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Abstract

3D printing on textiles has great potential to influence developments in various industries. It enables the
production of new, potentially personalised products in areas such as technical textiles, protective clothing,
medical products, fashion, textile and interior design. 3D printing can also contribute to waste-free produc-
tion processes. In the method of 3D printing on textiles, the material is applied directly to the textile substrate
to create 3D objects, patterns or designs on the surface. The fused deposition modelling (FDM) technology,
where thermoplastic filaments are extruded and deposited in thin layers based on a 3D model, is widely used
for this purpose. A precise control of factors such as temperature and speed is essential in FDM to regulate
the flow of polymer material during the printing process. The most commonly used polymer for 3D printing
on textiles using FDM is polylactic acid (PLA). Acrylonitrile butadiene styrene (ABS) is another widely used
material, known for its low shrinkage rate and high printing accuracy, while thermoplastic polyurethane (TPU)
is used due to its exceptional mechanical properties, e.g. tensile strength, flexibility, durability and corrosion
resistance. Good adhesion between 3D printed objects and the textile surface is essential for the production
of quality products. Adhesion depends on various factors, e.g. textile properties, printing parameters and
the type of polymer used. The composition of the woven fabric, including the areal density, warp and weft
density, yarn count, fabric thickness and weave pattern, significantly affects the adhesion strength of the 3D
printed polymer. When considering double weaves, which allow different materials in the upper and lower
layers, better adhesion properties are found than at single weaves. A cross-sectional analysis revealed that the
polymer penetrates deeper into a double-woven fabric, resulting in improved adhesion. In general, the study
highlights the advantages of double weaves for 3D printing applications on textiles.

Keywords: 3D printing, adhesion, woven fabric, double fabric

Izvlecek
3-D tisk na tekstil vpliva na razvoj razli¢nih industrij. Omogoca izdelavo novih, potencialno personaliziranih izdel-
kov na podrodjih, kot so tehnicne tekstilije, zas¢itna oblacila, medicinski pripomocki, moda, oblikovanje tekstilij in
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interierja. 3-D tisk pripomore tudi k proizvodnim procesom brez odpadkov. Pri 3-D tisku na tekstil se material nanasa
neposredno na tekstilno podlago, da se na povrsini tekstila ustvarijo razlicni 3-D objekti ali vzorci. V ta namen se po-
gosto uporablja tehnologija modeliranja s spajanjem slojev (FDM), pri kateri se termoplastic¢ni filamenti ekstrudirajo
in nalagajo v tankih plasteh glede na oblikovani 3-D model. Natancen nadzor dejavnikov, kot sta temperatura in
hitrost, je pri tehnologiji FDM bistvenega pomena za uravnavanje pretoka polimernega materiala med tiskanjem.
Najpogosteje uporablieni polimer za 3-D tiskanje na tekstil s tehnologijo FDM je polimlecna kislina (PLA). Akrilonitril
butadien stiren (ABS) se prav tako pogosto uporablja, kerima nizko stopnjo kréenja in omogoca visoko natancnost
tiskanja, medtem ko se termoplasticni poliuretan (TPU) uporablja zaradi iziemnih mehanskih lastnosti, kot so
natezna trdnost, proZnost, trpeznost in odpornost proti koroziji. Dobra adhezija med 3-D natisnjenimi predmeti
in tekstilno povrsino je bistvenega pomena za izdelavo kakovostnih izdelkov. Adhezija je odvisna od razli¢nih de-
Jjavnikov, kot so lastnosti tekstila, parametri tiskanja in vrsta uporablienega polimera. Konstrukcija tkanin, vkljucno s
ploskovno maso, gostoto osnove in votka, finostjo preje, debelino tkanine in vezavo, pomembno vpliva na adhezijo
3-D natisnjenega polimera. Pri dvojnih tkaninah, ki omogocajo uporabo razlicnih materialov v zgornjem in spo-
dnjem sloju, je bila ugotovijena vecja adhezija kot pri enojnih tkaninah. Analiza pre¢nega prereza je pokazala, da
polimer prodre globlje v dvojno tkanino, zaradi cesar je adhezija boljSa. Na splosno so raziskave pokazale prednost
uporabe dvojnih tkanin za aplikacijo 3-D tiska na tekstil.

Klju¢ne besede: 3-D tisk, adhezija, tkanina, dvojna tkanina

1 Introduction objects, patterns or designs are created on its surface.

Three-dimensional (3D) printing is an additive man-
ufacturing (AM) technology that produces objects
by depositing material in thin layers. The deposited
layers of material are bonded together in different
ways depending on the 3D printing technology and
the material used [1]. The technology has great po-
tential to influence developments in many areas of
the textile and fashion industry. In addition to the
production of new, possibly personalised products
in the fields of technical textiles, protective clothing,
medical products, fashion, textiles, interior design
etc., it can influence the modernisation of processes
with a view to waste-free production [2, 3]. In textile
and apparel design, 3D printing is used in three dif-
ferent forms, i.e. direct printing on textiles, printing
of rigid elements that can be assembled into flexible
textile-like structures and printing of elastic mate-
rials that resemble textiles. Each of these forms can
be realised with different printing technologies [4].
In 3D printing on textiles, the material is applied
directly to the textile substrate and the desired 3D

The fused deposition modelling (FDM) technology
is usually used for this purpose. In addition, stereo-
lithography (SLA) [5] and PolyJet technology, where
aesthetic, detail and surface finishes are the most im-
portant, can be used [6]. In FDM, a 3D printer uses
the process in which thermoplastic filaments are ex-
truded and deposited in thin layers based on a pre-
viously designed 3D model [7]. During this process,
the printer ensures precise control over factors such
as temperature and speed to regulate the flow of the
polymer material [8].

In the workflow of 3D printing on textiles, 3D
models should first be created in a 3D computer
application and exported as stl files for slicing in a
suitable software where the parameters for the 3D
printing process are defined. Fixing a textile sub-
strate to the printer bed to achieve stability and pre-
cise alignment of the threads is an important step in
the workflow, as it affects the accuracy of the print.
Some researchers mentioned fixing textiles with tape
on the print bed [9] or using lacquer [10]. In addi-

tion, special mounting frames [11] can be prepared
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for precise positioning of a textile and clamps [12,
13] can be used for fastening to prevent the textile
from slipping during the printing process.

The most common polymer for 3D printing on
textiles using the FDM technology is polylactic acid
(PLA). This polymer is predominantly used for all
applications on a textile substrate. One of the notable
advantages of PLA is its low extrusion temperature,
which is typically around 210 °C. In addition, PLA is
a biopolymer; thus, its biodegradability and renew-
ability make it an environmentally friendly choice
for 3D printing [14, 15].

Acrylonitrile butadiene styrene (ABS) is, along
with PLA, one of the most widely used materials in
FDM. It has a relatively low glass transition tempera-
ture and very good processing properties. While the
shrinkage rate during the cooling process is low, the
printing accuracy and dimensional stability are high
[16]. ABS is also frequently used and tested in 3D
printing on textiles [17-19].

Another material used for 3D printing is ther-
moplastic polyurethane (TPU). It has exceptional
mechanical properties, e.g. tensile strength, abrasion
resistance, hydrolytic stability, flexibility, durability
and corrosion resistance. The polymer is composed
of various soft and hard segments. These segments
contribute to the unique properties and behaviour
of TPU [20]. Tests have also shown that synthetic
fabrics such as polyester, polyamide and laminated
neoprene are compatible with TPU filaments. Direct
3D printing of TPU filaments onto neoprene can
therefore offer many potential functional applica-
tions, e.g. protective clothing and other aesthetic 3D
decorations [21, 22].

