gon boundaries. To increase the quality, the first
stitch, on which the crochet pattern depends, can be
shifted by fractions of the stitch size to the left, right,
top and bottom for a numerical optimization of the
replication of the polygon’s shape by the crocheted
fabric. The tessellation optimizations of exemplary
polygons from triangle to hexagon were investigat-
ed. In all cases, a vertical shift of the starting point
results in larger error values, while better solutions
were found using horizontal shifts. Due to repeti-
tions of the crochet pattern in a horizontal shift of
one stitch width, the local minima of the error values
repeat, with a trend to lower error values near the
initial starting point. Based on these findings, the
search range of the optimization can be narrowed in

the future to reduce the computational effort.
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With the developed algorithm, the previously
limited possibilities for the design of machine-cro-
cheted textiles are significantly expanded. Specifi-
cally, it is an expansion of the design tool presented
in reference 3. Accordingly, the 2D shaping and
automated creation of producible crochet patterns
lends itself to future application in an industrial
context. The tool is especially useful since it does not
require any knowledge of crocheting for the design
of diverse crocheted structures. The presented work
constitutes an important step in the development of
the thus far unexplored crocheting technology with
respect to novel products and the replacement of
manually produced commercial crocheted products.
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Supplementary materials

1 Crocheting machine prototype
and limitations

According to the process of manual flat crocheting,
the stitches are formed by the CroMat crocheting
machine prototype successively in the direction of
the current course. At the end of the course, a turn
stitch is made, which comprises one or few chain
stitches (CHs) and is the first element of the next
course with an alternated crochet direction. Stitches,
which also include turns, are the elements produced
by the machine to create a whole fabric. In contrast
to manual flat crocheting, the fabric in this process
is not rotated and thus all stitches are drawn through
the fabric from one side. This creates a fabric with a
technical front and technical back [1].

The machine features a mechatronic design, un-
like conventional textile machines that are operated
rather mechanically [2]. The machine elements are
moved by electric motors, which are centrally con-
trolled by a microcontroller that receives G-code
commands as input. For each stitch type, depending
on the crochet direction, G-code macros are defined
and must be arranged in the correct order according
to the sequence of the crocheting process before they
can be sent to the machine. Further details on the
design and control of the machine can be taken from
reference 1.

Implementation of the machine results in limita-
tions compared to manual crocheting. As such, only
slip stitches (SLs), single crochet stitches (SCs), half
double crochet stitches (HDCs) and turns with CHs
can be created. The insertion point of the special
needle, which functions as a crochet hook, into the
working stitch is restricted to the common case of
insertion under the top loop of the working stitch,
as marked in Figure 3 of the paper. The stitches of
the last course can be used solely as working stitches

for the creation of new stitches, while in manual

crocheting the crochet hook can form a new stitch
anywhere in the fabric. As another characteristic of
the machine, there is never a CH below the first turn,
which is the first operation formed by the machine
and is called first lay over (FLO). Moreover, the first
CH course, namely the chain row with which each
crocheted fabric starts, is always directed to the left
and must be manually crocheted on the needles of
the needle bed.

Due to the single needle bed and no additional
machine elements such fashioning points known in
straight bar frames, [3] the loop transfer of previous-
ly produced stitches to other needles is not possible.
Thus, the number of stitches in a course can only
be changed at the beginning or end of a course by
adding or removing needles. Adding one stitch with
INC is only possible at the course’s beginning, since
needles can be added there without the need of aloop
transfer, while removing one stitch with DEC is only
possible at the end of a course. In manual crochet-
ing, no restrictions exist regarding the position or
numbers of stitches manipulated with INC or DEC.
As a rule, with INC, multiple stitches are worked
into one stitch of the previous course to widen the
fabric. With DEC, the fabric is tapered by working

one stitch in multiple stitches of the previous course.

2 Machine operation to alter a
fabric’s width

The crocheting machine is capable of adding one
stitch at the start of a course by performing an INC
operation. For this, the leading loop (LL) of the turn’s
CH is suspended at one needle position further out.
Thus, the first stitch built in the working stitch can
be placed in the usual position of the turns LL, and
the second stitch based on the same working stitch
is suspended at the former needle position of this
working stitch. The resulting INC structure is de-
picted in Figure 3. A special rule is that no INC can
be executed at the beginning of the second course

due to the special operation of the FLO. However, if
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the polygon shape requires this, a CH is added in the
first course as a workaround.

Forming an additional stitch based on the same
working stitch used for INC is not possible because
the turn’s LL would be stretched too far, resulting in
severe forces on the machine elements due to yarn
friction. Performing multiple INCs in one course is
also not possible because this would require stitch
transfer. For the same reasons, only one stitch can
be dropped at the end of the course by DEC. The
structure of INC and DEC is shown in Figure 3
of the paper. For DEC, one stitch is built on two
working stitches (in crochet abbreviated as sc2tog)
by drawing a loop through each working stitch and
then drawing the new LL through these loops and
through the old LL.

Besides these automated methods, which are
commonly used in manual crocheting for altering
the number of stitches in a course, additional options
are provided by the machine. Again, these methods
are based on adding or removing stitches in the end
or at the beginning of a course. In general, removing

stitches from needle positions is easier than adding

additional stitches to needle positions.

As can be seen in Figure S1 a) and b), a stitch
can be added at the beginning of a course (AB) by
placing the CH of the turn at one needle position
further outward and building a CH at the usual turn
position. This is similar to INC, which is preferred
here because it is more like manual crocheting, and
thus only one stitch can be added in this way.

In contrast to AB, up to three stitches can be added
at the end of a course (AE) by forming CHs, as illus-
trated in Figure S1 c) and d). The CHs are suspended
on new needles and can be used as working stitches
in the next course. The limited number of added CHs
with an AE is to prevent them from tightening exces-
sively due to the fabric take-off and causing errors in
drawing loops through them in the next course.

Additional methods for reducing the number of
stitches in a course are illustrated in Figure S2. By
dropping the stitch at one position further inward
next to the usual turn position and suspending the
LL of the latter at this cleared position, a stitch is
removed at the course’s beginning (RB). With this

method, shown in Figure S2 a) and b), the number of

Figure S1: Options to increase the width of machine-crocheted fabrics. a) Crochet chart of an exemplary SL
fabric by adding a stitch at the beginning of a course (AB); b) Topology-based model of the fabric with added
stitches at the beginning of the course; ¢) Example crochet chart for adding a stitch at the end of a course (AE); d)
Model of a respective fabric with added stitches at the ends of the courses. The basic CHs of the first course with
crochet direction to the left and the first turn (FLO) are displayed in blue.
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discarded stitches is limited to one to avoid stresses
on the needle holding the LL, which would occur if
the LL of the turn was stretched over more than one
stitch position.

Lastly, stitches can be removed by dropping an
arbitrary number of remaining working stitches,
which were not used as working stitches to form
stitches in the current course, at the end of a course
(RE). This is illustrated in Figure S3 c) and d). Here,
an arbitrary number of discarded stitches is possible,
because no stitch transfer and no stretching of the LL
over multiple needle positions is required. To make
it more similar to hand crocheting, DEC is always
performed for the first stitch by which the course is
to be reduced at the end. Further stitch positions can
then be removed with RE.

Figure S2: Options to decrease the width of ma-
chine-crocheted fabrics. The basic CHs (going to the
left) and the FLO are marked in blue similar to Figure
S1; a) Crochet chart of an exemplary machine-cro-
cheted fabric, where a stitch is discarded at the begin-
ning of the second and third course (RB); b) Model
of the fabric with discarded stitches at the beginnings
of courses; ¢) Crochet chart of a fabric showing the
discarding of stitches at the ends of the courses (RE);
d) Respective model for discarding a stitch at the end

of a course.
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Abstract

The mechanical properties of the carpet, such as dimensional stability, bending stiffness, handle and creep-
ing on the surface during use, have a direct relationship with the amount of resin applied to the back of the
carpet in the sizing process. In today’s factories, the optimal amount of resin and the mechanical quality of
the carpet are controlled by the operator touching the carpet on the machine carpet finishing line or man-
ually while rolling the carpet. Proposed in this paper is an automatic method based on the evaluation of the
bending stiffness of the sized carpet that uses digital image processing and machine learning to measure
the optimal amount of size concentration and control this index. For this purpose, during the final stage of
carpet production, the carpet is folded in the middle, and two edges of the carpet are placed on top of each
other. A side view image is then taken of the carpet. Using edge detection methods, the edges of the carpet
are identified, and different features, such as the average, maximum and minimum statistics for the curve and
contour angles, are then extracted. Different conventional machine learning approaches, such as KNN, CART
and SVM, are applied. To evaluate the proposed method, a dataset containing 220 different images is used
in a 10-fold cross-validation scheme. Different performance measures resulting from the evaluations demon-
strate the effectiveness and applicability of the method.

Keywords: carpet quality assessment, carpet back sizing, digital image processing, machine learning, edge
detection

Izvlecek
Mehanske lastnosti preproge, kot so dimenzijska stabilnost, upogibna togost, otip in drsenje na povrsini med rabo,
50 neposredno povezane s kolicino zamreZevala, nanesenega na hrbtno stran preproge pri procesu izdelave. Opti-
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malno koli¢ino zamreZevala in mehanske lastnosti preproge pri izdelavi danes ocenjuje operater z ro¢nim otipom
preproge v strojni liniji v fazi plemenitenja ali med njenim zvijanjem v svitek. V ¢lanku je predlagan samodejni po-
stopek, ki temelji na ocenjevanju upogibne togosti utrjene preproge. Ta zajema obdelavo digitalne slike in strojnega
ucenja za dolocitev optimalne koncentracije zamreZevala in njenega nadzora. V' ta namen je bila preproga v zadnji
fazi izdelave na sredini prepognjena, pri cemer sta bila dva robova preproge poloZena drug na drugega. Nato so
bile posnete fotografije preproge s stranskim pogledom. Z metodami zaznavanja robov so bili razpoznani robovi
preproge, za krivulje obrisa in kotov krivulje obrisa pa doloceni statisticni parametri, kot so srednje, minimalne in
maksimalne vrednosti. Uporabljeni so bili razli¢ni konvencionalni pristopi strojnega ucenja, kot so KNN, CART in
SVM. Za ovrednotenje predlagane metode z 10-kratno navzkrizno validacijo so bili uporabljeni podatki 220 razli¢-
nih fotografij. Razlicna merila uspesnosti, ki izhajajo iz ocen, so dokazala ucinkovitost in uporabnost metode.

Kliucne besede: ocena kakovosti preproge, utrjevanje hrbtne strani preproge, digitalna obdelava slik, strojno ucenje,

zaznavanje robov

1 Introduction

Mechanical and visual properties significantly affect
the quality of the carpet. Mechanical properties are
used to explain dimensional stability, comfort while
walking on the carpet and abrasion properties in
use, while visual properties are used to explain the
appearance of the carpet. To respond to the demand
for measuring the visible properties of carpets, many
methods and useful tools have been used in the past,
including microscopy, photography, densitometry,
reflectometry and image processing. The work done
in evaluating the mechanical properties of the carpet
often relates to the reversibility of the carpet under
static or dynamic load. Another characteristic that
has been studied in the evaluation of the mechanical
properties of the carpet is the fatigue mechanism of
the carpet. Fatigue mechanism refers to the dura-
bility of carpet piles against shear forces during use,
which may cause the piles to come out of the carpet,
and is evaluated by weighing the carpet before and
after use or testing [1-3].

Gentry [4] investigated the effect of the type of
backing, the density of the tufting machine needle,
and the density of the piles per surface unit in a study
on carpets that had different primary and secondary
backings. One of the important indicators of carpet
efficiency is the durability of the carpet’s appearance

during use. Among the things that can affect these

characteristics is the type, quality and quantity of the
latex (resin) on the back of the carpet [5, 6]. In today’s
factories, the optimal amount of latex is controlled
by touching the carpet with fingers on the produc-
tion line or when rolling the carpet. The method of
checking by a human agent is usually leads to defects
and inherent errors that make this difficult. The need
for automatic methods is thus greater than ever. Al-
though machine carpet factories are in the midst of
a technological transformation, the benefits of using
computer-assisted manufacturing (CAM) methods
are becoming established in this industry.

Because the amount of resin transferred to the
back of the carpet on the finishing line is influenced
by many variables and affects many variables of the
mechanical properties of the carpet, the optimal
amount of resin that is placed on the back of the
carpet must be determined and controlled. Bending
stiffness is effective in terms of characteristics such
as handle, shrinkage and resistance to wrinkles [7].
In the past, many experimental methods have been
developed to measure indicators that can quantita-
tively express the bending stiffness of textiles. Those
methods can be divided into two categories. The first
category comprises methods that deal with the mea-
surement of the movement, force or energy required
to cause bending deformation. The second category
involves the measurement of the deformation of the

fabric under the influence of its own weight. The
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tests based on the second method are simpler and
faster, provide better control of the final product and
can even be shared online [8].

One of the methods of expressing bending
stiffness using the deformation of the fabric under
the influence of its own weight, which was invented
by Pierce, is the measurement of bending length.
Bending length is the length of fabric that bends
under the influence of its own weight at a certain
angle. A longer bending length means a fabric is
harder. The authors of [9] stated that this height of
the loop is proportional to bending length measure-
ment and can be used to calculate bending length.
In other words, harder fabrics create a higher loop
than limper fabrics. Figure 1 shows the basis of this
method. Zhou and Ghosh [9] measured the bending
behaviour of fabric in terms of the sensitivity of their
sizes to shape change. Four types of loops were used
for this purpose. Type 1 loops were created by hang-
ing the fabric vertically between two rollers, and type
2 loops were obtained by turning the fabric on itself
while there was a separating plate between them.
Type 3 and 4 loops were obtained by holding the
fabric between two clamps. Each loop was described
by several features.

Figure 1: Basis of the fabric folded loop test [9]

There are a few works that have proposed image
processing or other automatic artificial intelli-
gence-based approaches for the quality assessment
of fabrics and carpet. In [10], Cassidy et al. used a
bending box to measure the bending properties of
fabrics whose bending length is difficult to calculate
using Pierce’s method. They stated that the width
and length of the fabric that are placed on top of
each other have a negligible effect on the height of
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the loop. Xu [11] presented an approach based on
image processing to measure the appearance of the
carpet, in which the image parameters such as shape,
direction and spatial patterns that the human agent
uses visually when evaluating the carpet were auto-
matically analysed. Quinones et al. [12] presented a
solution based on geometric local binary patterns to
examine carpet warp and weft images, which mea-
sured the carpet quality based on the balance of grey
points in the images. Shady et al. [13] presented a
method to evaluate fabric structure characteristics
using a Wiener filter to detect weave patterns.

In [14], convolutional neural networks (CNNs)
were used as a classification tool for the patterns
and colours of the carpets. In [15], visual spectral
comparator (VSC) and conventional CT scanning
were used for the visual examination of the weaving
details and present condition of two 17th-century
knotted-pile carpets. An interesting work regarding
the use of machine learning, in particular deep learn-
ing approaches, in the carpet industry is [16], which
proposed deep convolutional generative adversarial
networks (GANs) for automatic carpet pattern de-
sign and creation. In [17], a method for comparing
two carpet photos and determining the best place-
ment of several carpet images was proposed.

The present work, is the first study that attempts
to propose a machine learning and image process-
ing-based approach for estimating the amount of
coated resin on the back of the carpet and find an
automatic method to assess the mechanical quality
of carpets. In this research, we first attempted to
evaluate and measure the characteristics of the arc
in the carpet as a reflection of the bending stiffness
by hanging a part of the carpet between two rollers.
After coming off the sizing line, the carpet was
placed on a flat surface and turned over on itself, and
an analysis was performed on the arc created in the
carpet in this state. A series of transformations and
operations were then performed to extract features,
which seemed effective in characterizing the bend-
ing loop. Using the extracted features from the im-

ages, conventional machine learning classifiers were
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trained to discriminate and decide on the amount
of the coated resin and to classify carpets based on
this aspect.

The rest of this paper is organized as follows. Sec-
tion 2 presents materials and methods. Experimen-
tal setup and evaluation results are presented and
discussed in Section 3. Finally, Section 4 presents

conclusions and the bases for future works.

2 Materials and methods

2.1 Experimental data

In this research, bending stiffness was used as a
feature that is influenced by the amount of resin on
the back of the carpet for evaluating the mechanical
properties thereof. After the carpet came off the siz-

ing line and was placed on a flat surface, it was fold-

a

ed in the middle; the two edges of the carpet were
placed on top of each other and the created curve
was then photographed. The amount of protrusion
and arch resulting from the folding of the carpet was
measured. To evaluate the optimal amount of resin
in carpet back sizing, samples of carpets with a den-
sity of 490 piles/cm (reed 700 dents/m, weft density
1400 ends/m) were selected. Other structural pa-
rameters were as follows: warp yarn count 29.5/4 tex,
80% polyester/20% cotton; weft yarn count 44.8/2
tex jute; pile yarn count 49.2/2 tex acrylic. The resin
used was vinyl acetate homopolymer. The prepared
samples were divided into five equal parts with a
width of 60 cm and a length of 180 cm. One part
was coated with the appropriate and optimal amount
of resin, and four other parts were coated with 10%
and 20% more and less resin than usual, as shown in

Figure 2.

b

Figure 2: Radius of curvature of the arc formed in the folded carpet a) before back sizing b) after back sizing

The optimal and usual amount of resin to reach
the appropriate density in the factory from which
the sample was prepared was 135 grams of dry mat-
ter per square meter. A 12 Megapixel CCD camera
was used for image capturing, where the working
distance, or the distance between the objective lens
and the folded carpet, was set at 60 cm. The colour
temperature for the setting was between 5000 K and
5500 K, and diffuse LED lighting was used as the
applied lighting configuration. A total of 220 photos
were taken of each of sample, and were used for test-
ing, verifying and comparing edge detection meth-
ods. In this way, carpets were classified according

to quality in the following six predefined categories:

negative 10 relative sizing, negative 20 relative sizing,
normal sizing, positive 10 relative sizing, positive 20

relative sizing and pre-sizing.

2.2 Image processing and feature extraction
procedure

The proposed image processing and feature ex-
traction process is presented in this section. For
this purpose, first the outer contour (outer edge) of
the carpet was extracted, followed by the average,
maximum and minimum statistics for the curve
and angles of the contour. To extract features from
folded carpet images, the edges of the carpet had to
be detected in the images. Edges are local changes in
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image brightness. On the other hand, shadow chang-
es result in brightness changes but are not edges. For
this reason, extracting the true working edges was
difficult.

A large number of edge detection operators func-
tion based on the first derivative of the brightness
intensity. Derivatives of an image show changes in
brightness in both vertical and horizontal directions.
Several operators were presented to calculate local
derivatives. Sobel is the best and most general de-
rivative calculation operator. From the convolution
of windows and in the image, the derivatives in the
x and y directions were calculated, respectively. In
equations 1 and 2, represents the derivative in the
x direction and represents the derivative in the y
direction [18].

1/-1 01
Gx=§—202
-3 0 -1

L) =5(-1(i-1,j- 1)-2*1(3,j -1) - I(i +1,j -1)

+I1(i-1,j+1)+2*1(Gj+ ) +1(i+1,j+1)) (1)
1no2 1
G=glo 0 0
-1 -2 -1
Iy'(i,j) =i -1,j- D42+ 1(i -1,j) + I(i -1,j +1) -
IG+1,j-1) - 2%I(i+ 1)) - 1(i+1,j+ 1)) (2)

To calculate the magnitude of the gradient, the
square root of the derivatives was calculated in two
directions, as in equation 3. This relation was calcu-
lated for each pixel of the image.

Gatagninae =N/ I +1, 3)

It should be noted that, as a rule, all the points of
an image have some difference relative to their adja-
cent points. Thus, the magnitude of the gradient will
not be zero for most points. On the other hand, there
is a considerable difference with their neighbours at

edge points. For this reason, thresholding can be

used to distinguish edges from non-edges.
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2.2.1  Fixed threshold limit edge detection

The simplest solution to determine the edge is fixed
thresholding on the magnitude of the gradient. In
other words, the magnitude of the gradient for all
points of the images is compared with a predefined
threshold. If the magnitude of the gradient is greater
than the threshold, that point is located on the edge.
In equation 4, represents the magnitude of the gra-
dient of the pixel, T represents the threshold and E

represents the existence of an edge point at

Gy (i) > T

.. 1
EGp= {0 else (4)

Considering the variety of the colour of carpets,
as well as the different darkness and brightness of the
upper and lower background of the carpet, using a
fixed threshold to determine the edge does not pro-

vide a favourable result.

2.2.2

Canny is one of the most common edge detection

Canny edge detection

algorithms. Since the images have noise and small
edge changes, a smoothing filter can be applied to
the image. A smoothing filter is a filter that removes
small changes in the image. In this way, image noises
are removed. Most smoothers consider the weighted
average of the neighbouring points of each pixel as
the new value of the pixel. Many smoothers are pro-
posed according to the size of the neighbourhood
and weight matrixes. Canny edge detection uses a
Gaussian smoothing filter (equation 5). This relation
defines the weight of the neighbouring points, in
which x and y are the coordinates of the neighbour-
ing point and o is the smoothing parameter. From
the convolution of the window with the image, the
smoothed image is obtained [19].

Xy
G(x,y) = rmor © 207 (5)

After applying the Gaussian filter, the gradient of

the image was calculated using equation 3 to identify
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Figure 3: Edges extracted using canny edge detection

the areas with the highest changes. Canny uses two
thresholds for the edge determination step. If the
magnitude of the gradient is less than the small
threshold, its value is set to zero, i.e. it is not consid-
ered an edge. If its value is between two threshold
limits, its value becomes one if there is a path from
this pixel to another pixel with a gradient higher
than the second threshold limit (upper limit), and
if the pixel value is greater than the upper threshold,
we select that pixel as the edge. To increase the accu-
racy of edge detection, the primary smoothing filter
and the gradient window can be changed. Moreover,
an edge thinning algorithm was applied at the end
of the work.

The use of edge detection methods in determin-

ing the edge of the carpet created many unwanted

a

edges that cannot be easily removed. The edges
resulting from canny edge detector are shown in

Figure 3.

2.2.3

Itis evident from Figure 3 that edges inside the carpet

Pixel navigation

were also detected in the Canny method. Since the
colour of the carpets has many variations, and black
and white colours are also used within the carpets,
Canny edge detection considers the top black back-
ground to be the same as the inside of the carpet.
This may result in many false positives in edge point
detection. Thus, to make the edge extraction simpler
and more accurate, pixel navigation was used.

Since only the top and left edges of each carpet
were needed, the pixel traversal method was suitable
for obtaining these edges. In the available image, the
background colour is very different from the edge of
the carpet. Thus, by scrolling vertically from top to
bottom, the image of the upper part of the contour
was obtained, and by scrolling horizontally from
left to right, the side part of the outer contour of the
carpet was obtained. Figure 4 shows how to calculate

the contour using the pixel navigation method.

b

Figure 4: Determining contour using the pixel navigation method: a) Contour obtained after vertical navigation;

b) Contour obtained after horizontal navigation

In vertical pixel navigation, navigation starts
from the top of the image and each pixel is com-
pared with its bottom pixel. If their difference is
greater than a certain threshold, it is an edge pixel. In
equation 6, which determines the final edges of the

image, abs() represents the absolute value function.

When the first edge point is seen in a column, the

navigation of that column ends.

if abs(I(i,j) — I(ij + 1)) > T

.. 1
EGj) = {0 else (6)
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224

In the pixel navigation method, the distance between

Jump-based pixel navigation

the value of two neighbouring pixels, p and g, is calcu-
lated at each step of the navigation, and if that distance
is lower than the threshold, it means that the contour
is not yet found. In this situation, the algorithm moves
one pixel down in the column. This single pixel nav-
igation method works very slowly in high resolution
images. To improve the pixel navigation method,
jump-based pixel navigation can be used.

In this approach, navigation is done in multi-pix-
el steps. A navigation step of s is used for this pur-
pose, and each pixel is compared with a pixel in
the column-wise spatial distance of s. Moreover, to
increase the resistance of the method to noise, the
average values of five adjacent pixels are considered
instead of comparing the values of two pixels. These
two approaches for determining the edge point posi-
tions are denoted in equation 7.

Horizontal row-wise scrolling was also per-

formed to calculate the left contour to increase the

a

speed and accuracy, and the contour obtained from
the previous step was used. Since the contour is con-
tinuous, the location of the contour in each row is
close to the location of the contour in the upper row.
Thus, horizontal scrolling was performed to obtain
the exact location of the contour near the contour
location of the upper row. Supposing that (r, c) was
the location of the contour in the previous line,
horizontal scrolling was performed in the spatial
row-wise distance of (r, c-k) and (1, c-k), where k is
an arbitrary number. Again in horizontal scrolling,
instead of comparing the value of two adjacent pix-
els, the average difference, as calculated in equation
7, was used.

After determining the edges, probable noises
were removed using a morphological thinning oper-
ation, which is a morphological closing followed by
a morphological opening to repair possible edge dis-
continuities. After morphological operations, carpet
contour with a thickness of one pixel is obtained.

Figure 5 shows the contour calculation steps.

(7)

b

Figure 5: Contour resulting from the jump-based pixel navigation method: (a) final contour after the morpholo-

gy operation; (b) location of the contour on the carpet

2.2.5

In this section, a comparison is made between the

Comparing the proposed edge detector

stated methods on real images. The results of apply-
ing different edge detection methods are shown in
Figure 6. As is evident, the methods of fixed thresh-

old and Canny (b and c) created many unwanted

edges, while the pixel navigation method determined
a pure edge contour for the carpet. The results of the
application of pixel navigation and jump-based pixel
navigation are similar in most cases, while the latter

was faster.
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a)

<)

b)

d)

Figure 6: Results of the application of different edge detection methods: (a) original image; (b) fixed threshold

method; (c) Canny method; (d) proposed navigation method

As seen in the pictures, the jump-based pixel
navigation method demonstrated good accuracy and
its execution speed can be increased by adjusting the
jumping parameter. The results of the implementa-
tion of this method on 220 carpet images show that
it can accurately identify the edges of the carpet at
a suitable speed. The results of the edge detection
were then used for carpet classification based on the
contour. Different features, such as carpet curvature,
angle, length-to-width ratio and contour radius,
were extracted and used for the quality classification
of manufactured carpets. It is also evident that the
lower edge was omitted, since the lower edge of the
carpet does not possess any information regarding

fold and curvature.

2.2.6

For classification purposes, we needed to extract

Feature extraction

descriptive features from the curvatures resulting

from the edge detection step. These features should
express the curvature of the carpet. For this purpose,
the features of carpet curvature, including the angle
of the oblique line, length-to-width ratio and con-
tour radius, were extracted, as shown in Figure 7.
The features of the length-to-width ratio and the
angle of the oblique line that each carpet makes with
the horizontal axis were independent of the distance
of the camera from the carpet. The maximum and
minimum column difference of the contour denotes
the width, while the maximum and minimum row
difference of the contour denotes the length of the
curvature. Using the Hough transform, which is a
transformation that finds geometric shapes in an
image, the largest interior curvature of the carpet
was obtained. To make it independent from the dis-
tance between the camera and the carpet, it was then
divided by the length-to-width ratio feature.
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(a)
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(b) (c)

Figure 7: First three primary features of the curvature: a) length-to-width ratio; b) the angle of the oblique line;

¢) contour radius

On the other hand, the contour of the carpet is a
curve, and the main goal was to describe this curve
in such a way that it could help the classification
process. Hence, the coefficients of this curve were
considered features of the contour. For this purpose,
equation 8 was used to calculate the curvature or
bending of a contour, where p and q are the pixel
coordinates at the beginning and end of a contour
segment, respectively. Moreover, equation 9 denotes
the angle of curvature between two edge points p and
q. In fact, the curvature is the ratio of the Euclidean
distance to the Manhattan distance of the first and
last pixels of the sequence.

Curvature = Euclidean distance (p, q) / Manhattan
distance (p, q) (8)

Angle = arctan(q - p /q, - p,) )

where g, _and q, represent the x and y coordinates
of point q. Since calculating a single value does not
reflect the total shape of the curve, edge pixels were
sorted from the right-most pixel to the left-most pix-
el. The array was then divided to C parts and, con-
sidering the points at the beginning and end of each
segment, the curvature features were calculated for
each one. The curvature and angle statistics of these
C segments, including the maximum, minimum and
mean values, were then determined as the final de-
scribing features. In summary, the extracted features
for describing the contour of the folded carpet are as

presented in Table 1.

Table 1: Extracted features from the contour of the
folded carpet

Feature No. of
coefficients

Length-to-width ratio 1

Angle of the oblique line 1

Folding radius 1

Curvature statistics (i.e. maximum, minimum 3

and mean of the curvature)

Angle statistics (i.e. maximum, minimum and 3

mean angle of the angle)

The initial size of the images was 3000 x 4000
pixels. However, to reduce the calculations, the size
of the images was changed to 375 x 500 pixels. Also,
other parameters of the approach were set according
to Table 2.

3 Experimental results and
discussion

After feature extraction, three different methods
were used as learners and classifiers. In the following
evaluations, three traditional classifiers, i.e. K near-
est neighbour (KNN), classification and regression
tree (CART) and support vector machine (SVM),
are used. Although deep learning approaches are the
most recent classification paradigms, they could not
be applied because the problem was a low dimen-
sional one and the size of the evaluation database
was not large. Since SVM is a binary classifier, it was

trained in a one-versus-all scheme.
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All the experiments were performed using the
Windows 10 Pro operating system with an i5 core
(3.20 GHZ) CPU and 16 GB of RAM, while Python
version 3.6 was used to implement the proposed
method. Traditional 10-fold cross validation was
used for evaluations and classification accuracy,
which is the number of correct decisions divided by
the total number of reported decisions as the evalu-

ation metric.

Table 2: Values of parameters of specific approach

Parameters Values
S 20
K 10
C 30
T 10

3.1 Discussion about features

The first step was to analysis the discriminating power
of the extracted features. To do so, the histograms of
the features were plotted and compared in Figures 8
and 9. Figure 8 illustrates the distribution of the fold-
ing radius feature for different classes, while Figure 9

presents a histogram of the angle of the oblique line

for the five different classes. As seen in both figures,
different classes have wide overlapping regions consid-
ering the two investigated features, while the features
are not discriminative by themselves. For example, as
seen in Figure 8, all neighbouring and similar classes
have a decision region in common, which is approx-
imately half of the width of the distribution. On the
other hand, it can clearly be seen that even two distant
classes have common decision regions. This means
that the features are not independently good ways
for differentiating between the classes. It is the main
reason that classification models are trained using a
set of nine different features and used for the decision.

Another measure for determining the discrimi-
nating power of the features is the Fisher ratio. The
Fisher ratio can quantify the discriminativeness of
the features and is the ratio of between-class scatter
to within-class scatter. Since the problem was a mul-
ticlass classification problem, we had to average the
value over all possible class combination as denoted in
equation10. The Fisher ratio values are summarized
in Table 3 for each feature. As denoted, features such
as the angle of the oblique line and folding radius had
the highest Fisher ratio, which indicates the greater
effectiveness of the features.

Figure 8: Distribution of folding radius feature for different classes. The overlap between every two classes is

shown in a different colour.
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Figure 9: Distribution of the folding angle of the oblique feature for different classes. The overlap between every

two classes is shown in a different colour.

3.2 Discussion about classification results
Since the features were not effective by themselves, a
second phase of feature transformation using linear
discriminant analysis (LDA) was performed on the
initial feature vector of size 9. LDA is usually used
as a dimension reduction approach, but here it was
used for feature transformation. Table 4 indicates the
classification performance of each machine learning
model, with and without LDA. Moreover, since
the evaluations were performed in a 10-fold cross
validation scheme and the results were averaged,
performance standard deviations are also included
in the table.

The best accuracy on each assessment condition
is shown in italics and the best overall accuracy is
denoted in bold typeface. Moreover, for the better
discussion of the results, the average accuracies of
the classifiers are summarized in the last column.