Polyethylene terephthalate (PET) copolymer is
a modified version of polyethylene terephthalate in
which additional monomers or additives are incor-
porated into the polymer chain. This modification
can introduce specific properties and characteristics
that make it suitable for 3D printing applications on
textiles. It requires slightly higher temperature for
3D printing than PLA (240 °C). It has better me-

chanical properties than PLA and is also recyclable.

Polyethylene terephthalate copolymer with glycol
modification (PETG) was tested by Ercegovi¢ et al.
for use in car interiors [23]. In the study, three dif-
ferent polymers were printed on the composite with
a porous knit of polyester fibres (PET) on the front
side. TPU polymers were found to have better adhe-
sion properties than PLA and PETG, while TPU has
a more polar character among the polymers and is
hence suitable for printing on most textile substrates.

As the field of 3D printing continues to evolve,
researchers and manufacturers are constantly ex-
ploring novel materials that expand the range of
possibilities and enhance the capabilities of print-
ed objects. These new materials bring forth diverse
properties such as increased strength, improved
flexibility, enhanced heat resistance, and even spe-
cialised functionalities like conductivity or bio-com-
patibility [24]. New thermoplastic filaments used in
recent research for 3D printed polymer adhesion to
textiles include polyamide combined with percent-
age of carbon fibres or glass fibres and high-perfor-
mance polyolefin with percentage of glass fibres,
which have strong mechanical properties and can
withstand much higher temperatures than PLA, for
example [25]. Furthermore, the adhesive forces be-
tween these new materials and textile substrates can
vary significantly. Different materials may exhibit
stronger or weaker bonding properties with specific
types of fabrics or textile constructions. This allows
for customisation and optimisation of the bonding
process to achieve desired levels of adhesion and du-
rability between the 3D printed objects and textile

substrates.

2 Use of 3D printing on textiles

3D printing on textiles has become an important
technology for manufacturing new products in recent
years, at a time when new 3D technologies are on the
rise and proving useful in many fields. One import-
ant area is medicine, particularly prosthetics, where

customised products such as orthopaedic devices can
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be made [2], combining soft and flexible textile ma-
terial with 3D printed material that provides a firm
support. In these cases, knitted materials are usually
used for the textile substrate. 3D printing on textiles
can also be used for protective clothing [22]. Other
area is textile for garment production, considerably
textile design. Spahiu et al. made some experiments
where 3D printed patterns were printed on a textile
substrate for modifying the drape of a fabric [26].
3D printing is also used for fabric surface decoration
[27]. An open-pore fabric can be used as a substrate
where adhesion is not a problem as the printed poly-
mer can tightly bound into the open pores of the tex-
tile. The textile decorated by 3D printing can then be

used to make garments [28], as shown in Figure 1.

Figure 1: Detail of fabric decorated with 3D printing
(photo: Manca Drusany)

Many other 3D printing on textiles design proj-
ects are featured on the website of the company STR-

ARASYS, which collaborates with numerous fashion

and textile designers [29]. A breakthrough tech-
nique involves additive manufacturing on stretched
fabrics that, once released, undergo a remarkable
metamorphosis from a flat 2D pattern to a dynamic
3D geometry [30]. The literature review shows that
3D printing on textiles enables the versatility of new
aesthetic and functional properties that will further
expand the scope of applications; moreover, vari-
ous textiles substrates can be enriched with some
additional visual and physical properties through
3D printing [31, 32]. Recently, 4D printing (4DP),
an advanced technology that combines functional
materials and 3D printing, has been developing. It
introduces time as the fourth dimension and enables
the development of smart materials with versatile
properties. By combining the 3D printing technol-
ogy with textiles, dynamic and adaptable structures
can be created that can change shape or properties
based on external stimuli or environmental condi-
tions. This integration of 3D printing with textiles
expands the capabilities of 4D printing by incorpo-
rating the inherent properties and behaviour of the
textile material into the final printed object. The key
feature of 4DP is the shape memory effect (SME),
which allows printed objects to respond to exter-
nal stimuli, e.g. heat, moisture, electricity, magnetic
fields. By leveraging SME, the 4DP technology elim-
inates the inherent rigidity of 3D printed prototypes
and opens possibilities for complex smart textiles

and fashion items in various industries [33].

3 Adhesion of 3D printed polymer
on textile substrate

For the versatile use of polymer-textile composites,
it is important that the 3D printed polymer bonds
to the textile with sufficient force. A prerequisite for
the production of quality products is therefore good
adhesion of the 3D printed objects to the textile sur-
face [11]. Adhesion between the polymer and the
substrate is enabled by three primary mechanisms,

i.e. mechanical coupling, molecular bonding and
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thermodynamic adhesion. These mechanisms play
a critical role in establishing a strong and durable
bond between the polymer material and substrate
surface. Mechanical coupling or interlocking con-
siders the mechanical penetration of the adhesive
into the pores and voids of the solid surface, and is
based on the penetration of the adhesive into the
surface of the substrate. Molecular bonding is the
predominant mechanism generally accepted as an
explanation for adhesion between two closely spaced
surfaces. In this process, intermolecular forces occur
between the adhesive and the substrate, including
dipole-dipole interactions, van der Waals forces and
various forms of chemical interactions, e.g. ionic,
covalent and metallic bonds. While the thermody-
namic theory assumes that the adhesive adheres to
the substrate at the interface due to interatomic and
intermolecular forces, if close contact is achieved,
only an equilibrium process is required at the inter-
face [34]. In studies, it was found that when some
polymers are printed on various textile substrates,
physical interlocking bonds are formed without any
chemical bonding between the polymer and the sub-
strate material [17, 22]. The intensity of adhesion
depends on factors from three different categories in
the printing process, i.e. textile properties, printing
parameters and the type of polymer printed [35].
These are also the main areas of interest for research
in the field of adhesion of 3D printed objects to the

textile substrate. The research is mainly conducted

on woven and knitted fabrics; however, our focus in
the article is on the adhesion of 3D printed polymer

to woven fabrics.

3.1 Methods for testing adhesion

In the revised literature, three methods are used to
quantify the adhesion of 3D printed parts to a textile
substrate, i.e. a perpendicular tensile test, a shear test
and a T-peel test. It was found that these tests are all
suitable for evaluating the adhesion properties [37].
T-peel is the most used adhesion test which is usual-
ly performed according to the standard DIN 53530
[13, 17, 36-41]. Sometimes, the adhesion test was
also conducted visually and experientially, as in the
case of a study in which different textile substrates
were 3D printed with different polymers in the form
of snap and zip fasteners, and the composites were
observed to see how they behaved when the func-

tionalised fabric was washed [18].

3.2 Observing morphology

The morphology of 3D printed objects on textile
substrates also provides information about possi-
ble physical bonding. The surface of the fabric has
a significant effect on the adhesion properties; thus,
observing the surface of the printed textiles plays an
important role in the study of adhesion. The mor-
phology of the fabric is closely related to the ad-
hesion of the 3D printed polymer, as it allows the

molten polymer to penetrate the pores of the fabric

Figure 2: Cross-section of 3D printed fabrics: a) simple fabric, b) double fabric, both fabrics are cut in warp

direction and printed at z-distance z = 0.25 mm, 40- magnification [11]
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Figure 3: Images acquired with optical microscope, 20- magnification, of back of fabrics 3D printed with con-

stant z-distance (z= 0.25 mm): a) double fabric, b) simple fabric, where deposits of penetrated molten polymer

are marked [11]

structures [17, 40]. The images show how the printed
polymer coats the threads in a fabric or protrudes
through the textile substrate. Optical microscopes,
confocal laser scanning microscopes or scanning
electron microscopes are generally used to opti-
cally evaluate the composites, surfaces and their
cross-sections [37-39, 41]. Figures 2 and 3 show the
images taken with the scanning electron microscope

and the optical microscope for the adhesion study.