The number in parenthesis indicates the rank of each

(10)

Table 3. Average Fisher ratio of each extracted feature

Feature category Feature name | Average_ .
Length-to-width ratio 4.11
Angle of the oblique line 11.42
Folding radius 10.64
Min. curvature 23
Curvature Max. curvature 9.21
Average
cur\e/atgre 743
Min. angle 1.2
Curvature angle statistics Max. angle 14.5
Average angle 10.23

classifier based on its average performance. In this
table, the classifiers are also evaluated with different
parameters and settings. For the SVM classifier, two
different traditional kernel functions, referred to
as radial basis functions (RBF), and a linear kernel
were investigated. KNN classifier is evaluated with
different K values (i.e. 3, 5, 7). Since there were not
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many samples in the classes, higher values for K

100
are not useful. In addition, as seen in the table, the
average performance of the KNN classifier degrades 80 W
when K increases to 7. § T x— X
S 60
3
Table 4: Classification accuracy of the different classi- < 40
fiers on the proposed approach
20
A
Classi- Para- Accuracy verage
LDA accuracy
fier meters (%) 0
(%) & & A S N
< g NG % NG g
NolLDA | 76.11+2.83 & %@V \@e\ \&e\ \@e\
RBF LDA(d =3) | 82.44+3.57 85.19 (1)
kernel | LDA(d=4) | 91.69+2.85| Classifier
SVM LDA(d=5) | 90.54+3.01 —x— NO LDA —=— DA (d=3)
No LDA 69.13£3.37 LDA (d = 4) LDA (d = 5)
Linear LDA(d =3) | 82.13£3.60 79.77 (4)
kernel | LDA(d=4) | 88.08+3.4 ' . ) . :
Figure 10: Classification accuracy of the different clas-
LDA=5) | 79.55+3.84 S i y of the diff
NoLDA | 69.60+4.07 sifiers on the proposed approach
K=3 LDA(d =3) 79.78+7.18 8032 3)
- LDA(d=4) | 86.51x4.37 | Table 5: Average processing time of the edge detection
LDA(=5) | 85.39+6.98 approaches per image
No LDA 72.29+593
KNN K=s LDA(d=3) | 77.15%7.06 81.09 (2) Method Processing time
LDA(d=4) | 88.94+7.53 ’ (s)
LDA(d =5) | 85.99+4.46 Fixed threshold 0.0164
No LDA 68.28+7.92 R
Canny edge detection 0.246
LDA(d =3) 79.66+£5.9
K=7 DA =4) | 87.89%5.96 78.46 (6) Pixel navigation 0.0047
LDA(d=5) | 78.02+5.56 Proposed jump-based pixel navigation 0.0041
No LDA 68.04£3.12
CART LDA[d=3) | 78.75:6.62
— L2 78,67 (5) that the proposed edge detector is customized for this
LDA=4) | 85.99:5.35 . > )
LDAWA<=5) | 819369 problem and its efficiency is due to the fact that the

The results of Table 4 are also summarized in
Figure 10. This figure illustrates both the effec-
tiveness of the SVM classifier and the LDA feature
transformation. This figure shows that using LDA
can considerably increase the classification accuracy
of the approach, with SVM with an RBF kernel being
the best choice on this problem from amongst the
evaluated classifiers.

A lingering concern is the time complexity of the
process, especially the proposed edge detection ap-
proach. Table 5 presents the running time of the edge
detection process and shows the lower computational

time of the proposed edge detector. It should be noted

edge detection process is designed specifically for this
problem.

4 Conclusion

This paper represents the first attempt at the me-
chanical quality assessment of the carpets based
on the amount of their back sizing using an au-
tomatic image processing and machine learning
based approach. The approach proposes a novel
edge detection scheme for this purpose, which is
followed by the extraction of representative fea-
tures. A traditional LDA approach was the used for

feature determination and was followed by some
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traditional simple classifiers, from which SVM with
an RBF kernel demonstrated the best results. The
evaluations show the effectiveness of the proposed
approach in determining the number of coatings
and the achievement of a classification accuracy of
91.69 percent. Moreover, the proposed approach
was evaluated from a computational time point of
view, which proves the real time applicability of the
method. For future works, using the back texture of
the carpet is suggested for the purpose of quality as-
sessment. More complex learning approaches, such
as convolutional neural networks, may be better

suited for this purpose.
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Abstract

The article presents the results of the computer modelling of yarn winding on conical bobbins based on the
analytical method of constructing tubular-shaped surfaces as a partial case of channel surfaces using the
vector algebra apparatus. It is stated that the guide line takes the shape of a conical spiral line along which
the forming moves (in the form of a circle with a diameter equal to the average diameter of the yarn), and is
set using the moving Frenet basis. The obtained mathematical models facilitate the building, in MathCAD 3D
visualization graphics, of a tubular-shaped surface, which represents the layers of yarn winding on a conical
cartridge, and the reinforced yarn, which comprise the core component and the wrapping component, as
well as the determination of both the lengths of individual layers of winding and the total length of winding
(not including the transition sections). Well-known methods of forming geometric objects and computer
modelling were also used in the work. The theoretical studies are based on the basic principles of textile
production technology.

Keywords: yarn, rewind, bobbin, tubular-shaped surfaces, Frenet basis, computer modelling

Izvlecek

V ¢lanku so predstavljeni rezultati racunalniskega modeliranja navijanja preje na stozcaste navitke, kjer so bile kot
primer Zlebicastih povrsin z uporabo analiti¢ne metode vektorske algebre konstruirane cevaste povrsine. Vodilna
linija ima obliko stoZcaste spirale, vzdolZ katere poteka oblikovanje (v obliki kroga s premerom, ki je enak povprec-
nemu premeru preje) in se nastavi s pomocjo gibljive Frenetove baze. Dobljeni matemati¢ni modeli omogocajo
vizualizacijo cevaste povrsine s pomocjo graficnega orodja MathCad 3D, tj. plasti preje, navitih na cevko stozcaste
oblike, ojacitvene preje iz jedra in ovojne komponente in dolocanje dolZine posameznih plasti navitja kot tudi celot-
ne dolzine navitja (brez prehodnih odsekov). Pri tem so bile uporabliene znane metode oblikovanja geometrijskih
objektov in racunalniskega modeliranja. Teoreti¢ne studije temeljijo na osnovnih principih tehnologije za izdelavo
tekstilij.

Kliucne besede: preja, navijanje preje, stozcasti navitek, Frenetova osnova, racunalnisko modeliranje
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1 Introduction

One of the main tasks of the textile industry is the
development of new textile technologies that meet
modern specific production requirements. Such
technologies include the technology of winding
during the formation of specialized winding pack-
ages, for example, winding threads and thread-like
materials on cartridges, coils, etc.

Today, winding has turned from a separate
technological operation of yarn preparation into an
independent technological process of obtaining an
original product. The process of forming winding
packages, which are original products, requires the-
oretical research, in particular, using the computer
modelling of packaging and the computer modelling
of the winding mechanism [1].

The need to use computer modelling is explained
by requirements to shorten the time to develop
technologies and mechanisms of technological
machines, and to increase the accuracy of research
results and the efficiency of researchers' work.

Modern information technologies are tools used
for creating simulated computer models that ensure
automated production control for yarn rewinding
[2], which is evidenced by the researchers’ interest
in the use of modern information technologies, and
whose scientific works are devoted to the computer
modelling of packaging and winding mechanism
using various methods. In particular, the computer
model of yarn winding described in research [3] is
implemented based on Ls-Dyan software using the
finite element modelling of the yarn winding process
to analyse the change in yarn tension during and
after winding.

To study the change in the tension of cotton yarn
during the winding process, a finite-element model
of yarn based on three-dimensional beam elements
using the Abaqus dynamic explicit software is pro-
posed in the paper [4]. In the work [5], the 3DS MAX
2010 software was chosen to simulate the geometry
of yarn. The research [6] describes methods for

modelling yarn structures using three-dimensional

computer graphics, and results in a mathematical
model that reproduces yarn (computer visualization
of yarn). The work [7] describes a computer-inte-
grated environment for the simulation of the yarn
winding process that includes design, production
and quality control, which resulted in the develop-
ment of yarn winding machines.

Therefore, the development of computer model-
ling methods and the use of modern applied com-
puter programs for this purpose are timely tasks.

The results of this research can contribute to the
development of modern information technologies
for the modelling of textile processes based on its
use as a tool for researching the analytical method
of constructing tubular-shaped surfaces using the
vector algebra apparatus and through its implemen-
tation in the MathCAD CAE program.

The tasks of the research were:

- to create mathematical models based on vector
algebra that describe yarn packaging;

- to create a software code based on the obtained
mathematical models; and

- to make a computer modelling of yarn pack-
aging with the construction of visualization

graphs in the MathCAD application program.

2 Research methodology

Technology and equipment for yarn rewinding are
constantly being improved, as evidenced by recent
active research on these issues, in particular, works
on the development of winding machines [1, 8-10]
and research on winding processes [11-18].

When yarn is prepared for knitting on knitting
machines, it is rewound from incoming packages
onto a conical cartridges using a cross-winding pro-
cess, resulting in cross-wound conical bobbins.

Since the size of the yarn in length is much larger
than the size of the cross-section, the cross-section
of the yarn is assumed to be circular, disregarding
the change in cross-sectional area during winding.

For the computer modelling of the turns of yarn



winding, the expression [19] can be used, which
determines the location of the points of the surface
(described by the radius-vector S,) in MathCAD

(Figure 1) that forms the turns of yarn winding

where P (u) represents a radius-vector that de-
pends on the angular parameter 1 and determines the
coordinates of the points of the conical spiral guide
line; the hodograph of the radius-vector P, (u) rep-
resents the axial line of the tubular-shaped surface; u
represents the rotation angle of the projection of the
radius-vector P, (u) on the horizontal Ic)llane, which is
counted from the abscissa axis; 7, :% represents
the length of the vector P (v), which determines the

coordinates of the points of forming in the form of
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along the conical spiral guide line (described by
the radius-vector P,), by which the forming moves
(in the form of a circle with a diameter equal to the

average diameter of the yarn d):
(1)

a circle with a diameter d; v represents a parameter
that determines the rotation angle of the radius-vec-
tor with a length equal to dﬁl; v(P,u) represents the
component (orth) of the normal vector of the Frenet
basis; and B(P,,u) represents the component (orth)
of the binormal vector of the Frenet basis.

The angle v is counted from the vector v towards
the vector B while rotating around the orth of the
tangent vector t to the hodograph of the radius-vec-

tor P, (u) counterclockwise.

Figure 1: Calculation scheme for determining the location of the points of the surface in MathCAD that forms

the turns of yarn winding

The average diameter of the yarn d; can be deter-

mined by the expression:

)

where T represents the linear density of yarn in
g/km, p, represents the average density of yarn in g/

m’ and p, represents the density of fibre in g/m’.
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To determine the orthos of the Frenet basis
T(PL,,u), v(PL,u) and B(PL,u), it is possible to
use the expressions from differential geometry

[20], which will be written in the program code in

The body of winding is a conical surface that
is formed when the yarn is wound on a conical
cartridge. Let's consider the process of winding,
during which the conical cartridge carries out only
a rotation movement, as a result of which the ends of
the bobbin do not have a spherical, but rather a flat
surface, as is the case when the conical cartridge car-
ries out a rotational movement and a translational
movement simultaneously along the axis of rotation
towards the end with a larger diameter. To model
the surface of the conical cartridge, the radii R, of
the larger and r, of its smaller ends, located at the
distance of the winding height h , need to be entered.
The number of turns of winding that fit at the height
h, is designated as n,. Taking a discrete variable n

that specifies the number of the winding layer:

n=n,.n__ ()

where n, and n__ represent, respectively, the
numbers of the initial and final layers with a pitch

equal to one.

3 Results

To model conical surfaces, tubular-shaped surfaces and
conical spiral lines, the matrix of the vector lying in the

XY plane that rotates around the Z axis can be used:

(6)

where M (u,v) represents the equation of the

cone (conical cartridge) in parametric form.

accordance with MathCAD requirements using
own functions (user functions) to calculate the de-
rivatives of the radius-vector r, which is given in a

parametric form:

3)

(4).

To visualize the conical cartridge on 3D graphics
in MathCAD (Figure 2), the following expression

can be used:
Plot, = CreateMesh(M,,0,2r, 0,h,,36,10) (7)

where the u parameter is in the interval 0 < u <
27 (the number of grid lines is 36); and the v param-
eter is in the interval 0 < v < h (the number of grid
lines is 10).

Let's present the equation of the line of yarn wind-

ing on a tubular-shaped surface in a parametric form:

(8)

where p, represents the pitch of the turn of wind-
ing;p,=h/n,.

During the reverse movement of the thread
guide (thread unwinder), the argument of the rota-
tion matrix Tz in the expression (8) will be the angle
““u’ ie., Tz(-u).

In addition to the u angle, the number of the lay-
er n is entered as a parameter in the expression (8),
which facilitates the modelling of the corresponding
layer on the visualization graphics in MathCAD and
the determination of both the length of each of the
layers and the sum of the lengths of the layers, as well
as the total length of winding.

To calculate the length of winding layers, we
introduce our own function, which is based on the
well-known expression for determining the length

of a spatial curve given in a parametric form [20]:



The expression (9) can be used to determine the
length function of a separate layer of winding in
MathCAD, depending on the layer number n:

L,(n) = Lenght (P 0,27 - n,n)

The total length of winding is determined by the

expression:

(11).

In the expression (10) the length of # layer with
n, turns is calculated in the interval 0 < a < 2mn,.

To simulate the first layer of winding on a 3D
graph of the visualization in MathCAD, the follow-

ing expression can be used:

a)

(10).
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9).
PL (1) = P,(u,1) (12).

Any layer can be entered according to the ex-
pression (12), replacing the index “1” and the value
of the parameter “1” in the entry PL,(u,1) with the
number of the desired layer.

The graph of visualization of the middle (axial)
line of the first layer, as well as the graph of the tubu-
lar-shaped surface, which is the yarn, are built using
the following expressions in MathCAD:

Plot, = CreateSpace(PL,0,2r - 1,36 - n,) (13)

Plot, = CreateMesh(S,,0,2r - n,,0,27,36 - n,,36) (14).

Similar to the expressions (13) and (14), it is pos-
sible to write expressions for building the graphs of

other layers of winding.

b)

Figure: 2. Graphics of visualization of the first layer of winding of yarn on a conical cartridge: a) a conical

cartridge with yarn; b) a yarn in the form of tubular-shaped surface
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Using the expression (1), it is possible to run
the computer modelling of reinforced yarn, which
comprises the core component 2 (Figure 3) and the
wrapping component 3. It can therefore be rewritten
as follows:

S,(uv) = P,(u)+1, - cos(v) - v(P,u)+L, - sin(v) - B(P,u)

4

(15)

a)

where P (u) represents the radius-vector that
determines the coordinates of the points of the spiral
guide line (the axial line of the wrapping component
in the yarn), which is wound on the surface of the
yarn S (u,v) considering the equidistant distance [,
between the core and the wrapping components,
which is equal to half of the diameter d_ of the

wrapping component.

b)

Figure. 3: The graphics of visualization of the first layer of winding of reinforced yarn on a conical cartridge: a)

a conical cartridge with reinforced yarn; b) a reinforced yarn in the form of tubular-shaped surface of the core

component 2 and the wrapping component 3

The radius-vector P,(u) can be determined from

P (u)=P,(u) + (L,+L)-cos(u-n

arm

where P,(u) represents the radius-vector that

determines the coordinates of the points of the spiral

n_represents the number of turns of the wrap-
ping component winding, which are placed on the

length of one turn of the line of the core component

) u(Pyu) + (L+1) - sin(u-n_ Y- B(P,u)

the expression (for the first layer of winding):

(16)

guide line of the wrapping component:

(17)

P (u); and [, represents the radius (the half of the

average diameter) of the wrapping component.



4 Conclusion

The computer modelling of packaging in the form
of a bobbin with a cross winding of yarn is one of
the tools used for studying and optimizing processes
in the textile industry. The obtained mathematical
models and program code in MathCAD can be use-
ful when studying the influence of various factors
on the quality of yarn winding. The use of comput-
er modelling allows the user to virtually create a
bobbin with a cross winding of yarn, reproducing
the position of the turns of yarn winding, and also
provides an opportunity to experiment with various
parameters that can affect the quality of winding.
This enables virtual testing and process optimization
without the need for physical experiments, which
helps to reduce costs, and improve the quality and
efficiency of production in the textile industry. The
task of modelling transition sections of winding lay-
ers (splice-pieces) remains for the further research.
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Abstract

Resistance to ultraviolet radiation and electrostatic charge is a basic property that must be considered in the
manufacture of fabrics, particularly in light of the climate changes affecting people around the world in var-
ious regions, especially in subtropical and tropical regions. It has thus become necessary to focus on the use
of different natural fibres to mitigate UV transitions and the formation of electrostatic charges. The aim of this
research was to enhance the protection of the ultraviolet effect and reduce electrostatic charge formation by
blending cellulose yarns (bamboo and cotton) with trilobal polyester microfiber yarn that has characteristics
such as lightweight, low-thickness, high strength, and shine. Knitted samples were produced from two differ-
ent structures according to their tightness factor (single jersey and fleece structures), the various functional
properties of the produced fabrics, such as mass per unit area, thickness, air and water permeability, and
bursting strength, were tested. The properties of electrostatic charge and the ultraviolet protection factor
(UPF) were also determined. The findings indicate that the samples produced with bamboo resulted in a
preferable performance with different structures, especially when considering electrostatic charge and UPF
properties. Moreover, the fleece structure had a more significant effect on knitted samples’ behaviour than
the single jersey (plain) structure.