3.3 Influence of 3D printing parameters on
adhesion

Among the parameters of 3D printing, according to
the research of most authors, the distance of the print
head from the print bed or the textile substrate, i.e.
the so-called z-distance, is the most important [17].
Other parameters, e.g. printing speed and tempera-
ture, print bed temperature and nozzle size, different
infill orientations of the first printed layer [40] etc.,
also influence adhesion between the textile substrate
and 3D printing polymer. Printing at a lower nozzle
position is clearly advantageous for the adhesion [9].
Nevertheless, as the distance decreases, the adhesion
force increases until reaching a minimum distance
where the nozzle gets clogged by the filament [38].
Goksal et al. [25] suggest the necessary optimisa-

tion of the z-distance to achieve sufficient adhesion

between the two materials, while the importance of
this printing parameter proposes further research to
optimise this value without first performing a series
of tests, such as measuring the force the textile fabric

exerts against the nozzle or polymer flow.

3.4 Influence of woven fabric composition on

adhesion

The most influential parameters affecting the
properties of woven fabrics are the warp and weft raw
materials, warp and weft count, warp and weft den-
sity, and the type of weave. These parameters have a
significant effect on the structure and appearance of
the woven fabric [42]. All the revised research has
clearly confirmed that the adhesion strength of the
3D printed polymer depends on the fabric structure.
Subsequently, much research has been conducted on
how specific construction parameters of the textile
substrate itself affect the adhesion of the 3D printed
polymer.

The following influencing factors were analysed
on woven fabrics in relation to the adhesion strength
of 3D printed polymer to the textile substrate: areal
density [13], warp and weft density [13, 43, 44], yarn
count [13], fabric thickness [9, 13, 45], weave pat-
terns, e.g. plain weave, twill, broken twill, satin and
hopsack [43, 44, 46, 47].
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Yarn count

Yarn count is a numerical expression that defines
yarn fineness. The count is a number indicating the
mass per unit length in the direct system (e.g. Tex
system) or the length per unit mass of yarn in the
indirect system (e.g. metric count system — Nm).
Yarn count can be tested using the ASTM D1059-
01 or ISO 7211-5 standard. Few studies have been
conducted examining only yarn count for its effects
on adhesion. Mpofu et al. [13] concluded in their
research that the adhesion force increases with in-
creasing yarn count or yarn diameter. Silvestre et al.
[10] also led a study in which the conductive mate-
rial (PLA graphene) was printed on various woven
textile substrates. It was found that the adhesion
of the printed polymer to the textile substrate was
greater at higher thread count. This could indicate
that increasing the warp and weft thread count in-
creases the yarn diameter and consequently the sur-

face area to which the polymer adheres on the fabric.

Warp and weft density

Warp and weft density refers to the number of
threads per unit length in warp and weft direction.
The testing of warp and weft density (ends/cm,
wefts/cm) is performed in accordance with the ISO
7211-2 standard. When considering the influence of
warp and weft density on adhesion, it was generally
found that higher warp and weft density results in a
lower adhesion force [13, 47, 49]. In one of the re-
search projects [44], weft densities (weft/cm) were
predefined in the weaving process, which enabled a
precise and systematic observation of the adhesion
force. The findings were the same as at other studies,
i.e. the highest adhesion force was found at the low-
est weft density and the lowest adhesion was found
at the highest weft density.

The observed phenomenon can be attributed to
the relationship between warp and weft density and
fabric cover factor. As the warp and weft density in-
creased, the fabric cover factor decreased. This re-
duction in the fabric cover factor led to a decrease

in fabric pores, limiting the diffusion of the polymer

into the fabric. Consequently, the reduced diffusion
resulted in lower adhesion force [13]. This can be ex-
plained by the fact that as the density of weft yarns
increases, the polymer can hardly enclose individual
yarns. As a result, the polymer has less surface area
available to adhere to the fabric, which reduces the
adhesion force [44].

Fabric thickness

Multiple studies have consistently demonstrated a
direct association between fabric thickness and ad-
hesion force, indicating that an increase in fabric
thickness corresponds to a subsequent increase in
adhesion force. These findings emphasise a positive
relationship between these two variables, suggesting
that thicker fabrics generally exhibit higher adhesion
forces [13, 44, 45, 48, 50]. These good adhesion re-
sults may be due to the bonds of the printed poly-
mer with the fibres on the top of the textile as well
as inside the textile structure, which should provide
enough open areas for the molten polymer to pen-
etrate inside [17, 18, 45]. However, in a study per-
formed by Stérmer et al. [9], the results of the adhe-
sion test regarding the fabric thickness unexpectedly
showed the highest adhesion force for a thin fabric.

Fabric material, type of yarn
The studies of adhesion properties were conduct-
ed on textile substrates with different raw material
compositions. Most frequently, investigations were
implemented on cotton and polyester (PES), other
materials were tested as well. In general, it was found
that better adhesion can be achieved if the textile sur-
face is roughened or hairy as shown for the polyester
(PES), cotton (CO) and wool (WO) sample [22]. In
some cases, it has been established that certain com-
binations of materials do not produce high adhesion
force, e.g. PLA polymers on polyamide (PA) fabric,
since the two polymers are not compatible [47].

In later research, Demir at al. [51] compared jute,
flax and cotton fabrics regarding adhesion between
3D printed PLA and textile substrate. The aim of the

research was to investigate the influence of fabric
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treatments on adhesion, untreated samples also be-
ing tested and compared. Untreated flax fabrics wo-
ven in plain weave were found to adhere better than
cotton twill fabrics, which have no notable pores on
the fabric surface. On the other hand, lower adhe-
sion strength was measured on more porous jute

fabrics than on flax fabrics.

Weave pattern

Several studies have been conducted on the effects
of weave pattern on the adhesion of 3D printed
polymer to a textile substrate. Mainly plain weave,
twill and satin were tested, next to broken twill
weave, hopsack and satin. In most cases, adhesion
was found to be higher with twill compared to plain
weave [43]. In a study by Malengier et al. [36], it was
also established that a plain weave fabric reaches the
least adhesion compared to twill and satin. In that
study, they showed that the twill fabric was the best
textile substrate for the 3D printing of PLA filament,
regarding the adhesion. In a study by Silvestre et al.
[10], better adhesion was achieved in the satin fabric

than in twill and plain weave.

Comparison of simple and double fabrics

A recent study by Cuk et al. investigated the adhe-
sion of 3D printed polymers to textile substrates,
specifically comparing double-weave structures
with simple fabrics. Simple weave fabrics consist of
a single set of warp and weft threads interwoven in
a weave pattern, creating a single-layer fabric, while
double weave fabrics consist of two sets of warp and
weft threads, creating a double layer or double fabric
[11]. Double fabrics are namely an extremely suit-
able textile substrate for 3D printing applications,
as the materials for the top and bottom layers of the
fabric can be different, thus creating different fabric
functionalities [52]. In addition, a special thread
can be inserted into the space between the layers to
achieve specific characteristics of a fabric, e.g. tem-
perature sensing [53]. The results of the research
[11] showed remarkable differences between the

two types of fabrics and emphasised the significant

influence of the z-distance parameter on the adhe-
sion force. This study highlights the complicated re-
lationship between fabric structure, z-distance and
adhesion strength in 3D printing applications on
textiles. The study was performed on samples print-
ed with two different z-distance settings. One part of
the samples was printed with a constant z-distance
(z1), which means that the height of the print head
remained the same regardless of the thickness of
the fabric, and was 0.2 mm. In this way, the nozzle
was always positioned relatively deep into the fab-
ric when printing the first layer. The other part was
printed with a constant z-distance offset (z2) from
the fabric surface, which means that the height of
the nozzle varied and was adjusted to the fabric
thickness. For each fabric sample, the nozzle was
0.1 mm below the surface when the first layer was
printed. At constant z-distance, all samples showed
higher adhesion strength than the samples printed
at constant z-distance offset. When printing with a
constant z-distance (z1), simple fabrics had weaker
adhesion compared to thicker, double-layer fabrics,
as print nozzle penetrates deeper into thicker fab-
ric. Figure 2 above shows the cross-section of the
(a) printed simple fabric and the (b) printed double
fabric cut in warp direction. Both fabrics were print-
ed with a z-distance of 0.25 mm. The images were
taken with a scanning electron microscope. Figure
3 above shows the backs of the printed simple and
double fabric samples. Both samples were printed
with a z-distance of 0.25 mm. Numerous deposits of
molten polymer can be seen on both samples, which
penetrated through the pores of the fabric.

The printer nozzle penetrates deeper into a dou-
ble weave fabric and the polymer penetrates through
the pores of the upper layer into the lower layer,
where it adheres to the yarns or fibres. In addition,
double weaves have higher thread density; however,
the threads are arranged in two layers and grouped
according to the weave. As a result, the structure of
the fabric is less compact, the specific surface area is

larger, and thus, the adhesion is better.
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Conclusion about textile properties influencing
adhesive strength

The adhesion of materials to a textile in the context
of 3D printing has been predominantly explained
using the mechanical adhesion theory. This theo-
ry suggests that the adhesion strength is improved
due to the roughness and porosity of textile surfac-
es. However, a comprehensive understanding of the
adhesion properties of thermoplastic polymer layers
deposited on textiles through 3D printing requires
the integration of both diffusion and mechanical
theories. By combining these two theories, a more
complete understanding of adhesion mechanisms
can be achieved, considering the interplay between
surface roughness, porosity and molecular diffusion
processes [43].

A review of research results revealed that the
fabric construction parameter thickness appears to
have a huge impact on the adhesion strength of the
3D printed polymer to the woven fabric.

Fabric thickness is determined by various factors,
including yarn diameter, the degree of compression
between interlaced threads and the presence of float
sections within the weave repeat [54].

In other words, fabrics with different weaves,
yarn count, thread density and raw material have
different thickness; therefore, different adhesion
forces can be expected. Consequently, the z-dis-
tance parameter must be optimised for each fabric
regarding its thickness to print inside the substrate
and to enhance the adhesion strength. It is import-
ant to note that some fabrics are more compress-
ible that others [55]. Fabric thickness should hence
be precisely measured before the printing process.
In the research, fabric thickness was measured us-
ing textile thickness testers and the measurements
were performed according to the standards [9, 11,
40]. Furthermore, a micrometre calliper was used to
measure the thickness of a fabric with higher pres-
sure, which can be compared to the nozzle pressure
during 3D printing [9, 22].

Similarly, fabric roughness is influenced by the

particular weave structure, the number of individual

pores formed within the weave, as well as the densi-
ties of threads and any irregularities in the yarn [54].
Moreover, in the literature, fabric roughness was de-
termined as a factor that positively correlates with
the adhesion strength [13, 43]. The mean pore size
also has a substantial influence on adhesion as found
in the research by Eutionnat-Diffo et al. [43]. A high-
er mean flow pore size of the textile material could
substantially enhance the adhesion strength.

Fabric parameters exert a significant influence
on the maximum achievable adhesion forces be-
tween 3D printed polymers and textiles. However,
the above presented parameters may not be adequate
for accurately predicting adhesion forces for a par-
ticular fabric. In some cases, only a general trend can
be discerned, highlighting the complexity and multi-

factorial nature of the adhesion process [17].

3.5 Improvement of adhesion with pre-

treatment and after-treatment

The adhesion of 3D printing to a textile substrate
can be increased by various pre- and after-treatment
processes, as studies have shown. Polymer coatings
on textiles can lead to a significant increase in ad-
hesion [17]; various chemical pre-treatments can be
successfully applied as well [51]. Kozior et al. [40]
found that a glue stick in particular increased adhe-
sion between cotton and PLA. Furthermore, other
textile surface treatments to adjust the textile sur-
face properties, e.g. hairiness or hydrophobicity, can
improve adhesion. For example, washing the textile
substrate [35] can result in a more hydrophilic sur-
face, which confirms the statement of Korger et al.
[45] that a hydrophilic surface of the textile substrate
means a higher adhesion strength. A thermal treat-
ment was researched as a possible after-treatment
and in most cases confirmed to have a positive effect
on adhesion strength, e.g. the research by Gérmer et
al., where ironing was performed [56].
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4 Conclusion

Compared to knitted textile substrates, which are
stretchable in several directions, and thus very flex-
ible and more elastic than woven fabrics, the latter
offer greater dimensional stability as well as the pos-
sibility of using stiffer yarns, which is advantageous
in achieving certain properties in the production of
protective clothing, technical textiles, decorative and
apparel textiles etc., making them an ideal textile sub-
strate for many different applications of 3D printing.

The literature review confirmed the fact that the
influence of fabric construction on the adhesion of 3D
printed polymers to a fabric is significant and must
be constantly monitored and evaluated in the context
of other parameters of 3D printing on textiles, e.g.
the printing material used and the printing process
itself. It was also found that the influence of the 3D
printing process has been studied more, as changes
can be made in a very controlled and systematic way,
while this is usually difficult with fabric construction
parameters. Therefore, the ability to produce fabrics
for research, which was found only in few research
papers, is of great value as the fabric construction pa-
rameters can be more precisely controlled in this way.

To achieve higher adhesion, it is necessary to de-
sign the textile substrate to have sufficient open area
on which the molten polymer can adhere. In general,
the improvement of adhesion is possible by increas-
ing the roughness and porosity of a textile material.
According to the research reviewed, such conditions
can be achieved by increasing fabric thickness, dou-
ble weave, lower thread density etc. Among other
parameters which have a strong influence on adhe-
sion and are not related to the construction of the
fabric, the distance between the print head (noz-
zle) and the fabric is certainly the most important.
Of course, more and more researchers are focusing
on pre- and post-treatment, which also has a major
impact on the adhesion of 3D printing to textiles;
however, this was not the main focus of the review
presented in this article.