Keywords: polyester, cellulose fibres, bamboo, knitted structures
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[zvlecek

Obstojnost proti ultravijolicnemu sevanju in elektrostaticni naboj sta med splosnimi lastnostmi, ki jih je treba upo-
Stevati pri razvoju tekstilij, se posebno v luci podnebnih sprememb, zaradi katerih trpijo ljudje v razlicnih regijah,
zlasti na obmocjih subtropskega in tropskega podnebja. Za ublazitev vplivov UV-sevanja in elektrostaticne na-
elektritve oblacil se je treba osrediniti na rabo razli¢nih naravnih viaken. Namen te raziskave je bil povecati zascito
pletiv pred ultravijolicnim sevanjem in zmanjsati nastajanje elektrostaticnega naboja z mesanjem celulozne preje
iz bambusove viskoze oziroma bombaza s poliestrsko prejo iz mikroviaken s trilobalnim precnim prerezom, ki se
odlikuje po lahkosti, tankosti, visoki trdnosti in lesku. Vzorci pletiv so bili izdelani v dveh razli¢nih strukturah glede na
faktor kritja (enojni jersey in flis). Preizkusane so bile funkcionalne lastnosti izdelanih pletiv, plos¢inska masa, debe-
lina, zrana prepustnost, prepustnost vodne pare in razpocna trdnost; elektrostati¢ni naboj in ultravijolicni zascitni
faktor (UZF). Vzorci, ki so vsebovali bambusovo viskozo v razlicnih strukturah, so se pokazali kot boljsi, zlasti z vidika
manjse naelektritve z elektrostaticnim nabojem in visjim zas¢itnim faktorjem UZF. Poleg tega je bila struktura flisa

bistveno ucinkovitejsa od strukture enojnega (navadnega) jerseyja.

Klju¢ne besede: poliester, celulozna viakna, bambus, pletene strukture

1 Introduction

Ultraviolet radiation is a type of radiant energy from
the sun that emits an arrangement of energy known
as the electromagnetic spectrum [1]. Ultraviolet
irradiation accounts for only about 7% of total solar
emissions, with a spectrum ranging from 100 nm
to 400 nm, as shown in Figure 1, but has extremely
dangerous effects on human skin [2]. In this context,
it is important to note that ultraviolet irradiations
are classified as UVA (wavelengths of 315-400
nm), UVB (wavelengths of 280-315 nm) and UVC
(wavelengths of 100-280 nm) [3]. Generally, UVB
irradiation is greatly reduced by a number of fac-
tors, such as the sun’s height, time of day, amount
of cloud cover, geographical latitude and others. It
is worth mentioning that UVB radiation is mostly
responsible for sunburn and is highly absorbed by
DNA, resulting in typical genetic alterations. It has
been found that UVB represents a crucial portion
of the solar UV spectrum and is the primary factor
in human melanoma induction [4]. However, UVA
may also be important, as it represents up to 95% of
the solar UV energy that reaches the Earth’s surface.
UVA rays encompass wavelengths that are longer

than those in UVB, allowing them to penetrate the

skin more deeply. Although UVA is significantly less
potent than UVB in causing erythema, it can elicit
various other physiological responses, including
immediate and persistent skin pigmentation dark-
ening. This occurrence is particularly noticeable in

individuals with darker skin tones [5].

Figure 1: Ultraviolet irradiation classification [6]

Generally, sunscreen applications are the most
commonly used for UV protection. The use of tex-
tiles as sun protection has been undervalued, despite
the fact that proper clothing usually provides simple
and effective broadband protection from the sun [7].
Various textile parameters, such as fabric porosity,
colour, mass per unit area and thickness, influence
the rating system of the ultraviolet radiation blocked
by the fabric, namely the ultraviolet protection factor
(UPF) for garment products. Additionally, the appli-
cation of UV absorbers into the yarns significantly
improves a garment’s UPF property [8].
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The demand for weft knitted fabrics has increased
over the years on domestic and export markets due
to their novel characteristics such as breathability,
lightness, good stretch-ability and comfortability,
which relate to their looped structure and open sur-
face [9]. However, knitted fabrics transmit more UV
radiation than woven fabrics due to the composition
of the knit structure (loop construction), which of-
fers more gap areas between yarns [10].

Many articles have indicated that polyester
has good UV-blocking properties, as it provides
relatively low UVB transmission, probably due to
a large conjugated system in the polymer chains
[8, 11]. Polyester or polyester-blend materials may
be the most suitable fabric type for UV-protective
garments.

Potentially, any synthetic fibre can be trans-
formed into ultra-fine fibres (microfibers), which
typically have diameters smaller than 10 microme-
tres. Microfibers are increasingly utilised globally for
diverse purposes owing to their fineness, top-notch
traits and exceptional aptitude to be tailored for par-
ticular necessities [12]. Microfibers may be utilised
singularly or mixed with customary synthetic fibres
and with natural fibres such as cotton, wool, viscose

a)

Using Different Structures

and silk [11, 13], which enhances the appearance,
handling, drape and performance properties of
produced fabrics [14, 15]. Microfibers are most
frequently manufactured from polyester and nylon
[12, 16]. Nylon is purported to offer benefits over
polyester in terms of superior coverage, as well as a
lower density, increased durability and greater resis-
tance to abrasion. Nevertheless, polyester is simpler
to weave and comes in finer filaments than nylon.
Therefore, polyester textiles are extensively utilised
in manufacturing, giving them an economic edge on
the clothing and athletic wear markets [12].

There are various methods that can be employed
to produce polyester microfibers, namely melt spin-
ning, wet spinning and dry spinning [16]. Polyester
microfiber can be formed into different cross-sec-
tion shapes. Trilobal polyester microfiber yarn
(Y) was invented during the mid-sixties. A triple
cross-section is featured with multi-characteristics,
such as lightweight, low thickness, high strength and
shine, which makes it a good alternative to develop-
ing fabrics for different types [17]. Figure 2 presents
scanning electron microscopy (SEM) micrographs
of the circular and trilobal polyester microfiber

cross-sections.

b)

Figure 2: SEM micrographs of polyester microfibers cross-sections; a) circular and b) trilobal taken using a Jeol

840 Model [18]
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Daily clothes, such as blouses, T-shirts, sweaters,
robes, undergarments and even bed covers, mostly
originate from natural cotton fibres. The art of in-
terlacing or looping using cotton fibres results in a
flexible and breathable fabric with soft yet sturdy,
long-lasting and comfortable characteristics. [19].
Thus, it certainly can be used to create comfortable,
wearable and breathable clothes. As it can draw heat
away from the skin, it easily absorbs body moisture
and evaporates into the air, keeping it cool and
refreshing in warm climatic conditions [20, 21].
Furthermore, the possibility of experiencing allergic
reactions due to cotton fabric is low, meaning it is
commonly recommended for individuals with skin
allergies [21]. Thus, mostly medical products, such
as bandages and gauze, are made from cotton fibres.
Consequently, cotton cloth, with its advantages, has
become an ideal preference for individuals to wear
in comfort in daily life [22].

The rapid growth and exploration of emerging
technology allow different fibres to be generated,
designed and manufactured for a broader spectrum
of applications; bamboo fibre is one of them and is
the most popular fibre today, and has high-yielding
sources of cellulose. Bamboo is classified as a regen-

a)

erated fibre and its growing cycle is much shorter,
more efficient and more resistant to pests compared
with other well-known regenerated fibres, such as
Lyocell and Modal [23]. The fabric produced from
mechanically extracted bamboo fibres has a rough
and stiff feel, whereas viscose fabric based on a
bamboo type made using a chemical process has
a round cross-section with a small round lumen
of fibres and is characterised by many advantages,
such as a very soft handle and a good drape like
silk. However, it is less expensive and more durable
due to the smooth and surface shape of its fibres,
biodegradable properties, high moisture absorption
capacity, UV protective capability, breathability, and
ease of accepting wet processes and colouring. Addi-
tionally, its fibres are environmentally friendly and
renewable, very fast-growing, and do not occupy
cultivated land [24-26]. Bamboo fabric has a natural
antimicrobial property, and is also very cool to the
touch and non-irritating. It is therefore suitable for
people with sensitive skin [27, 28]. Figure 3 shows
scanning electron microscopy (SEM) micrographs
of the cross-section and longitudinal section of bam-

boo viscose fibres.

b)

Figure 3: SEM micrographs of bamboo viscose fibres; a) Cross-section view, magnification: x1500 and b) Longi-

tudinal view, magnification: x2000 [24]
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Based on the above, this research aimed to inves-
tigate multiple performance characteristics of cotton
and bamboo fibres blended with trilobal polyester
microfiber (Y), especially for the ultraviolet pro-
tection factor and electrostatic behaviour. This is a
novel usage of Y polyester in daily garments, such as
blouses, T-shirts and even children’s clothes, which
were produced with different structures of knitted

fabrics.

2 Materials and methods

2.1 Materials

Four knitted samples were manufactured using a
circular knitting machine, with the specifications
shown in Table 1. Samples were manufactured using

two different yarns (cotton and bamboo) of 197 dtex

Using Different Structures

(30/1 Ne), each blended by a ratio of (50:50)% with
trilobal polyester microfiber yarn of 167 dtex / 288 F
(150 denier with 288 filaments). Two different knit-
ting structures were used (single jersey and fleece).
Table 2 provides the notations and loops formation

of produced samples.

Table 1: Specifications of the circular knitting machine

Manufacturer Mayer & Cie
Machine model Mv4
Machine gauge 26E?
Cylinder diameter (inch) 170

No. of feeders 42

No. of needles 1632
Efficiency (%) 85
Speed - up to (m™) 20

9 Number of needles per inch.
 Approx. 43.2 cm.

Table 2: Notations and loops formation of produced samples

Sample code Material Knitting Structure Notation Loop formation
KPb Trilobal/bamboo
Single jersey structure (plain)
KPc Trilobal/cotton
KFb Trilobal/bamboo
Fleece structure
KFc Trilobal/cotton
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2.2 Laboratory tests

All samples were conditioned at a temperature of

20 °C * 2 °C and a relative humidity of 65% * 2%,

and placed in a relaxed state for 24 hours, according

to the ISO 139 standard method for fabric testing

[29]. Hence, several characteristics were measured

as follows:

o Mass per unit area (mass per unit area) was
measured using an electronic balance with four
digits according to ASTM-D 3776 [30].

o Thickness was measured using a Teclock Corpo-
ration instrument according to ASTM-D1777
[31].

o Air permeability was measured using a Toyo-
seiki (JIKA) instrument according to ASTM-D
737 [32].

o  Water permeability was measured using a Toyo-
seiki (JIKA) instrument according to ASTM-D
461 [33].

+  Bursting strength was measured using an M229
auto-burst tester according to ASTM-D3786
[34].

o Electrostatic charge was measured by FTTS-
FA-009 utilising an FMX-004 electrostatic field
metre according to ASTM-D 4238 [35].

o  Ultraviolet transmitting (UPF) was measured
using a UV-VIS spectrophotometer according
to AATCC-183. This test method was used to
examine if UV irradiation was blocked or pene-
trated through the fabric [36].

Three replicates of each test result were taken
for every sample, and the average of the findings was
computed for all readings.

2.3 Analytical study

All results were collected and tabulated for the man-
ufactured samples. The results were displayed using
graphs in the form of a line chart. The significant
effect between variables was statistically analysed ac-
cording to the paired t-test. The significant difference
was situated at a p-value < 0.05. Moreover, the radar

chart area of all samples was calculated and plotted

at different measured tests in order to illustrate the

samples’ performance.

3 Results and discussion

3.1 Functional properties
Tables 3 and 4 show the specifications of knitted sam-
ples after manufacturing (in a relaxed state), as well
as the average results for the various tests. The results
indicate that the tightness factor is influenced by the
structures and materials used.

The fleece structure decreased the loop length
compared to the single jersey structure with differ-
ent materials. This can be attributed to the presence
of tuck loops within the fleece structure. These tuck
loops contribute to the increased shrinkage of the
fabrics when in a relaxed state. Furthermore, fab-
rics made from bamboo yarns (using two different
structural compositions) exhibit a higher tightness
factor than those made from cotton yarns. This can
be explained by the characteristics of bamboo yarns,
which tend to undergo more contraction due to the
chain arrangement of bamboo viscose, a regenerated

material, as opposed to cotton yarns [24].

Table 3: Specifications of knitted samples after man-

ufacturing

Sample | Wales | Courses | Loop Stitch | Tight-

code (cm) (cm) length | density | ness
(mm) [em?] | factor?

KPb 12 19 2.6 228 1.70
KPc 12 17 2.8 204 1.58
KFb 11 215 22 236.5 2,01
KFc 11 20 24 220 1.84

9 Tightness factor = [Vtex/mm], where yarn count is given
in tex and loop length in mm.

In the same context, the results with 95% confi-
dence intervals (CI) relate to the fact that the fabrics
produced using bamboo yarns are characterised by
increases in mass per unit area and thickness due
to the excess specific density of bamboo, which is
about 1.54 g/cm?, whereas cotton is about 0.8 g/cm’
and polyester is 1.38 g/cm® [37]. On the other hand,
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Table 4: Properties of knitted samples
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Sample code Areal mass Thick-ness (mm) Air permeability | Water permeability | Bursting strength
(g/m?) (em3*cm3s) (L/s) (kPa)
KPb 179.96 0.59 276.4 73 882.61
KPc 109.38 0.48 325.07 73 946.36
KFb 204.93 0.80 188.37 75 1274
KFc 157.51 0.68 202.53 75 1275.38

cotton fabrics are characterised by higher air perme-
ability and bursting strength.

Moreover, the results indicate that the two
materials have the same tendency toward water
permeability properties, which could be related to
the cellulosic base of each of material [23]. Figure
4 illustrates the characteristics of different blended
materials with the same knitted structure.

In addition, the results with a 95% CI, as shown in
Figure 5, indicate that knitted samples with a fleece
structure obtain higher scores in different character-
izations except with regarding to air permeability.

The reason can be traced to the increase in stitch

a)

density per area affecting fabric porosity and thus
airflow (fabric porosity is defined as the creation of
pore size among yarn intersections and, in knitted
fabrics, it depends on loop length, which is mainly
affected by stitch density). Based on wales/cm and
courses/cm, as presented in Table 3, the stitch densi-
ty of fleece fabrics is realised at 236.5 stitches/cm?for
bamboo and 220 stitches/cm? for cotton, respective-
ly. On the other hand, the stitch density for bamboo
and cotton knitted samples reach about 228 stitches/
cm’ and 204 stitches/cm? respectively, in a single

jersey structure (plain).

b)

Figure 4: Characteristic values of different blended materials in the same knitted structure: a) fleece fabrics and

b) single jersey fabrics
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a) b)

Figure 5: Characteristics of different used structures in the same material; a) trilobal/ bamboo (50:50)% and b)
trilobal/cotton (50:50)%

where, based on data analysis, a significant effect was
Significant differences seen, with the exception of air and water permeabil-
According to a paired t-test with a p-value < 0.05, ity. Moreover, the results indicate that the structure
significant differences between variables were iden- ~ composition has a considerable effect on the char-
tified, as presented in Tables 5 and 6. The results  acteristics of knitted sample, whereby a significant
show that the nature of bamboo and cotton yarns  effect was identified among structures with the same

act as the main difference in several characteristics = material.

Table 5: Significant differences between materials for the same structure

Characteristics Single jersey structure Fleece structure
Areal mass (g/m?) 1.12E-13? 7.41E-132
Thickness (mm) 0.0047859072 0.0029892
Air permeability (cm*cm2s™) 0.06253876" 0.11091?
Water permeability (s) 0.5 0.5
Bursting strength (kPa) 0.0038453412 0.0003252

9 Significant effect; ¥ Non-significant effect

Table 6: Significant differences between structures with the same material

Characteristics Bamboo Cotton

Mass per unit area (g/m?) 1.69E-112 6.47E-122
Thickness (mm) 0.001242 0.00058?
Air permeability (cm*cm2s™) 0.00426? 0.010532
Water permeability (L/s) 0.01048? 0.03709?
Bursting strength (kPa) 0.002592 0.021812

9 Significant effect
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3.2 Ultraviolet transmitting

Figure 6 shows the UV transmittance and UPF of
manufactured fabrics. The reliable results (according
to 95% confidence intervals) indicate that the knit-
ted samples with a high tightness factor are more
resistance to UV transmittance, and thus increase
UV protection. According to the results shown in
Table 3, a clear link can be made between the fleece
structure, which achieves a high tightness factor in
knitted samples, and a reduction in ultraviolet trans-
mittance, which consequently improves UV protec-
tion: 5.1 UPF and 5.4 UPF for cotton and bamboo

fabric, respectively, compared with those fabrics

a)
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made utilising a single jersey structure: 2.4 UPF and
3 UPF for cotton and bamboo fabric, respectively.