In general, the adhesion force in 3D printing on

textiles is primarily influenced by the properties of
the textile substrate rather than the properties of the
printing material; hence, the choice of a textile plays
a crucial role in determining the adhesion force be-

tween the printed object and the fabric surface.
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Abstract

Textile wastewater, which consist of a complex mixture of synthetic dyes and other organic and inorganic
compounds derived from various wet chemical textile processes, can have a harmful effect on the environ-
ment; therefore, it must be properly treated before being discharged into municipal wastewater treatment
plants and natural water bodies. In this scientific review, the main physical, chemical and biological processes
for the removal of dyes from textile wastewater are presented, focusing on photocatalysis, which is a promi-
sing advanced oxidation process. The mechanism of photocatalysis is described and the methods used to
determine the efficiency of photocatalytic degradation of dyes are presented. Recent studies involving single
photocatalytic treatments of real textile wastewaters in the presence of TiO, and ZnO as catalysts are presen-
ted. The advantages of combined processes of photocatalysis in conjunction with other chemical, physical
and biological treatments to increase the efficiency of wastewater treatment are discussed. Accordingly, pho-
tocatalysis combined with HO,,
filtration, and coupled photocatalytic-biological processes are described.

photocatalytic ozonation, a hybrid system of photocatalysis and membrane

Keywords: titanium dioxide, zinc oxide, photocatalysis, dye degradation, textile wastewater

Izvlecek

Tekstilne odpadne vode, ki vkljucujejo kompleksno meSanico sinteticnih barvil in drugih organskih in anorganskih
spojin, kiizhajajo iz razlicnih mokrih kemijskih tekstilnih postopkov, lahko Skodljivo vplivajo na okolje, zato jih je po-
trebno pred izpustom v komunalne Cistilne naprave in naravno vodno okolje ustrezno ocistiti. V preglednem ¢lanku
so predstavlieni najpomembnejsi fizikalni, kemijski in bioloski postopki za odstranitev barvil iz tekstilnih odpadnih
vod s poudarkom na fotokatalizi, ki je obetavni napredni oksidacijski proces. Opisan je mehanizem fotokatalize in
predstavljene so metode za dolocitev ucinkovitosti fotokatalitske razgradnje barvil. Izpostavijene so najsodobnejse
raziskave, ki vkljucujejo samostojno fotokatalitsko obdelavo realnih tekstilnih odpadnih voda v prisotnosti TiO, in
Zn0 kot fotokatalizatorjev. Predstavljene so prednosti kombiniranih postopkov, ki vkljucujejo fotokatalizo v povezavi
z drugimi kemijskimi, fizikalnimi in bioloskimi procesi. Med njimi so opisani fotokataliza v kombinaciji s H,0,, foto-
katalitska ozonacija, hibridni sistem fotokatalize in membranske filtracije ter zdruzeni fotokatalitski-bioloski procesi.
Kliucne besede: titanov dioksid, cinkov oksid, fotokataliza, razgradnja barvila, tekstilna odpadna voda
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1 Introduction

The textile industry is considered one of the largest
water pollutants and is responsible for about 20% of
global clean water pollution from various wet chem-
ical production processes [1-3]. Wastewaters from
pretreatment, dyeing, printing and finishing pro-
cesses are highly polluted by complex mixtures of
synthetic dyes and pigments, finishing agents, auxi-
liaries, heavy metals, surfactants and other chemi-
cals, which can result in harmful effluents in the envi-
ronment [4-6]. Among the effluents, synthetic dyes
are classified as one of the most hazardous pollutants
as they are potentially toxic, non-biodegradable and
persistent [7-9]. Due to light absorption, the pres-
ence of dyes in wastewater reduces sunlight penetra-
tion, which negatively affects flora and fauna [4, 8].
Accordingly, the removal/degradation of dyes from
textile wastewater is a challenging research topic for
which various physical, chemical and biological pro-
cesses, and their combinations have been developed
and introduced (Figure 1) [4-7, 9-12].

Physical methods for removing dyes from textile
effluents primarily include adsorption and mem-
brane filtration, in which dye removal is advanta-

geously accomplished by forces such as electrical

attraction, gravity, and Van der Waals forces or physi-
cal barriers [6]. In the adsorption method, numerous
suitable adsorbents are used, the best known of which
is activated carbon. In addition, polymer resins and
low-cost agricultural and industrial by-products such
as peat, chitin, clays and fly ash are used. Membrane
filtration includes microfiltration, ultrafiltration,
nanofiltration and reverse osmosis. Since nanofiltra-
tion is more effective than microfiltration and ultra-
filtration, reverse osmosis is the most effective as it
retains almost all substances from water [6].
Chemical methods include coagulation/floccu-
lation, electrochemical processes, classical oxidation
and advanced oxidation processes (AOP) [4, 6, 13].
Coagulation/flocculation is commonly used to de-
stabilise particles with various coagulants such as in-
organic coagulants, inorganic-organic double coagu-
lants and synthetic polymer flocculants. A complete
decolourisation is difficult to achieve with this meth-
od. Inorganic coagulants such as iron and alumini-
um salts are widely used in the treatment of textile
wastewater; however, they have negative effects on
the environment and human health [6, 14]. There are
various electrochemical processes such as electroki-
netic coagulation, electroflotation, electrodecan-

tation and electrooxidation [15]. Electrons are used

Figure 1: Methods for removal/degradation of dyes from textile wastewater
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as “primary reagents,” which are referred to as “clean
reagents”. In most cases, high concentrations of sup-
porting electrolytes, especially NaCl, are required
to achieve acceptable results; however, this leads to
the generation of large amounts of environmentally
harmful products [6, 15]. In the classical oxidation
method, ozone (O,), hydrogen peroxide (H,0,), po-
tassium permanganate (KMnO,), chlorine dioxide
(ClO,), chlorine (Cl,), sodium hypochlorite (NaOCI)
and oxygen (O,) are used as oxidising agents that
change the chemical composition of the compound
[13]. In advanced oxidation processes (AOP), reac-
tive oxygen species (ROS) such as hydroxyl radicals
(*OH) and superoxide radicals (+O,") are usually
generated and utilised. These include various me-
thods such as the photocatalytic ozonation, Fenton
process, photo-, electro- and sono-Fenton processes,
and photocatalysis [2, 6, 13, 16-19]. The best known
advanced oxidation process is the Fenton process,
which uses a mixture of ferrous iron (typically Fe(II))
and hydrogen peroxide (H,0,) to generate *OH in
an acidic medium. However, the Fenton process can
produce chemical sludges that must be properly dis-
posed of. Compared to the Fenton process, the ad-
vantage of the photo-, electro- and sono-Fenton pro-
cesses, which combine the Fenton reaction with light
radiation, electrochemical processes and ultrasound,
respectively, is a higher pollutant removal rate with
a lower iron dose [19-24]. Photocatalysis is conside-
red a sustainable treatment process for the degrada-
tion of dyes from textile wastewater in the presence
of photocatalysts. In this process, high efficiency of
photocatalytic degradation can be achieved under
mild reaction conditions in the presence of oxygen
and water from the atmosphere and UV/visible light
radiation without the formation of secondary impu-
rities as the dyes are degraded to carbon dioxide and
water via intermediates 2, 25].

Biological processes use biomaterials such as in-
dustrial enzymes and microorganisms for dye deg-
radation. They can be conducted under aerobic or
anaerobic conditions. These processes consist of two

main steps, i.e. adsorption of dyes onto biomaterials

and their degradation to non-toxic products. While
peroxidase and azo reductase are the most effec-
tive industrial enzymes, bacteria, fungi, algae and
yeasts are used as microorganisms. Due to the high
biodegradability of biomaterials and low operating
costs, biological processes are considered the most
promising treatment methods for textile wastewater
from the environmental and economic perspective
[4, 6, 11]. Despite many advantages of biological
processes, there are still shortcomings, including the
non-degradability of biomass-bound dyes and the
difficult adsorption of some types of dyes such as azo
and reactive dyes [6, 11].

2 Photocatalysis as AOP for
synthetic dye degradation

Photocatalysis is a promising AOP that takes place
in the presence of a photocatalyst, which is activat-
ed by light [16]. Due to its environmental friendli-
ness and high efficiency, this process has attracted
much attention in various scientific fields, including
environmental remediation, where various organic
and inorganic pollutants can be photocatalytically
degraded. This also applies to dyes contained in tex-
tile wastewater. Various photocatalysts can be used
in photocatalysis, including metal semiconductors
such as TiO, and ZnO nanoparticles, which are very
promising due to their excellent morphological,
chemical and optical properties [26]. The efficiency
of photocatalysis is directly influenced by the de-
sign of the photocatalyst, where the surface-to-vol-
ume ratio of the particles, their crystallinity, surface
modifications and light absorption capacity play an

important role.

2.1 Mechanism of semiconductor
photocatalysis

The mechanism of semiconductor photocatalysis is
shown in Figure 2 and can be explained as follows

[27-29]: when a semiconductor absorbs a photon



TiO, and ZnO as Advanced Photocatalysts for Effective Dye Degradation in Textile Wastewater 181

with the energy equal to or higher than the bandgap
energy (E ) under irradiation with UV or visible light,
the electrons in the valence band (VB) are excited
into the vacant conduction band (CB), leaving holes
in VB. The resulting free electrons and holes can
migrate to the surface of the semiconductor, where
they participate in the redox reactions. The electrons
react with atmospheric oxygen to form O, in the
reduction reaction and the holes react with absorbed
water to form *OH in the oxidation reaction. Both
reduction and oxidation take place when the edge of
the semiconductor’s conduction band is more nega-
tive and the edge of its valence band is more positive
than the standard redox potential of the reactions.

ucgidudtiivii
products

ROS
h*

E—

+ dye

The formation of *O,” and *OH, which are the main
ROS formed at the semiconductor surface, is crucial
for the photocatalytic activity of the semiconduc-
tor since ROS can subsequently react with organic
pollutants in the oxidation reaction and degrade
them to carbon dioxide and water via intermediate
compounds. At the same time, holes with a high ox-
idation potential can directly cause the oxidation of
pollutants [25, 29-38]. Nevertheless, the recombi-
nation of electrons and holes that can occur during
their migration to the semiconductor surface is an
undesirable process as it reduces the photocatalytic
efficiency of the semiconductor [38].

H,O,+hv = 2 «OH

intermediate — CO, + H,0

Figure 2: Schematic representation of fundamental mechanism of photocatalytic activity of semiconductors

and proposed surface reactions, e is electron, h™ is hole

To improve the separation of electrons and holes
and thus the photocatalytic efficiency, semiconduc-
tors are doped with different metal and nonmetal
ions, loaded with noble metals and coupled with
other semiconductors to form heterojunctions [38,
39]. Doping with metal and nonmetal ions is based
on the incorporation of host materials into the semi-
conductor crystal lattice to change the geometric
and electronic structure and modulate the charge
carrier density in the doped semiconductor. The

doped ions introduce additional localised energy

levels to trap electrons or holes that immobilise the
charge carriers, hence reducing the recombination
rate. As the dopant energy levels are formed above
the VB or below the CB edge positions in the semi-
conductor, they decrease the bang gap energy and
consequently increase the visible light absorption
[40-42]. The loading of semiconductors with noble
metals enables the formation of the Schottky-based
heterojunction, typical of the semiconductor-metal
system, where electrons are easily transferred from

the CB of the semiconductor to the metal, which acts
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as an electron trapper. By creating a Schottky bar-
rier, the separation of photoinduced charge carriers
is maximised and their recombination is prevented
[38]. At the same time, visible light excites electrons
in the metal, leading to surface plasmon resonance
that further enhances photocatalytic activity [43].
The fabrication of semiconductor-semiconductor
heterojunctions is one of the most effective strate-
gies to enhance the photocatalytic performance un-
der visible light. The mechanism of photogenerated
charge transfer is very complex and depends on the
design of the heterojunction. However, the most
photocatalytically active heterojunctions are those in
which the electrons and holes located in the CB and
VB with lower redox power, respectively, are recom-
bined, while ROS are formed in the more energeti-

cally favourable CB and VB of semiconductors [44].

2.2 Determination of photocatalytic
degradation efficiency

The efficiency of the photocatalytic degradation of
dyes can be determined from the degradation rate of
the dye [20, 45-57], where the concentration ratio is

calculated as follows:

Dye concentration ratio = £ (1)

In Equation 1, ¢ is the dye concentration at a giv-
en time of irradiation and ¢ is the initial dye con-
centration. The lower the dye concentration ratio at
a given time, the higher the dye degradation.

The dye degradation efficiency can also be calcu-
lated as the percentage of dye degradation as follows
[45-47,49-51, 57, 58]:

Dye degradation percentage = <% x 100 (%) (2)

The higher the dye degradation percentage, the
higher the degradation efficiency.

The apparent rate constant, K_; of the photocat-
alytic reaction can also be a measure of the efficien-
cy of the photocatalytic degradation of dyes, where

pseudo first-order kinetics is used as follows [46, 48,
50, 51, 58]:

In g =- Ky, t(min™) 3)

In the treatment of real textile industry waste-
water, the efficiency of dye removal/degradation is
usually discussed based on the measurements of total
organic carbon (TOC) and chemical oxygen demand
(COD) measurements before and after wastewater
treatment. In this case, the dye concentrations c, and
¢, in Equation 2 are replaced with TOC and TOC or
COD, and COD,, and the percentage of TOC or COD
removal is calculated as a measure of the mineralisa-

tion efficiency of textile wastewater [12, 49, 52].

3 Titanium dioxide and zinc
oxide as photocatalysts for
dye degradation in real textile
wastewater

In the field of textiles, titanium dioxide (TiO,) and
zinc oxide (ZnO) have emerged as the most impor-
tant semiconductor nanomaterials with a variety
of applications for the functionalisation of textile
substrates as well as for the effective photocatalytic
degradation of various dyes in an aqueous solution
(3, 31, 32, 59-61]. The main advantages of TiO, and
ZnO are their thermal, chemical and photochemi-
cal stability, non-toxicity, biocompatibility and low
price [2, 32, 62-64].