Furthermore, the results indicate that, despite
there not being substantial differences in the effec-
tiveness of bamboo and cotton yarns on UV protec-
tion, bamboo yarns can improve the protection of
knitted samples against UV transmittance compared
with cotton yarns. This can be attributed to the ten-
dency of bamboo yarn to release more retraction
along the loop length in fabrics (in a relaxed state)
and thus provide better blocking among loop inter-

meshing compared to cotton yarns.

b)

Figure 6: a) Ultraviolet transmittance and b) UPF of manufactured fabrics with 95% confidence intervals

3.3 Electrostatic charge

The average results of electrostatic charges were
collected and recorded for the produced samples, as
shown in Table 7. The results indicated that bamboo
and cotton yarns generally produce fabrics that do
not generate electrostatic charges, as the obtained
scores were close to zero, which could be interpreted
as their high capacity to absorb moisture, which
supports reducing the formation of electrical charge.
Nevertheless, the results showed that bamboo yarns

have more electrostatic charge stabilisation than

cotton yarns for different structures, indicating that
bamboo yarns can retain moisture longer than cot-
ton yarns. Moreover, the results indicated that the
variance of electrostatic charge between bamboo
and cotton knitted samples is affected significantly
by the tightness factor, where the higher the tight-
ness, the lower the variances, which might be related
to reducing air permeability, which promotes mois-
ture absorption within cotton yarn and thus reduces

electrostatic charge generation [22, 26, 38].
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Table 7: Electrostatic charge of manufactured samples

Sample Single jersey structure Fleece structure Variances
Trilobal/Bamboo 0.01 0.01 0
Trilobal/Cotton 0.03 0.02 0.01
Variances 0.0002 0.00005

3.4 Radar chart area

In order to identify the performance of the produced
samples in terms of the different functional proper-
ties tested, electrostatic charge and UV protection,
the radar area was plotted and calculated as shown in
Figure 7. The results indicate that the bamboo-knit-
ted samples had a preferable performance with dif-

ferent structures used, especially when considering

electrostatic charge and UPE In addition, the results
confirmed that the variances of performance among
bamboo and cotton samples increased when using
unconventional structures, which can be attributed
to the enlarged shrinkage occurrence in a relaxed
state, where calculated variances reach 403.23 be-
tween radar areas in a single jersey structure and

899.99 between radar areas in a fleece structure.

Properties Trilobal/ Trilobal/ Properties Trilobal/ Trilobal/
Bamboo Cotton Bamboo Cotton
Mass per unit area (g/m2) 60.78 100 Mass per unit area (g/m?) 76.85 100
Thickness (mm) 80.91 100 Thickness (mm) 85.38 100
Air permeability (cm3/cm2s-1) 85.02 100 Air permeability (cm3*/cm?s) 93.00 100
Water permeability (L/s) 100 100 Water permeability (L/s) 100 100
Bursting strength (kPa) 93.26 100 Bursting strength (kPa) 99.89 100
Electrostatic charge (kV) 100 33.33 Electrostatic charge (kV) 100 50
UPF 100 80 UPF 100 94.44
Radar area 21512.68 21109.45 Radar area 24029.17 23129.18
Variances 403.23 Variances 899.99

Figure 7: Radar chart area of knitted samples produced with a different structure
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In the same vein, the results indicate that the
fleece structure has a greater effect on the knitted
samples’ behaviour than the single jersey structure,

whether with bamboo or cotton yarns, as demon-
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bamboo yarns (1,034.34) is less than the variance

of radar areas with trilobal/cotton yarns (1,050.29),

indicating that the knitted structures are more oper-

ative with cotton fabric characteristics than bamboo

strated in Figure 8. Furthermore, the variance of fabrics.

radar areas among applied structures with trilobal/

Properties Single Fleece Properties Single Fleece
jersey jersey

Mass per unit area (g/m?) 100 87.81 Mass per unit area (g/m?) 100 69.44

Thickness (mm) 100 74.15 Thickness (mm) 100 70.26

Air permeability (cm3cms™) 100 68.15 Air permeability (cm3*cm2s™) 100 62.30

Water permeability (L/s) 97.33 100 Water permeability (L/s) 97.33 100

Bursting strength (kPa) 69.27 100 Bursting strength (kPa) 74.20 100

Electrostatic charge (kV) 100 100 Electrostatic charge( kV) 66.66 100

UPF 55.55 100 UPF 47.05 100

Radar area 21310.96 2234531 Radar area 19446.32 | 20496.62

Variances 1034.345052 Variances 1050.296363

Figure 8: Radar chart area of knitted samples produced from different materials

4 Conclusion

Considering the examined variables, we can con-
clude based on our findings that the nature of bam-
boo and cotton yarns acts as the main difference in
several functional properties of the produced knitted
samples, with the exception of air and water permea-

bility. Even though blending bamboo or cotton yarns

with trilobal polyester microfiber yarns provides ap-
proximately similar protection against UV radiation
and generally produces knitted samples that do not
generate electrostatic charges, the findings show that
bamboo yarns have a better ability to decrease UV
transmittance and stabilise an electrostatic charge
than cotton yarns in different structures. Depending

on the radar area, the findings indicate that trilobal/
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bamboo knitted samples achieved a preferable per-
formance, especially in terms of electrostatic charge
and UPF properties. On the other hand, the findings
indicate that all investigated characteristics are sig-
nificantly affected by the utilised knitted structures.
Moreover, the fleece structure achieves significantly
better UV protection than the single jersey structure
(plain), and has a considerable effect on knitted sam-

ples’ behaviour.
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Abstract

The introduction of green chemistry has become urgent in the development of innovative, high-perfor-
mance functional textiles to reduce the environmental footprint of their production. This study aims to de-
velop a new eco-friendly process for the hydrothermal in-situ synthesis of TiO, in cotton fabric and dyeing
with curcumin natural dye to produce a photocatalytically active coloured textile platform with simultaneous
UV protection properties. Two approaches were developed: classical, which included dyeing of the cotton
samples with Curcuma longa (turmeric) extracts at different concentrations (5 g/L, 10 g/L and 15 g/L) and
subsequent hydrothermal in-situ synthesis of TiO, in the presence of the dyed cotton samples, and greener,
in which simultaneous dyeing with turmeric extracts and hydrothermal in-situ synthesis of TiO, were carried
out. Since increasing the turmeric concentration hindered the photocatalytic performance of TiO, in the
chemically modified cotton samples, 5 g/L was selected as the most suitable turmeric concentration. A com-
parison of the chemical modification processes shows that the simultaneous dyeing of cotton with turmeric
extract and hydrothermal in-situ synthesis of TiO, was beneficial and resulted in a UV protection factor 50+,
which corresponds to excellent protection category. The photocatalytic activity of TiO, was maintained in the
presence of turmeric, indicating the compatibility of both players in the chemically modified cotton, but not
the creation of a turmeric-TiO, heterojunction with visible-light-driven photocatalysis. The presence of TiO,
inhibited the photodegradation of the curcumin dye, further confirming the compatibility of the two players.
Keywords: cotton, TiO,, turmeric extract, photocatalytic activity, UV protection

Izvlecek

Pri razvoju inovativnih, visokozmogljivih funkcionalnih tekstilij je za zmanjsanje okoljskega odtisa pri njihovi
proizvodnji postala vpeljava zelene kemije nujna. Zato je bil namen raziskave razviti nov okolju prijazen postopek
hidrotermalne in situ sinteze TiO, na bombazni tkanini in barvanja z naravnim barvilom kurkume za proizvodnjo
fotokatalitsko aktivne obarvane tekstilije s hkratnimi UV-zasc¢itnimi lastnostmi. Razvita sta bila dva pristopa, in sicer
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klasicni, ki je vkliuceval barvanje vzorcev bombaza z izvlecki kurkume razlicnih koncentracij (5 g/L, 10g/Lin 15 g/L) in
naknadno hidrotermalno in situ sintezo TiO, v prisotnosti pobarvanih vzorcev bombaza, in bolj zeleni, kjer sta socasno
potekala barvanje z izvlecki kurkume in hidrotermalna in situ sinteza TiO,. Ker je povecanje koncentracije kurkume
oviralo fotokatalitsko delovanje TiO, v kemicno modificiranih vzorcih, je bila kot najprimernejsa koncentracija kurkume
izbrana 5 g/L. Iz primerjave postopkov kemicne modifikacije je razvidno, da sta bila so¢asno barvanje bombaza z iz-
vleckom kurkume in hidrotermalna in situ sinteza TiO, zelo ucinkovita, s ¢Cimer je tkanina dobila UV-zascitni faktor 50+,
kar je kategorizirano kot odlicna zascita. Fotokatalitska aktivnost TiO, se je v prisotnosti kurkume ohranila, kar je kaZe
na zdruZljivost obeh akterjev v kemi¢no modificiranem bombaZu, ni pa se tvoril kompozit kurkuma-TiO, s pove¢ano
fotokatalitsko aktivnostjo pri osvetlievanju z vidno svetlobo. Prisotnost TiO, je zavrla fotorazgradnjo kurkume, kar

dodatno potrjuje zdruzljivost obeh komponent.

Klju¢ne besede: bombaz, TiO,, ekstrakt kurkume, fotokatalitska aktivnost, UV-zascita

1 Introduction

The chemical modification of textiles is one of the
most important textile processes to develop innova-
tive textile materials with desired multifunctional
properties. The application of nanomaterials to
chemically modify textiles has opened new possibili-
ties for creating new functionalities and improving
their properties [1-4]. Among nanomaterials,
titanium dioxide (TiO,) is considered as a versatile
inorganic semiconductor material for textile func-
tionalisation with unique electronic structure and
functional properties such as photocatalysis, UV
protection, antimicrobial activity, thermal stability,
biocompatibility, and non-toxicity [5, 6]. TiO, is a
wide bandgap semiconductor material with photo-
catalytic self-cleaning properties, i.e., the ability to
degrade organic pollutants on its surface under UV
light irradiation. Namely, when TiO, is irradiated
with UV light in the presence of water and oxygen,
it can form reactive oxygen species (ROS) on the
surface, which have a strong oxidation potential to
degrade organic molecules via intermediates to wa-
ter and carbon dioxide [7, 8]. The ability to absorb
or scatter harmful UV radiation gives TiO, a strong
UV-blocking effect, which is crucial for its UV-pro-
tection properties.

dictates

Growing environmental awareness

avoiding the use of conventional chemical modifica-

tion processes as they have a negative impact on the
environment due to the consumption of significant
amounts of water, energy and chemicals [9, 10].
Therefore, the adoption of eco-friendly approaches
is crucial to reducing the environmental footprint.
In this context, the application of green chemistry
principles, which include the use of safer chemicals,
minimising waste and reducing water and energy,
plays a crucial role [11]. One of the most important
principles of green chemistry is the green synthe-
sis of nanomaterials, which has been extensively
studied as an alternative to conventional chemical
synthesis processes [12-14]. This also applies to the
green synthesis of TiO, [15-22]. It can be carried
out in various ways, but plant-mediated biological
synthesis, in which plant extracts or phytochemicals
can serve as stabilizers, has proven to be one of the
most promising and well-implemented. It opens up
unlimited resources as different plant parts such as
roots, stems, leaves, flowers, fruits and seeds can be
used. Since biobased materials are found in nature,
they are considered non-toxic and safe, inexpensive,
and readily available.

Among plants, Curcuma longa, commonly
known as turmeric, is a flowering plant of the ginger
family. It is known for its rhizomes, which are usually
dried and ground into a deep orange-yellow powder
called turmeric powder. It is used as a natural yellow

dye for textiles and food, as a culinary spice, as a
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cosmetic ingredient and as a medicine in traditional
herbal medicine [23-25]. According to the literature,
turmeric powder has not only established itself for
textile dyeing [26-31], but also for the green synthe-
sis of TiO, [32-38]. Usually, it is used as an extract
prepared in a suitable solvent containing a natural
polyphenolic compound called curcumin. When the
turmeric extract was combined with the titanium
precursor solution under suitable conditions, cur-
cumin acted as a capping agent for the synthesis of
TiO, and facilitated its formation and stabilisation
[39]. Furthermore, when curcumin was in intrinsic
contact with TiO,, the curcumin molecules could
act as a sensitising agent that absorbed visible light,
resulting in electron excitation in the curcumin mol-
ecule from the highest occupied molecular orbital to
the lowest unoccupied molecular orbital, followed
by electron transfer from the unoccupied molecular
orbital to the conduction band of TiO,. This signifi-
cantly improved the photocatalytic efficiency of TiO,
upon irradiation with visible light [32-37].

In the present work, a new sustainable approach
for the chemical modification of cotton fabric was
developed using hydrothermal synthesis of TiO, in
the presence of curcumin and cotton fabric to create
photocatalytic and UV protection properties. Two
different application procedures were investigated.
The first was a two-step process and involved dye-
ing of cotton fabric with turmeric extract followed
by the in-situ synthesis of TiO,. The second was
a one-step combination of dyeing with turmeric
extract and in-situ synthesis of TiO, with the aim
of reducing water and energy consumption. In ad-
dition, the influence of turmeric extract at different
concentrations on the functional properties of TiO,
was thoroughly investigated. A newly developed
innovative chemical modification process for the
production of multifunctional textiles represents an
important technological shift from conventional to

green textile chemistry.
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2 Experimental

2.1 Materials

Alkaline-soured, bleached and mercerized 100%
cotton plain-weave fabric (Tekstina d.o.0., Aj-
dovscina, Slovenia), with a mass per unit area of
120 g/m? was used for chemical modification.
Turmeric powder (Maestro, Podravka d.d., Cro-
atia) was bought at a local market. Titanium(IV)
isopropoxide (TTIP; > 97.8% concentration), iso-
propanol (= 99% concentration) and acetic acid
were procured from Sigma Aldrich (United States),
Honeywell Research Chemicals (Seetze, Germany)
and CARLO ERBA Reagents S.A.S (Barcelona,

Spain), respectively.

2.2 Preparation of the turmeric extract

The extract of turmeric powder was prepared in dis-
tilled water at three different concentrations: 5 g/L,
10 g/L and 15 g/L. A certain amount of the powder
was covered with cold distilled water, heated and
boiled for 5 minutes. Then, the boiled solution was
cooled and filtered. For each concentration, 2 L of
extract was prepared. The Curcuma longa rhizomes,
their powder, the cooled extract solution (5 g/L) and
the chemical structure of the natural dye curcumin

are shown in Figure 1.

Figure 1: Curcuma longa rhizomes and their powder
(a), the turmeric extract (b), and the chemical struc-
ture of the enol form of the curcumin natural dye in

the turmeric extract (c).
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2.3 Chemical modification of cotton fabric
Chemical modification of cotton fabric was carried
out in two different processes. The first classical
process involved two steps: the dyeing of cotton
samples with turmeric extract followed by the in-si-
tu synthesis of TiO, on the dyed samples. For this
purpose, 7 g cotton samples were dyed with 5 g/L,
10 g/L and 15 g/L turmeric extracts (three samples
for each extract concentration) by exhaustion with a
1:20 ratio of good to liquor for 40 minutes at 40 °C
in the Starlet laboratory dyeing machine (Daelim
Starlet, Co., Korea). After dyeing, the samples were
squeezed on a two-roll padder (Mathis, Switzerland)
with a wet pickup of 100% + 5% and air-dried. For
the in-situ synthesis of TiO,, the TTIP sol (200 g)
was previously prepared as a 4% hydrolysed dilution
of the TTIP precursor (8 g) in isopropanol (182 g)
by adding acetic acid (10 g) and stirred magnetically
for about two hours until hydrolysis was completed.
The dyed samples were immersed in the TTIP sol
and then squeezed out on a two-roll padder with a
wet pickup of 100% + 5% and dried at 100 °C for 1
minute in the laboratory drying apparatus (Mathis,
Switzerland). Subsequently, each sample was im-
mersed in 350 g of water and hydrothermally treated
for 90 min at 120 °C in the Starlet laboratory dyeing
machine. Finally, the samples were squeezed with a
wet pickup of 100% * 5% and air-dried.

The second greener process involved the simul-
taneous dyeing of cotton samples with turmeric
extracts and the in-situ synthesis of TiO,. For this
purpose, a hydrolysed TTIP sol was applied to the
undyed cotton samples in the same way as in the
first procedure (immersion in the TTIP sol, squeez-
ing with a wet pickup of 100% + 5% and drying for
1 min at 100 °C), followed by the immersion of the
samples in 350 g turmeric solutions of different con-
centrations (three samples for each extract concen-
tration) and hydrothermal treatment for 90 min at
120 °C, squeezing, and drying. For comparison, the
dyeing of cotton samples in 5 g/L turmeric extract
solution and the in-situ synthesis of TiO, were also

performed under the same conditions as the two

processes. The sample codes for the chemical modi-

fication processes are summarized in Table 1.