TiO, and ZnO are n-type semiconductors with
E, of about 3.2 eV, which limits their photocatalytic
activity to irradiation with UV light [65, 66]. Accord-
ingly, surface modification of TiO, and ZnO by dop-
ing with metal and non-metal ions, loading with
noble metals, such as Ag, coupling with other semi-
conductors, and dye sensitisation is of great impor-
tance to lower E_and thus increase the photocatalytic
activity in visible light [40, 67].
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In the process of photocatalytic degradation of
dyes in an aqueous solution, TiO,- and ZnO-based
nanomaterials were mostly used as photocatalysts
in powder form, which were mixed into the dye
solution under the study [22, 49, 50, 54, 68-75] and
removed after the photocatalytic treatment usually
with centrifugation [22, 49, 50, 71, 74, 75] or filtra-
tion [68-70, 72, 73]. In addition to powder form,
TiO, was applied to various substrates such as trans-
parent glass, glazed ceramic tile and stainless steel by
doctor blade technique and used in photocatalytic
reactors [45]. In another study, TiO, nanotubes were
prepared on titanium foil by anodization at 48 V for
2 hours followed by iron doping with hydrother-
mal treatment at 150 °C for 3 hours and annealing
at 550 °C for 1.5 hours [52]. In addition, TiO, and
ZnO were incorporated into glass-ceramic materials
with a conventional melting technique of glass batch
followed by heat treatment at 450 °C for 10 hours
and used in a batch reactor [76]. Ultra long nano-
fibers, including the Bi,Ti O, /TiO, heterojunction,
were also produced via electrospinning and used as
photocatalyst [77].
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It should be noted that the efficiency of photocata-
lytic degradation of dye solutions is influenced not
only by the structure of the photocatalyst, but also by
the composition and quality of the wastewater [52].
A model dye solution containing a single synthetic
dye at an appropriate concentration cannot simulate
the real textile wastewater, which consists of a mix-
ture of synthetic dyes of different chemical structure
and several other organic and inorganic substances
that can strongly influence the pH, TOC and COD
of the wastewater; moreover, the parameters are
highly variable [78]. In addition, these pollutants
can significantly reduce the degradation rate of dyes
by hindering the photocatalytic efficiency of semi-
conductors. Therefore, the study of photocatalysis as
an AOP for the treatment of real textile wastewater
from the textile industry is of great importance and
represents a challenging research topic. The perfor-
mance of TiO, and ZnO as photocatalysts in single
AOP or in combination with other chemical, physi-
cal and biological processes for dye removal in real

textile wastewater is summarised in Table 1.

Table 1: Treatment systems, photocatalysts, pollutants and experimental performance

Treatment system

Photocatalysts

Pollutant

Experimental performance

Ref.

Single photocatalysis

TiO,, Al, F co-doped
TiO, nanoparticles

Wastewater of textile
factory, Erode, Tamilnadu,
India

0.0125 mM catalyst in 10 ml wastewater,
irradiation with visible light for 120
minutes

79

Fe-doped TiO,
nanotubes on
titanium foil

Artificially compounded
textile wastewater

2.5 x 5 cm? foil as photocatalyst in 5

mg/L Congo red dye in wastewater,

irradiation with visible light for 180
minutes

52

ZnO quantum dots
of different size

Wastewater of dyehouse
with pH in range of 6.9,
Egypt

0.1 g catalyst in 100 ml wastewater,
direct sunlight for 6 hours per day (9 am
to 3 pm) for 6 months

81

Photocatalysis in
combination with
another AOP

TiO, nanoparticles

Wastewater from different
textile industries in
Ghaziabad and Gautam
Buddha Nagar districts,
Uttar Pradesh, India

TiO2 at various concentrations (1.5 g/L
t0 20.0 g/L) in 100 mg/L Remazol Red
in wastewater without and in presence
of H,0, of different concentrations,
irradiation with UV light for 60 minutes

20

Cd-doped ZnO
nanoparticles

Wastewater from dyehouse
near Erode, Tamilnadu,
India

Cd-doped ZnO at different
concentrations (0 to 1 g/L) and pH
values (3 to 9) in 500 ml of wastewater
irradiation with UV light for 240 minutes
in presence of O, of different dose

18
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Continuation of Table 1

Treatment system Photocatalysts Pollutant Experimental performance Ref.
. Wastewater from textile Photocatalysis (0.08-0.30 g/L
Photocatalysis in Polyethylene ) )
L . factory performing dyeing, | photocatalyst and pH of 4-13) for 240
combination with glycol capped ZnO 0 e R X o 83
. . printing and finishing in minutes under UV irradiation followed
membrane filtration nanoparticles . R
Johor, Malaysia by membrane ultrafiltration
Photocatalysis under UV light irradiation
TiO,, ZnO Wastewater from dyehouse for 120 minutes (150 mg of catalyst 2
L nanoparticles in Santa Catarina, Brazil in 250 ml of wastewater) followed by
Photocatalysis in .
. . aerobic bioprocess for 48 hours
combination with - -
. . Biological treatment for 96 hours
biological treatment ZnO/bolypyrrole Wastewater from Gama S. followed by photocatalysis (0.5-2.0 g/L
polypy ) A, textile industry in Mar ) y P 4 =79 84
nanocomposite . catalyst in 200 ml of wastewater) for 60
del Plata, Argentina minutes

Table 1 shows that there are very few studies
dealing with the photocatalysis of real textile waste-
water. In these studies, TiO, and ZnO are used in a
single AOP or in combination with other chemical,
physical and biological processes. These processes
are very complex and therefore difficult to compare
as they differ in terms of chemical structure, mor-
phology and concentration of the photocatalyst, the
composition of the industrial wastewater and the ex-
perimental performances and conditions. They are

presented in the following sections.

3.1 Photocatalysis as single AOP
Photocatalysis in the presence of TiO, and ZnO as
semiconductor photocatalysts has already shown
promise for photodegradation and mineralisation
of real textile wastewater. The efficiency of photoca-
talysis is influenced by several factors, of which the
structure of the photocatalyst and the composition
of wastewater have been studied in detail.

3.1.1 TiO, versus Al and F co-doped TiO,
Recently, the photocatalytic degradation of real
textile wastewater (TEWW) compared to the dye
methyl orange (MO) was studied using TiO, and
aluminium (Al) and fluorine (F) co-doped TiO,
(TAF10) nanoparticles under visible light irradia-
tion (Figure 3) [79].

The results show that the absorbance of both the
MO solution and TEWW decreased with increasing
irradiation time, indicating an efficient decolouri-
sation of the dye by both photocatalysts. It is also
evident that the degradation efficiency is affected by
both the dye solution and the structure of the pho-
tocatalyst. A comparison of the spectra in Figure 3a
and Figure 3b shows that, as expected, the photocata-
lytic activity of TAF10 was higher than that of TiO,
due to the co-doping of Al and F in TiO,, resulting in
an almost complete decolourisation of MO after 120
minutes of irradiation. This result was also confirmed

by the calculated apparent rate constant of MO,

Figure 3: Photocatalytic degradation of MO dye with TiO, (a) and TAF10 (b) and of TEWW (c) with TAF10
(reprinted with permission from [79]; Copyright 2022, Elsevier)
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which was higher for TAF10 (Kapp = 0.0174 min™)
than for TiO, (Kapp = 0.0126 min™'). Moreover, the
efficiency of the TEWW degradation with TAF10
during the first hour of irradiation was much higher
than that of MO; however, the efficiency decreased
significantly during the second hour of irradiation
(Figure 3c), resulting in the Kapp value of TEWW
of 0.0134 min™', which is lower compared to the K_

value of MO obtained with the same photocatalyst.

3.1.2 Fe-doped TiO,
To investigate the effect of chemical additives used
in different steps of textile chemical processes on the

photocatalytic removal and mineralisation efficiency
of the dye Congo Red (CR), the real textile waste-
water was imitated by adding glucose as a desizing
and reducing agent, sodium carbonate as a scouring
agent, ferric chloride as a colouring agent, magne-
sium sulphate as a printing agent and ammonium
chloride as a finishing agent to the CR solution (Fig-
ure 4) [52]. For this purpose, iron-doped titanium
dioxide nanotubes (Fe-TiO,) were used as the pho-
tocatalyst and the batch experiments were carried
out in the laboratory photoreactor under visible light
irradiation for 180 minutes after the adsorption-de-
sorption equilibrium was reached in the dark. The

Figure 4: Impacts of glucose on dye degradation efficiency of CR (a) and removal efficiency of TOC and COD (b);
impacts of sodium carbonate on degradation efficiency of CR (c) and removal efficiency of TOC and COD (d)
(concentrations: CR = 5 mg/L, Glucose = 500 mg/L Sodium carbonate = 500 mg/L); DIW stands for deionised
water (reprinted with permission from [52]; Copyright 2021, Elsevier)
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results show that the degree of the CR photodegra-
dation increased with the irradiation time and that
the structure of the additives directly affected the
photodegradation efficiency.