Table 1: Sample codes according to the chemical modi-

fication process

Sample code | Chemical modification process

UN Untreated (no chemical modification)
5 Dyeing of the cotton sample with 5 g/L
turmeric extract

T Hydrothermal in-situ synthesis of TiO, from
4% TTIP in the presence of an undyed cotton
sample

Dyeing of the cotton sample with 5

g/L turmeric extract followed by the
hydrothermal in-situ synthesis of TiO, from
4% TTIP in the presence of the dyed cotton
sample

Dyeing of the cotton sample with 10

g/L turmeric extract followed by the
hydrothermal in-situ synthesis of TiO, from
4% TTIP in the presence of the dyed cotton
sample

Dyeing of the cotton sample with 15

g/L turmeric extract followed by the
hydrothermal in-situ synthesis of TiO, from
4% TTIP in the presence of the dyed cotton
sample

Simultaneous dyeing of the cotton sample
with 5 g/L turmeric extract and hydrothermal
in-situ synthesis of TiO, from 4% TTIP
Simultaneous dyeing of the cotton

sample with 10 g/L turmeric extract and
hydrothermal in-situ synthesis of TiO, from
4% TTIP

Simultaneous dyeing of the cotton

sample with 15 g/L turmeric extract and
hydrothermal in-situ synthesis of TiO, from
4% TTIP

5T

c10-T

C15T

C5+T

C10+T

C15+4T

2.4 Analysis and measurements

2.4.1 Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS)
The morphological characteristics of samples UN,
C5, T, C5-T and C5+T were determined using the
scanning electron microscope JSM-6060 LV (JEOL,
Japan). Each sample was imaged three times at a
different location at 3000-x magnification. Before
imaging, the samples were coated with a thin layer

of gold to ensure conductivity.
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In addition, the samples were examined using
the Thermo Fischer Scientific Quattro S energy dis-
persive field emission scanning electron microscope
(Thermo Fisher Scientific, USA), which works at an
accelerating voltage of 1 kV in high vacuum and uses
a concentric backscattered electron detector (CBS).
An energy dispersive detector (Oxford Instruments
Ultim Max 65) was used to verify the chemical
composition of the observed particles using AZtec
software. EDS spectra and elemental mappings of C,
Ti and O were obtained. The samples were coated

with a thin carbon layer before analysis.

242  Add-on

The total quantity of dry solid add-on of the samples
UN, C5, T, C5-T and C5+T was determined using
an electronic moisture analyser (KERN MLB-C).
The samples were preconditioned for 24 h at 65%
relative humidity and 20 °C. They were then dried
at 105 °C until a constant mass was reached, i.e. until
the change in weight within 120 s was less than 1 mg.
The add-on value was calculated according to the

following equation:

(1)

where m, is the mass of the finished sample and
m, is the mass of the untreated sample.
2.4.3  Inductively coupled plasma-mass
spectrometry (ICP-MS)
The concentrations of Ti in the samples T, C5-T and
C5+T were determined via ICP-MS using a Perkin
Elmer SCIED Elan DRC spectrophotometer. A 0.5 g
sample was prepared in a Milestone microwave
system via acid decomposition with 65% HNO, and
30% H,0,. Ti concentrations were reported as the
mean values of two measurements for each sample.
Based on the measured Ti values, the TiO, concen-

tration was calculated.

2.4.4  X-ray diffraction analysis (XRD)

X-ray diftraction (XRD) patterns of the crystal phase
of samples UN, T, C5-T and C5+T were recorded us-
ing a Philips PW3830 X-ray diftractometer equipped
with Cu-Kal 1.54060 A radiation and a secondary
graphite monochromator. Data were recorded at
40 kV and a current of 30 mA over a range of 10° to
90° 20 at a rate of 3° per minute. Diffraction patterns
were obtained using X Pert HighScore Plus software
ver. 4.8.
2.4.5  Fourier transform infrared spectroscopy
(FTIR)

The chemical composition of the samples UN, C5,
T, C5-T and C5+T was analysed using FTIR spec-
trometer Spectrum 3 (Perkin Elmer, UK). Spectra
between 4000 cm™ and 600 cm™ were recorded with
a resolution of 4 cm™ and an average of 120 spectra

per sample.

2.4.6
Colour measurements of the samples UN, C5-T,
C10-T, C15-T, C5+T, C10+T and C15+T were per-
formed using a Spectrophotometer Spectraflash 600
PLUS CT (Datacolor, Switzerland). The reflectance,

R, of each sample was measured five times at differ-

Colour measurements

ent locations, and the average value was calculated.
The colour strength, K/S value, was calculated from

the following equation [40]:

2)

where R is the reflectance of the dyed samples at A,
K is the absorption coefficient and S is the scattering
coeflicient of the sample.

2.4.7  UV-Vis spectroscopy and determination
of the UV protection properties

The transmission and reflection spectra of the samples
UN, C5-T, C10-T, C15-T, C5+T, C10+T and C15+T
were recorded in the wavelength range 250-750 nm

using a Lambda 850+ UV/Vis spectrophotometer
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(Perkin Elmer, United Kingdom) equipped with a
reflection module—a 150 mm integration sphere—
and fully controlled by a computer running WinLab
6 UV software. Three measurements were made for
each sample at different angles of warp alignment,
and the average value of transmittance, T, and reflec-
tance, R, at each wavelength was calculated. Using
the UV transmission spectra, the UV protection
properties of the samples were determined according
to the standard EN 13758-1: 2001. The main values
of T were calculated at wavelengths of 315-400 nm
(UVA), 290-315 nm (UVB) and 290-400 nm (UVR).
The ultraviolet protection factor, UPE, was calculated
as follows [41]:

A3)

where E(A) is the solar spectral irradiance, €(A) is the
relative erythemal effectiveness, A(A) is the wave-
length interval and T(A) is the spectral transmittance
at the wavelength A.

UPF rating and protection categories were deter-
mined using UPF values, calculated according to the
Australian/New Zealand Standard for Sun-Protec-
tive Clothing—Evaluation and Classification (AS/
NZS 4399, 2020), where UPF values of 15— corre-
spond to the “minimum protection” category, UPF
values of 30- correspond to the “good protection”
category and UPF values of 50— correspond to the

“excellent protection” category.

2.4.8  Photocatalytic activity

The photocatalytic activity of chemically modified
cotton samples was investigated using the photocat-
alytic degradation of Rhodamine B (RhB) dye solu-
tion under UV and visible light illumination. For this
purpose, the samples UN, C5-T, C10-T, C15-T, C5+T,
C10+T and C15+T with a size of 1 cm x 3 cm were
immersed in 5 ml of 0.025 mM RhB solution in a Pe-
tri dish and exposed to UV light for 60, 120, 180 and
240 minutes in the Color Control Professional cham-
ber (Just Normlicht — Vertriebs GmbH, Germany).

In addition, the samples UN, C5, T, C5-T and
C5+T were also placed in a cuvette filled with 3 ml
of 0.025 mM RhB
in a Xenotest Alpha instrument (Atlas, USA),

solution and illuminated
equipped with a visible xenon arc lamp (radiation
attitude 0.8-2.5 kVA and extended radiation range
300-400 nm). The cuvettes were illuminated for 30,
60, 120, 160 and 240 minutes. After each illumina-
tion time, the absorbance of the RhB solution was
measured at A _and the corresponding concentra-
tion of RhB dye was determined using a previously
prepared calibration curve. Measurements were
performed using a Lambda 850+ UV/Vis spectro-
photometer (Perkin Elmer, United Kingdom). The
RhB dye degradation efficiency was calculated as the
percentage of dye degradation, D, as follows [42]:

(4)

where ¢ is the concentration of the RhB dye solution
before illumination and c,is the concentration of the
RhB dye solution after a certain time of illumina-
tion. For comparison, the photodegradation of the
0.01 mM Methylene blue (MB) dye solution in the
presence of the T, C5-T and C5+T samples was also
carried out in a Xenotest Alpha instrument under
the same conditions as in the case of the RhB dye

solution.

249  Colour fastness to light

The colour fastness of samples C5, C5-T and C5+T
to xenon light was tested in accordance with the stan-
dard SIST EN ISO 105-B02:2014. The samples were
exposed to light in a Xenotest alpha apparatus (Atlas,
USA) for a specified time (72 hours). Light fastness
was assessed by the colour difference, . For this
purpose, ten measurements of the colour coordinates
L", a" and b" in the CIELAB colour space were made
for each sample examined using a Datacolor Spec-
tro 1050 spectrophotometer (Datacolor, USA). The
measurements were performed with a 9 mm aper-

ture under D65 illumination and an observation
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angle of 10°. The value of was calculated using

the following equation [40]:

(5)

where AL", Aa” and Ab" are the differences in the
lightness, green-red, and blue-yellow colour coor-
dinates, respectively, calculated between the illumi-

nated and non-illuminated samples.

3 Results and discussion

The influence of the concentration of turmeric ex-
tract and the process of chemical modification on
the colour yield of the cotton samples is shown in
Figure 2. From both the photographs (Figure 2a)
and the K/S values (Figure 2b), it can be seen that in-
creasing the concentration of turmeric extract from
5 g/L to 10 g/L significantly increased the colour

yield of the samples in both modification processes.

327

Accordingly, the K/S values increased from 0.4 for
sample C5-T to 0.68 for sample C10-T and from 0.73
for sample C5+T to 1.71 for sample C10+T. In con-
trast, the additional increase in concentration from
10 g/L to 15 g/L turmeric extract did not contribute
to colouration of the samples and even resulted in a
slight decrease in colour yield. It is also clearly seen
that at the same concentration of turmeric extract,
the K/S values of samples C5+T, C10+T and C15+T
are significantly higher compared to samples C5-T,
C10-T and C15-T. This indicates that the chemical
modification process strongly influenced the inten-
sity of the colouration of the samples. Definitely,
the colour strength of curcumin dye was higher in
the chemical modification process involving the
simultaneous dyeing of the cotton samples with
turmeric extract and hydrothermal in-situ synthesis
of TiO, than in the process where the samples were
previously dyed with the turmeric extract followed
by the hydrothermal in-situ synthesis of TiO, in the

presence of the dyed cotton samples.

Figure 2: Photos of the chemically modified cotton samples (a); K/S values of untreated and chemically modified

cotton samples (b)

To gain insight into the influence of the curcum-
in dye and TiO, on the functional properties of the
chemically modified cotton samples, the UPF values
and the efficiency of degradation of the RhB dye were
determined (Figure 3). The results in Figure 3a show

that the chemical modification of the cotton samples

resulted in a dramatic improvement in UV protection
properties, as reflected by an increase in UPF values
from 4.1 for sample UN to 42.2, 47.5 and 40.1 for
samples C5-T, C10-T and C15-T, respectively, and
to 53.2, 58.0 and 77.9 for samples C5+T, C10+T
and C15+T. The UPF values of all three samples
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C5-T, C10-T and C15-T correspond to the “good
protection” category, and the UPF values of all three
samples C5+T, C10+T and C15+T correspond to
the “excellent protection” category. These results
clearly show that simultaneous dyeing with turmeric
extract and hydrothermal in-situ synthesis of TiO,
is beneficial to achieving maximum protection of
cotton fabric against UV radiation. The highest UPF
value was obtained for sample C15+T, in which the
highest concentration of turmeric extract was used.
The efficiency of the chemically modified cotton
samples for the degradation of the RhB dye solution
was investigated under UV illumination, which is
crucial for the photocatalytic activity of TiO,. The
results in Figure 2b clearly show that the photocata-
lytic degradation of the RhB dye solution was more
efficient in the presence of samples C5-T, C10-T and
C15-T than in the presence of samples C5+T, C10+T
and C15+T, which is contrary to the results obtained
for the UV protection properties. In terms of pho-
tocatalytic performance, it is reasonable to conclude
that the chemically modified cotton samples pre-
pared via the process in which TiO, synthesis was

carried out in the presence of the previously dyed

samples provided a more efficient photocatalytic
platform for RhB dye degradation than the cotton
samples prepared via simultaneous dyeing and TiO,
synthesis. Moreover, increasing the concentration
of curcumin dye on the cotton samples hindered
the photocatalytic efficiency of TiO,, as the cotton
samples dyed with 5 g/L turmeric extract exhibited
the highest percentage of photodegraded RhB dye at
all degradation time intervals. This phenomenon is
particularly evident in the C5+T, C10+T and C15+T
samples, where the TiO, was synthesised in the tur-
meric extract. This suggests that the curcumin dye
forms the composites with TiO, in which it covers
the TiO, particles and hinders the TiO, photocata-
Iytic activity at higher dye concentrations. After con-
sidering both results, i.e., UPF and photocatalytic
efficiency, samples C5-T and C5+T were selected as
representative samples with the optimal multifunc-
tional properties tailored with the combination of
curcumin dye and TiO, in both chemical modifica-
tion processes and were therefore used for further
investigations in comparison to the chemically mod-

ified samples with solei TiO, or curcumin dye.

Figure 3: UPF of untreated and chemically modified cotton samples (a), photocatalytic degradation of the RhB

dye solution without and in the presence of chemically modified cotton samples after different illumination

times under UV light (b)

The SEM images of samples UN, C5, T, C5-T and
C5+T are shown in Figure 4. As can be seen in the

SEM image of sample UN, the untreated cellulose

fibres have a typical ribbon-like structure with a
smooth and even surface, showing some natural im-

purities. Dyeing of the cotton samples with turmeric
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extract did not cause any visible morphological sur-
face changes in the cellulose fibres (sample C5). In
contrast, in-situ synthesis of TiO, particles resulted
in an increase in the roughness of the cellulose fibres
with a clearly visible thin TiO, coating containing
many small and larger TiO, agglomerates (samples
T, C5-T and C5+T). This phenomenon is most pro-
nounced in sample C5+T.

The successful in-situ synthesis of TiO, on the

cellulose fibres was confirmed by the EDS analysis,
which is shown in Figure 5 for the representative
sample T. From the EDS spectrum in Figure 5b,
obtained from the part of Figure 5a marked with a
yellow frame, and from the element mapping images
in Figure 5c, it is clear that sample T contains Ti, O
and C elements in the structure. The EDS analysis
also confirms that the white spots in Figure 5a repre-

sent TiO, particles.

Figure 4: SEM images of the untreated and chemically modified cotton samples at 3000x magnification

Figure 5: SEM/BSE image of the sample T with the position of the EDS analysis (a), EDS spectrum (b) and
element mapping images of C, O, and Ti (c) in the sample T
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The total content of TiO, in samples T, C5-T
and C5+T was determined by calculating the dry
solid add-on and using ICP-MS analysis (Table 2).
From Table 2, the amount of TiO, synthesised with
the same 4% TTIP sol was highest in sample C5+T,
followed by sample T, and the lowest amount was
obtained in sample C5-T. This indicates that the hy-
drothermal in-situ synthesis of TiO, was promoted
in turmeric extract (sample C5+T) compared to wa-
ter (sample T). In contrast, the presence of curcumin
dye in the previously dyed cotton samples slightly
decreased the amount of TiO, synthesised (sample
C5-T). Based on these results, the simultaneous
dyeing of cotton samples with turmeric extract and
hydrothermal in-situ synthesis of TiO, is favourable
for the production of chemically modified cotton

fabric.

Table 2: Dry solid add-on and the concentration of
TiO, in the chemically modified samples included TiO,

Sample m (g) Add-on (%) cTiO, (mg/kg)
UN 0.287 / /

T 0.291 1.39 8600

C5-T 0.289 0.70 8000

C5+T 0.295 2.79 8900

The XRD analysis of the samples UN, T, C5-T
and C5+T shown in Figure 6 provided valuable
information about the crystal phases of the in-situ
synthesised TiO, in the cotton samples. The XRD
pattern of sample UN shows well-defined diffrac-
tion peaks at 26 = 15.0°, 16.8°, 22.7° and 34.5°
corresponding to the (110), (110), (200) and (400)
crystallographic planes of the crystalline structure of
cellulose, respectively [43]. As expected, these peaks
are also clearly visible in samples T, C5-T and C5+T.
The prominent diffraction peaks at 26 = 25.3°, 37.8°
and 48°, corresponding to the (101), (220) and (022)
crystallographic planes of the anatase crystalline
phase of TiO, [44], could not be detected in samples
T, C5-T and C5+T, suggesting that the in-situ syn-
thesised TiO, has an amorphous structure. This is
plausible, since the hydrothermal in-situ synthesis of

TiO, was carried out at 120 °C, which is too low for

the calcination of TiO, to produce crystalline phases.
The same results have been reported in the literature
[44-46).

Figure 6: XRD patterns of the samples UN, T, C5-T
and C+T

The influence of curcumin dye and TiO, on the
chemical properties of the chemically modified
cotton samples was determined by FTIR analysis
(Figure 7). The IR ATR spectrum of the sample
UN showed the absorption bands characteristic
of the cellulose fingerprint in the 1500-800 cm
region, corresponding to C-H, C-0O, C-C C-0-C
and O-H vibrations [47]. A comparison of the IR
ATR spectrum of sample C5 with that of sample
UN revealed no significant changes. This suggests
that the characteristic bands of turmeric occur-
ring at 1740-1680 cm™ due to C=0 absorption, at
~1510 cm™ due to aromatic skeletal stretching vi-
bration and at ~1030 cm™ due to C-OH stretching
vibration were blurred by the strong vibrational
bands of cellulose [48]. In addition, the character-
istic bands of TiO, in samples T, C5-T and C5+T,
which appear at 700-600 cm™, could not be detect-
ed by FTIR analysis due to the low concentration of
TiO, [47]. The TiO, vibrations that appear at wave-
numbers below 600 cm™ could not be analysed.

Transmission and reflection spectra were recorded
to determine the influence of the curcumin dye and
TiO, on the UV protection properties of the chem-
ically modified cotton samples (Figure 8, Table 3).

From Figure 8a, it can be seen that the transmission
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Figure 7: IR ATR spectra of the samples UN, C5, T, C5-T and C+T

Figure 8: Transmission (a) and reflection (b) spectra of the samples UN, C5, T, C5-T and C5+T.

of UV rays (250-400 nm) through the sample UN was
between 15% and 35%, which was too high to provide
UV protection properties. Accordingly, the UPF of
the sample UN was very low (3.86 in Table 3). The
presence of curcumin dye reduced the transmission
of UV rays through sample C5 compared to sample
UN with T values of 9.52% for the UVA region and
11.41% for the UVB region (Table 3). However, the T

values of about 10% were too high to provide minimal

UV protection. In contrast to the curcumin dye, the
presence of TiO, drastically reduced the transmis-
sion of UV rays in the UVB (290-315 nm) region,
but in the UVA (315-400 nm) region, the transmis-
sion increased significantly and even exceeded that
of sample C5 (Figure 8a). This resulted in a UPF
value of 34.29, which is categorized as good pro-
tection. The combination of the curcumin dye with
TiO, in samples C5-T and C5+T improved their UV
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protection properties. In particular, at UVA, the syn-
ergism between the curcumin dye and TiO, led to a
significant reduction in T values to 6.04 and 3.15 for
samples C5-T and C5+T, respectively. This resulted
in a UPF value of 42.17 for sample C5-T and 53.24
for sample C5+T. The latter is in the 50+ category,

which corresponds to excellent protection. Since the

reflection spectra of samples C5, T, C5-T and C5+T
(Figure 8b) are lower than the spectrum of sample
UN, this suggests that the UV blocking mechanism
of TiO, is based on the absorption of UV light. As
expected, the same phenomenon was observed for
the curcumin dye due to the absorption capacity of

the conjugated system in its aromatic structure.

Table 3: The arithmetic mean of transmittance, T, in the UVA, UVB and UVR ranges and the UVR protection

categories for the untreated and functionalised cotton samples according to the Australian/New Zealand Stan-

dard Sun-Protective Clothing—Evaluation and Classification

sample T (UVA) (%) T (UVB) (%) T (UVR) (%) UPF UVR protection
category

UN 3128 2371 2953 3.86 NR

s 9.52 141 9.96 8.75 NR

T 1243 191 9.98 3429 G

csT 6.04 187 5.07 4217 G

C5+T 3.15 164 280 53.24 E

¥ NR - non rateable, G - good protection, E - excellent protection

The photocatalytic activity of TiO, in the cotton
samples without and with the presence of the curcum-
in dye was investigated using the rate of degradation
of RhB and MB dyes under visible light illumination
(Figure 9). Visible light illumination was chosen to
determine whether the presence of the curcumin
dye in samples C5-T and C5+T could act as a sen-
sitizer and have a photosensitisation effect on the
visible-light-induced photocatalytic performance of
TiO,. The results in Figure 9a clearly show that, as
expected, samples UN and C5 did not exhibit photo-
catalytic activity, resulting in insignificant photo-
degradation of the RhB dye solution, which was still
coloured after 4 hours of illumination, very similar
to the blank solution without a sample (Figure 9c).
In contrast, the photodegradation of the RhB dye so-
lution in the presence of samples T, C5-T and C5+T
was very efficient, with the percentage of dye deg-
radation being over 95% in 2 hours of illumination
and almost 100% in 4 hours of illumination, result-
ing in the complete decolourisation of the RhB dye
solution (Figure 9¢). A close inspection of Figure 9a
reveals that the presence of the curcumin dye slight-

ly hindered the photodegradation performance of

TiO, at the beginning of the illumination compared
to sample T. However, the photodegradation perfor-
mance of samples C5-T and C5+T was comparable
to that of sample T at longer illumination times. In
the experiment on the photodegradation of the MB
dye (Figure 9b), the C5+T sample showed slightly
higher photocatalytic activity than the T and C5-T
samples after 1 hour of illumination; however, this
phenomenon did not occur at longer illumination
times, when the photodegradation efficiency of the
T, C5-T and C5+T samples was very similar (Figure
9b). Comparison of the results in Figure 9a and
Figure 9b also shows that the photodegradation ef-
ficiency of the T, C5-T and C5+T samples is slightly
higher for the RhB dye than for the MB dye, result-
ing in a photodegradation of more than 98% for the
RhB dye and about 95% for the MB dye after 4 hours
of illumination. This indicates that the chemical
structure of the dye influences the photodegradation
efficiency of the photocatalyst, which is consistent
with literature data [49].

The results in Figure 9 clearly indicate that the
photocatalytic activity of TiO, was maintained in

the presence of the curcumin dye but was not en-



Green In-situ Synthesis of TiO, in Combination with Curcuma longa for the Tailoring of Multifunctional Cotton Fabric

hanced under visible light. The curcumin dye defi-
nitely did not act as a sensitizer for TiO, in samples
C5-T and C5+T. It can be concluded that the two

chemical modification processes investigated do
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not provide the conditions for the creation of a cur-
cumin-TiO, heterojunction with visible-light-driv-

en photocatalysis.

Figure 9: Photocatalytic degradation of RhB (a) and MB (b) dyes solution without sample (blank) and in the
presence of samples UN, C5, T, C5-T, and C5+T after different illumination times under visible light; photos of
RIB dye solution after 4 hours of radiation without and in the presence of the samples (c)

To verify whether the photocatalytic effect of
TiO, causes photodegradation of the curcumin dye
in samples C5-T and C5+T, the colour fastness of
these samples was determined in comparison to
sample C5 without TiO, and the results are shown
in Table 4. It can be seen that the colour of all sam-
ples faded during illumination, resulting in high
values of . This phenomenon was expected as
it is known that most natural dyes have poor colour
fastness to light, which is also true for curcumin

[50]. However, the results in Table 4 show that the

highest value of was obtained for sample C5
and that this value was much higher than the

values of samples C5-T and C5+T, indicating that
the presence of TiO, did not promote but rather
inhibited the photodegradation of the curcumin
dye, confirming the compatibility of the curcumin
and TiO, in the chemically modified cotton samples.
This phenomenon may be surprising, as cotton
samples loaded with TiO, efficiently photodegrade
both RhB and MB dyes. However, it should be em-

phasised that the photodegradation of the RhB and
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MB dyes was carried out in the dye solutions, the
colour fastness of the curcumin dye was investigat-
ed on dry cotton samples. It is evident that for the
photocatalytic activity of TiO,, a sufficient amount

of water must be absorbed at the surface of the TiO,

particles to generate reactive hydroxyl radicals. At
the same time, TiO, acted as a UV absorber on the
textile surface, which significantly reduced the dose
of UV rays reaching the curcumin dye and causing

its photodegradation.

Table 4: Colour fastness to light of the chemically modified cotton samples

Sample lllumination time (h) |L” a b AF
0 89.87 -5.73 76.24

c5 74.90
72 93.54 -0.25 1.63
0 90.16 -5.97 50.75

C5-T 51.14
72 94.03 -0.33 0.07
0 73.94 10.11 4495

C5+T 47.68
72 93.24 -0.34 2.62

4 Conclusion

A novel green process for the chemical modifi-
cation of cotton fabric was developed using the
combination of curcumin dye and TiO, to adjust
the simultaneous photocatalytic activity and UV
protection properties. During development, the
influence of concentration of the turmeric extract
and the two application processes on the functional
properties of the chemically modified cotton fabric
was thoroughly investigated. It was found that the
optimum functional properties of the cotton fabric
were achieved when the lowest concentration (5 g/L)
of turmeric extract was applied and that the greener
process including the simultaneous dyeing of cotton
samples with turmeric extract and in-situ synthesis
of TiO, was more beneficial than the classical pro-
cess in which the cotton sample was first dyed with
turmeric extract and then in-situ synthesis of TiO,
was performed on the dyed sample.

It was found that the presence of the curcumin
dye did not cause any visible morphological changes
in the cellulose fibres, while the in-situ synthesis of
TiO, particles resulted in an increase in the rough-
ness of the cellulose fibres with a clearly visible thin
TiO, coating containing many small and larger TiO,
agglomerates. The application of both the curcumin

dye and TiO, did not lead to significant changes in

the chemical structure of the cellulose fibres. Hydro-
thermal in-situ synthesis of TiO, was promoted in
turmeric extract compared to water, resulting in a
higher total TiO, content in the sample compared to
that chemically modified in the absence of turmeric
extract. As the hydrothermal in-situ synthesis of
TiO, was carried out at 120 °C, an amorphous struc-
ture of TiO, was obtained in the chemically modified
cotton sample.

The combination of the curcumin dye and TiO,
in the chemically modified cotton sample drastically
improved the UV protection properties, resulting in
a UPF value of 53.24, which corresponds to excellent
protection. While TiO, alone provided excellent UV
protection in the UVB region, the curcumin dye sig-
nificantly reduced the transmission of the sample in
the UVA region, representing a synergistic effect be-
tween the two players. The presence of curcumin did
not hinder the photocatalytic activity of TiO, under
visible light, but it also did not act as a sensitizer for
TiO,. This indicates that the chemical modification
process developed did not create a curcumin-TiO,
heterojunction with visible-light-driven photocatal-
ysis. The inhibition of the photodegradation of the
curcumin dye in the presence of TiO, also confirmed
the compatibility of the two players in the chemically
modified cotton samples.
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Abstract

Recently, the production of organic fibres and the recycling of textile waste have become essential global
issues due to the decrease in non-renewable resources and the increase in disposal costs. The aim of this work
was to identify changes in the properties of single jersey knitwear produced from conventional and sustain-
able fibres after 20 washes. The samples were knitted from different conventional and sustainable yarns. The
selected conventional fibres were 100% cotton, 50% cotton-50% polyester and 100% polyester, while the
sustainable fibres were 100% better cotton, 100% recycled polyester, and 50% organic cotton-50% recycled
polyester. Measurements were taken before and after 20 washes according to the relevant standards. It was
found that fabric produced from 100% recycled polyester is suitable for active sportswear due to its high air
permeability, and resistance to heat and water vapor. In addition, the fabric with 50% organic cotton-50%
recycled polyester fibres was more suitable for cold environmental conditions due to its lowest water vapor
resistance, good air permeability and high thermal resistance.

Keywords: organic cotton, recycled polyester, sustainable yarn, thermal comfort, comfort properties, knitted
fabrics

Izvlecek

Proizvodnja organskih viaken in recikliranje tekstilnih odpadkov sta zaradi zmanjsanja neobnovijivih surovinskih
virov in povecanja stroskov deponiranja postali bistveni vprasanji po vsem svetu. Namen te raziskave je bil ugo-
toviti spremembe v lastnostih enojnih jersey pletiv, izdelanih iz konvencionalnih in trajnostnih viaken. Vzorci so
bili spleteni iz razlicnih konvencionalnih in trajnostnih prej. Izbrana konvencionalna viakna so bila 100-odstotni
bombaz, 50 % bombaz/50 % poliester in 100-odstotni poliester, medtem ko so bila trajnostna viakna 100-odstotni
boljsibomba?z (better cotton™), 100-odstotni recikliran poliester in 50 % organski bombaZ/50 % recikliran poliester.
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Meritve so bile opravijene pred pranjem in po dvajsetih pranjih v skladu z ustreznimi standardi. Ugotovijeno je bilo,

daje pletivo iz 100-odstotnega recikliranega poliestra zaradi visoke zracne prepustnosti, toplotnega upora in upora

prehodu vodne pare primerno za oblacila za aktiven sport, pletivo iz 50 % organskega bombaza/50 % recikliranih

poliestrskih viaken pa je bilo zaradi najniZjega upora prehodu vodne pare, dobre zracne prepustnosti in visokega

toplotnega upora primernejse za hladne okoljske razmere.

Klju¢ne besede: organski bombaz, recikliran poliester, trajnostna preja, toplotno udobje, udobne lastnosti, pletiva

1 Introduction

Due to population growth, industrialization, rising
living standards, and rapidly changing fashion trends,
a significant increase in global textile consumption
was inevitable. It is estimated that total textile con-
sumption will increase by 3% by 2030 to reach 102
million tonnes [1]. Unfortunately, the use of many
hazardous chemicals in garment manufacturing is
also increasing [2]. The increasing environmental
problems due to the size of the market and the use of
chemicals in the production phase, as well as growing
awareness, have led to an increasing interest in sus-
tainable production in the textile sector [3, 4].

One of the sustainable alternatives in the tex-
tile industry is the use of environmentally friendly
fibres, also known as sustainable yarns. They are
materials produced from non-toxic, renewable, and
biodegradable sources that have a lesser environ-
mental impact than conventional fibres. Organic
fibre production and the recycling of textile waste
are widely used methods to produce sustainable fi-
bres [5]. Organic cotton produced without chemical
fertilizers and pesticides plays an important role in
creating a less harmful environment [6]. The Better
Cotton Initiative (BCI), which is the subject of this
study, is the largest cotton sustainability programme
in the world, and teaches farmers crop protection
practices, water management and the importance
of soil health and biodiversity, and helps them work
under these conditions [7]. It is believed that when
BCI cotton production increases, the environmen-
tal sustainability of the soil improves and fertilizer
consumption decreases, which will eventually lead

to a reduction in negative environmental impacts.

Similarly, the recycling process helps to reduce
global warming and air pollution by saving energy
and reducing the labour required to produce a
new product [8]. The reuse and recycling of textile
products could reduce the negative impact on the
environment, as it could reduce the production of
new textile fibres [9].

When the ecological footprint of products and
materials is studied using tools such as life cycle as-
sessment (LCA), it is found that new polyester has
a larger ecological footprint compared to recycled
polyester [10, 11]. Thanks to recycling, it is possible
to keep waste out of landfills, reduce the need for new
raw materials, save energy and water, create new jobs
and reduce environmental pollution [12]. On the oth-
er hand, several researchers have found that the me-
chanical properties of yarn deteriorate as the percent-
age of recycled polyester in the blends of virgin and
recycled polyester increases. This is particularly true
for fine yarns, as the physical and chemical properties
deteriorate due to impurities during the reprocessing
of recycled polyester fibres [13, 14].

Fibres alone do not have all the necessary phys-
ical, aesthetic and serviceability properties required
for ideal clothing for various applications [15].
Therefore, the blending of different fibres is a wide-
ly used method to achieve desired properties and
improve weak points. The cotton-polyester blend is
one of the most common blends in the textile and
apparel industry. Typically, cotton-polyester blends
have higher durability and better care properties
than 100% cotton and less pilling, easier spinning
and better uniformity than 100% polyester. The use
of recycled polyester in blended yarns has opened

new avenues for a sustainable future [16].
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Telli [17] studied the properties of knitted fabrics
made of cotton, polyester and blended yarns made
of recycled polyester, and found that fabrics made of
100% polyester had the highest burst strength and
the lowest abrasion resistance, followed by blend-
ed fabrics made of recycled polyester and cotton.
Kurtoglu [18] compared single jersey fabrics made
from 50-50% recycled cotton-polyester and 50%
cotton-50% polyester fibres. The study concluded
that there was no significant difference between the
quality and appearance of recycled and conventional
cotton-containing fabrics. However, Utebay [19]
found that the strength of yarns made from recycled
cotton fibres was lower.

The fibre type, spinning technology, linear den-
sity, twist and hairiness of the yarn, as well as the
thickness, cover factor, porosity and finish of the
fabric, are certain factors that play an essential role
in regulating the comfort properties of fabrics [20].
An ideal fabric must have high thermal resistance for
protection from cold weather, low water vapor resis-
tance for efficient heat transfer under soft thermal
conditions, and fast fluid transport for heat transfer
and the elimination of uncomfortable tactile sen-
sations [21]. Celep [22] found that for single jersey
fabrics made from a blend of virgin and recycled
cotton fibres, thermal conductivity, heat absorbency
and air permeability decreased as the percentage
of recycled fibres increased, while the thermal re-
sistance increased. Vadicherla and Saravanan [23]
studied single jersey fabrics knitted with recycled
polyester and cotton blend yarns. They found that
the fabric became thicker, heavier and less porous as
the percentage of recycled polyester blend and stitch

length decreased. As the linear density increased,

Table 1: Fibre and yarn properties

the fabrics exhibited lower air permeability, lower
thermal resistance and higher relative water vapor
permeability. Kumar and Raja [24] found that the
overall moisture management capacity (OMMC)
of socks made from recycled polyester yarns was
better and that the water transport capacity was
greater than other fabrics. According to another
study on socks produced from recycled yarns, it was
found that as the percentage of recycled polyester
in fibre blends increased, the thermal resistance, air
permeability and relative water vapor permeability
also increased, while the thermal conductivity value
decreased [25].

Several researchers have studied the dimensional
and mechanical properties of single jersey fabrics
made from organic cotton and recycled polyesters.
However, there is a lack of systematic and com-
parative studies focusing on the thermal comfort
properties of fabrics knitted with conventional yarns
and sustainable yarns, such as better cotton and re-
cycled polyester. The aim of the present study was to
investigate changes in the dimensions and thermal
comfort properties of single jersey fabrics knitted
from some sustainable fibres and compare them
with conventional yarns after 20 washings.

2 Experimental

2.1 Materials

In this study, six different yarns with the same count
and twist coefficient were produced from conven-
tional and sustainable fibres using a ring-spinning
machine. The fibre types, fibre content in the yarns,

fabric codes and yarn properties are given in Table 1.

Fibre type Fibre content in the yarn Fabric code Yarn count (tex) Twist coefficient (2 )
c tional 100% cotton C
onventiona
50% cotton/50% polyester C-P
fibres
100% polyester P
100% better cotton BC 20/1 3.8
509 i tton/509 led
Sustainable fibres % organic cotton/50% recycle OC-RP
polyester
100% recycled polyester RP
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The single jersey fabrics were produced on a
Mayer circular knitting machine (gauge 28, diam-
eter 32”) with constant machine settings. The yarn
feeding system was set to 14 cm yarn for 50 needles
for all samples. The samples were conditioned for
dry relaxation for at least 48 hours in an atmosphere
with a temperature of 20 °C + 2 °C and a relative hu-
midity of 65% + 5%. To observe the effect of repeat-
ed washing on fabric properties, the samples were
washed 20 times in a household washing machine
according to the TS EN ISO 6330:2012 standard. The
washing conditions were 50 minutes at 40 °C with
20 g of commercial detergent for each wash cycle.
Concerning the uniform distribution of the load in
the machine, the total weight of the load was set at
3 kg, and white cotton woven fabric was used as the
filling material. After each wash, the samples were
hung to dry lengthwise of the fabric and then con-
ditioned for 24 hours under standard atmospheric

conditions [26].

2.2 Methods

Measurements were made under standard atmo-
spheric conditions after the fabrics were dry relaxed
and repeatedly washed. The codes, symbols, related

Table 2: Details of test methods

standards and instruments used in the experiments
are listed in Table 2. The properties of the fabrics
were measured after both dry relaxed and washed
samples following the relevant standards using

pre-determined instruments:

1),

where P represents the porosity of the fabric (%), M
represents the mass per unit area of the fabric (g/cm?),
T represents the thickness of the fabric (cm), and p
represents the fibre density (g/cm?). The fibre densi-
ties used in equation 1 are as follows: C = 1.53 g/cm’,
P=1.38g/cm? C-P =1.45 g/cm’ = [(0.5 x fibre density
of cotton) + (0.5 x fibre density of polyester)]. The oth-
er important parameter is the fabric density, which is

calculated according to equation 2:

2),

where p represents the fabric density (g/m?®), M
represents the mass of the fabric (g/m?), and T rep-

resents the thickness of the fabric (m).

Test Symbol (unit) Method Test device
Courses per unit length Cpc (courses/cm) counted
Wales per unit length Wp( (wales/cm) counted
Mass per unit area M (g/m?) TSEN 12127 scale
Thickness T (mm) ASTMD 177 TESTEXTF121C
Porosity P (%) calculated
Fabric density p (g/m3) calculated
Bursting strength BS (kN/m?) 1SO 13938-1 James H. Heal tru-burst
Air permeability AP (mm/s) TS391 EN ISO 92 MESDAN - Air Tronic
Thermal resistance R, (m?K/W) ISO 11092 SDL Atlas M259B
Water vapor resistance R, (m?Pa/W) ISO 11092 SDL Atlas M259B

The Hohenstein Institute [28] developed a clas-
sification system, as shown in Table 3, to determine

the rating levels of water vapor resistance. The

results were evaluated using the SPSS software to
test the significance of the fibre types for the fabric

properties studied.
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Table 3: R , comfort-rating system [28]

Rating R, Description

Very good 0-6 Extremely breathable and comfortable at a higher rate of activity
Good 7-13 Very breathable and comfortable at a moderate rate of activity
Satisfactory 14-20 Breathable, but uncomfortable at a higher rate of activity
Unsatisfactory 21-30 Slight breathable, moderate comfort at a low rate of activity
Very unsatisfactory 31+ Not breathable and uncomfortable, with a short tolerance time

3 Results and discussion

The dimensions and thermal comfort characteristics

of the dry relaxed fabrics and the washed fabrics are

« » «»

the mean values are indicated by the letters “a”,

and “c” (where “a” represents the lowest value and “c”
represents the highest value). If the mean values of
the different fibre materials do not differ significant-

ly according to statistical analyses, they are marked

shown in Tables 4 and 5, respectively. In these tables, ~ with the same letter.

Table 4: Dimensional characteristics of the samples after dry relaxation and 20 washes

Fabric Mass per unit area Porosity Fabric density
C_(course/cm) | W_(wale/cm Thickness (mm
code p. (course/em) b (wale/em) (g/m?) : (mm) (%) (kg/m?3)
D" w2 D w D w D w D w D w

C 15 15 18 17 14132 140.7 0.672 0.66 2 86 86 210.9 210.0
C-P 16 16 19 18 147.7 Y 148.3Y 0.75" 0.74" 86 86 196.9 200.4
P 16 16 18 17 14579 142.0? 0.81°9 0.79" 87 87 186.8 184.4
BC 16 15 18 18 140.32 138.72 0.68% 0.67 2 86 86 206.3 207.0
OC-RP 16 16 18 17 146.7 14132 0779 0.76" 87 87 190.5 185.9
RP 16 16 18 17 | 1490® | 15009 | 0859 0839 | 87 | 87 | 1753 | 1807

U dry relaxation, ? after 20 washes
* the lowest level of mean values according to statistical analyses
® the second level of mean values according to statistical analyses

9 the maximum level of mean values according to statistical analyses

Table 5: Thermal comfort characteristics of the samples after dry relaxation and 20 washes

::::c Bursting strength (kN/m?) | Air permeability (mm/s) Therrz:lqr((j;:’s)tance Water ‘(,:1':;:;;\7\7; stance
D" w2 D w D w D w
C 57542 44229 695.12 567.8% 0.0192 0.0172 3.17°9 2.74%
C-P 602.0 2 574.9° 667.12 764.6 ° 0.027 9 0.0222 3.05° 2.83°
P 661.5" 676.19 163509 1558.87 0.027 9 0.031¢9 3.06" 3479
BC 57212 447.7 @ 751.6% 617.4"9 0.025 -9 0.0162 3129 2.80?
OC-RP 629.3Y 599.4" 7179 897.89 0.025 29 0.022% 2.832 2.88°
RP 648.9 Y 657.09 1254.29 1206.4 ¢ 0.032¢ 0.033¢9 3.199 3.489

U dry relaxation, ? after 20 washes

% the lowest level of mean values according to statistical analyses

® the second level of mean values according to statistical analyses

9 the maximum level of mean values according to statistical analyses
9 the fourth level of mean values according to the statistical analyses
9 the fifth level of mean values according to the statistical analyses

D the maximum level of mean values according to the statistical analyses



344 Tekstilec, 2023, Vol. 66(4), 339-350

3.1 Dimensional characteristics

Statistical analysis showed that the fibre material had
no significant effect on the values of course/cm, wale/
cm and porosity in dry relaxation and after repeated
washings. The results show that as the polyester fibre
content increases, the thickness of the samples in-
creases linearly, and there is no significant difference
between the thicknesses of the fabrics made from
conventional and sustainable fibres (Figure 1). In
addition, the fabric mass per unit area of the fabrics
made from sustainable fibres shows a similar trend
to the fabric thickness. 100% cotton (C) and 100%
better cotton (BC) fabrics have the lowest mass per
unit area values, while the difference in mass per
unit area for fabrics containing polyester is usually

negligible. However, when examining fabric density,

it was noted that 100% polyester (P) fabrics have
minimum values and 100% cotton (C) fabrics have
maximum values after dry relaxation and after 20
washes. When investigating the effect of repeated
washings on dimensional properties, it was found
that there was no significant difference in wale/
cm, course/cm, fabric thickness or fabric porosity
after 20 washings. In general, the fabric mass values
decreased after repeated washing for the different
materials. Although it was expected that fabric mass
would increase due to shrinkage that may occur
in the fabric after washing, the fact that the fabric
mass value remained constant and even decreased
for some samples after 20 washes suggests that fibre

detachment occurs in the fabric.

Figure 1: Mass per unit area and fabric thickness values for before and after the washing processes.

3.2 Bursting strength
Bursting strength is a measure of the strength and
durability of a fabric, and depends largely on the fab-
ric structure, fibre type, blend ratio and yarn proper-
ties [29]. This value is important in certain situations
where durability and tensile strength are critical.
Statistical analysis showed that the bursting
strength values of the samples with polyester fibres
were significantly higher for both relaxation states

(Figure 2). As mentioned by previous researchers,

this result is related to the high bursting strength val-
ue of polyester fibres [30, 31] and the lower mass per
unit area and thickness values of these specimens.
According to the results, the difference between the
bursting strength values of samples containing the
same amount of conventional and sustainable fibres
was insignificant. On the other hand, 100% polyes-
ter (P) and 100% recycled polyester (RP) samples
have significantly higher bursting strength than
50% cotton-50% polyester (C-P) samples after the
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20 washings. The results show that higher thickness
values lead to higher strength values, as mentioned
by Herath [32]. However, the bursting strength of

345

recycled polyester specimens is significantly lower
than that of conventional polyester specimens in

both relaxation states.

Figure 2: Bursting strength and fabric thickness values for before and after the washing processes

3.3 Air permeability

Garments with good air permeability allow air to
pass through the fabric, which improves ventilation
and moisture transfer. Higher air permeability is
generally preferred to allow better air circulation
and cooling during high-intensity activities or in hot
climates. However, for colder or windy conditions a
balance between air permeability and thermal insu-
lation is required.

When investigating the influence of material
type on air permeability, it was found that the 100%
polyester (P) and recycled polyester (RP) samples
had significantly higher values than the 100% cotton
(C) samples in both relaxation states due to their low
fabric density and high porosity (Figure 3). The dif-

ference in air permeability values of the 100% cotton

(C) and 50% cotton-50% polyester (C-P) samples
before and after repeated washings is not statistically
significant. When comparing the air permeability
values of conventional and sustainable fibres, it was
found that the 100% better cotton (BC) sample had
a higher value than the conventional cotton sample.
Similarly, the air permeability value of the 50%
organic cotton-50% recycled polyester (OC-RP)
sample was higher than that of the 50% cotton-50%
polyester (C-P) sample. On the other hand, recycled
polyester has lower air permeability than conven-
tional polyester fabric. When the effect of washing
was examined, it was observed that the permeability
generally decreased after 20 washes, except for the
50% cotton-50% polyester (C-P) and 50% organic
cotton-50% recycled polyester (OC-RP) samples.
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Figure 3: Air permeability and fabric density values for before and after washing processes

3.4 Thermal resistance

The thermal resistance of sportswear refers to
the ability of the fabric to insulate and warm the
wearer in cold environments or outdoor activities.
When investigating the influence of fibre type, it
was found that fabrics produced from convention-
al and sustainable 100% polyester fibres had the
highest thermal resistance values before and after
washing. The samples knitted from 100% cotton
(C) and 100% better cotton (BC) for conventional
and sustainable fibres, respectively, had the highest
thermal resistance values (Figure 4). This result can
be explained by fabric density, which is a function
of fabric mass and thickness. 100% recycled polyes-
ter (RP) fabrics had the lowest fabric density value

before and after the washing process, which can be
attributed to the highest thickness values and mass.
As found in previous studies [33, 34], fabrics with
lower fabric density have higher thermal resistance,
which is due to the larger amount of stagnant air
in their structure. When comparing conventional
and sustainable fibres, it was found that sustainable
fibres generally had higher thermal resistance values
than conventional fibres. The results indicate that all
samples, except the 100% polyester (P) and 100%
recycled polyester (RP) samples, showed a decrease
in thermal resistance after 20 washes. This is because
the fabric density of these samples decreased after
repeated washings.
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Figure 4: Thermal resistance and fabric density results in dry relaxation and after 20 washings.

3.5 Water vapor resistance value is an important characteristic of sportswear
The water vapor resistance of a material is a measure ~ because it affects breathability and the ability to

of how reluctant it is to let water vapor through. This ~ manage moisture during physical activity.

Water vapor resistance/Dry Water vapor resistance/Washed

Fabric density/Dry Fabric density/Washed
Figure 5: Water vapor resistance and fabric density results in dry relaxation and after 20 washings

The results show that the lowest value for water  ples had the lowest value, as can be seen in Figure 5.
vapor resistance was found in 50% organic cot- On the other hand, as the polyester content in the
ton-50% recycled polyester (OC-RP) fabric in dry  fabric structure increased, the water vapor resistance
relaxation situations. However, after 20 washes, the  also increased. This value is crucial for sportswear,

100% cotton (C) and 100% better cotton (BC) sam-  especially for high-intensity activities such as running
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or cycling. This is because, when the water vapor
resistance of a fabric is high, it prevents the water
vapor from evaporating and cooling the skin, so that
the stored heat cannot be dissipated from the body.
In this case, the wearer does not feel comfortable
[35]. Hydrophobic polyester fibres, on the other
hand, practically do not absorb moisture but can re-
lease it into the atmosphere by diffusion, so that the
moisture is transported away from the skin surface
and the wearer feels comfortable. According to the
Hohenstein Institute classification criterion listed
in Table 2, it can be concluded that all the fabric
samples developed in this study had “very good”
water vapor resistance. In comparisons between dry
relaxed samples and samples that were subjected to
20 washes, the water vapor resistance increased for
the 100% polyester (P) and 100% recycled polyester
(RP) samples by increasing number of washes, as
mentioned by Reljic [28]. Considering the difference
between the water vapor resistance values of con-
ventional yarns and their sustainable versions, it was
found that the samples produced from sustainable
fibres had similar water vapor resistance values. This
result shows that sustainable and recycled fibres can
be used instead of conventional fibres.

4 Conclusion

In this study, the dimensional and thermal comfort
properties of single jersey fabrics produced from
different conventional and sustainable fibres were
measured, compared and statistically evaluated. In
this context, fabric samples were produced using
100% cotton, 100% better cotton, 100% polyester
and 100% recycled polyester, 50% cotton-50% poly-
ester and 50% organic cotton-50% recycled polyester
yarns. As evident from the results, the fabric mass,
thickness and thus bursting strength of the 100% cot-
ton and 100% better cotton samples are significantly
lower than the samples containing polyester fibre for
both relaxation states. in terms of statistical results,

it can be concluded that fabric density and fibre type

generally have a significant influence on the studied
properties of single jersey fabrics. It is evident that,
as the fabric density increased, the fabric became
heavier, resulting in poorer air permeability, thermal
resistance and water vapor resistance. No significant
difference was found between the properties of
conventional fibres (100% cotton, 100% polyester,
and 50% cotton-50% polyester) and sustainable fi-
bres (100% better cotton, 100% recycled polyester,
and 50% organic cotton-50% recycled polyester) in
terms of dimensions and thermal comfort. It can
thus be said that sustainable fibres could be used
instead of conventional fibres to protect the environ-
ment. Moreover, it was found that fabric produced
using 100% polyester and 100% recycled polyester
had higher air permeability, thermal resistance and
water vapor resistance than the other types of fibres.
This indicates that the fabric knitted with 100% re-
cycled polyester fibre is suitable for active sportswear
applications. On the other hand, the fabric produced
using 50% organic cotton-50% recycled polyester
fibres with satisfactory air permeability and thermal
resistance and the lowest water vapor resistance
values was found to be more suitable for cold
environmental conditions. The use of sustainable
fibres makes textile products more environmentally
friendly. It is therefore recommended to increase the

use of sustainable fibres in the textile industry.
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