For example, the addition of a small amount of
glucose to the CR solution did not hinder the effi-
ciency of the photocatalytic degradation of CR, it
even improved it (Figure 4a). The most reasonable
explanation for this phenomenon was that glucose
acts as a co-substrate that undergoes the oxidation
reaction and thus affects the degradation of CR. It is
believed that glucose acts as a scavenger of the pho-
toinduced holes during the photocatalytic reaction
and prevents the recombination of electron-hole
pairs on the Fe-TiO, nanotubes. At the same time,
the oxidation of glucose by holes did not hinder the
photodegradation of CR, since the main ROS for the
oxidation of CR was *OH, as shown by the results
of the degradation mechanism. In contrast, the ad-
dition of glucose to the CR solution did not posi-
tively affect the removal of TOC and COD, as the
presence of glucose decreased TOC removal by 19%
and COD removal by 50% (Figure 4b).

The presence of sodium carbonate in the CR
solution significantly delayed the photodegradation
of CR, which dropped from 86% to 34% after 180
minutes of irradiation (Figure 4c). The reason for
this phenomenon was attributed to the combination
of the ability of carbonate ions to scavenge *OH and
the competitive adsorption of carbonate ions on the
catalyst surface and blocking of the active sites [52,
80]. The effect of sodium carbonate on TOC and
COD removal efficiency was opposite. While TOC
removal decreased with the addition of sodium car-
bonate, COD removal increased (Figure 4d). The
decrease in the TOC removal efficiency was related
to the lower CR degradation in the presence of sodi-
um carbonate. However, the concomitant increase in
COD removal suggests that sodium carbonate trig-
gered the decomposition of inorganic compounds in
the solution, resulting in a decrease in COD, but not
TOC [52].

3.1.3 ZnO of different morphologies

To investigate the photodegradation efficiency of a
real industrial wastewater from an Egyptian dye fac-
tory under sunlight irradiation, four ZnO samples
of different morphologies and sizes were used for
the experiment, including two ZnO quantum dots
(QD) with the average sizes of 7.1 nm and 9.8 nm,
and two ZnO nanoparticles (Nano) with the average
sizes of 13.5 nm and 34 nm (Figure 5) [81]. Com-
mercial ZnO powder was used as a reference. The
experiments were conducted for 6 hours (from 9 am
to 3 pm) on different study days from May to Octo-
ber 2018, and the solar photocatalytic activity of the
ZnO samples was investigated by determining COD
before and after the degradation experiment.

The results show that the COD values of real
industrial wastewater before the photocatalytic ex-
periments ranged from 4985 mg/L to 6867 mg/L,
regardless of the study date, and that the COD val-
ues decreased in the presence of ZnO samples after
6 hours of irradiation (Figure 5a). It is also evident
that the COD removal increased with the decrease of
the ZnO particle size, indicating the effectiveness of
the size effect of ZnO QDs on the photodegradation
processes. The reusability of ZnO QDs and Nano
ZnO for 8 times in the photodegradation process
of wastewater resulted in a decrease in the photode-
gradation rate, and only the mineralisation efficiency
achieved by ZnO QDs with the particle size of 7.1 nm
stayed below the COD limit after the 8th recycling
process (Figure 5b). It is assumed that the size of the
photocatalyst increases during the recycling process,
which is a consequence of the accumulation of pho-
tocatalysts with repeated use.

Research shows that doping TiO, with metal and
non-metal ions and reducing ZnO particle size sig-
nificantly increase the efficiency of the wastewater
photodegradation process. It is also obvious that the
photocatalytic degradation of wastewater is direct-
ly affected by the chemical additives present. If the
additive jons can scavenge ROS, the photocatalytic

process will be significantly hindered.
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Figure 5: COD limits and situation of real industrial wastewater for six months using ZnO QDs, Nano ZnO and

commercial ZnO during photocatalysis by sunlight (a); COD limits for recycling process of real industrial waste-

water in October 2019 in presence of ZnO NDs and Nano ZnO during photocatalysis by sunlight (b) (reprinted

with permission from [81]; Copyright 2020, Elsevier)

3.2 Photocatalysis in combination with
other chemical, physical and biological
processes

To increase the efficiency of wastewater treatment,
photocatalysis has already been advantageously com-
bined with other chemical, physical and biological
processes. A combination of different processes for
wastewater treatment offers several advantages over
single treatments, as certain process combinations,
their proper integration and optimisation can create
the synergistic effect in their performance that is criti-
cal for efficient, versatile, scalable, cost-effective and

environmentally sound wastewater treatment.

3.2.1 TiO, in combination with H,O, versus
photo-Fenton

To study the photodegradation activity of the dye

Remazol Red (RR) in textile industry wastewater, a

nanosized TiO, photocatalyst was used in combina-

tion with H O, under UV irradiation, and the results

were compared with the photo-Fenton process as

a rapid and cost-effective AOP [20]. The degree of
dye degradation was calculated based on the initial
and final TOC values and presented as TOC removal
(Figure 6).

The results show that the presence of 5 mM H,0O,
increased the photocatalytic activity of TiO, com-
pared with that obtained in the absence of H,O, and
that the photocatalytic activity also increased when
the concentration of TiO, increased from 0.20 g/L
to 0.50 g/L (Figure 6a). This resulted in an RR dye
degradation efficiency of 90% in 210 minutes in the
presence of 0.5 g/L TiO, and 5 mM H,O,. UV irradi-
ation is thought to cause photolysis of H,0,, gener-
ating additional *OH radicals that have a synergistic
effect on the photocatalytic activity of TiO, and con-
sequently on the photodegradation of the RR dye. A
further increase in the TiO, concentration to 1.0 g/L
increased the rate of dye degradation and resulted in
an almost complete degradation (= 98%) in 60 min-
utes. However, a comparison of these results with the
RR dye degradation in the photo-Fenton treatment
revealed that a complete dye degradation (100%)
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Figure 6: Photocatalytic degradation of RR dye with TiO, in presence and absence of H,0, (a); photo-Fenton

treatment of RR dye at Fe** concentration varying H O, concentration (mM) and pH 3.0 (b) (reprinted with

permission from [20]; Copyright 2021, Springer)

was achieved in the experiment with 0.5 mM Fe**
and 5.0 mM H,O, at pH 3 in only 8 minutes (Figure
6b). An economic comparison of the two processes
also shows that the photo-Fenton process is not only

faster, but also less expensive.

3.2.2 Cd-doped ZnO in combination with O,

In another study, photocatalytic ozonation (PCO),
which integrates photocatalysis in the presence of
ozonation, was described as an effective approach for
the degradation of real textile wastewater under UV

irradiation (Figure 7) [18]. For this purpose, ZnO

nanocatalyst doped with cadmium (Cd-ZnO) was
synthesised and used in a photoreactor connected
to an ozone (O,) generator. The operating parame-
ters such as O, dose, pH, and Cd-ZnO amount were
studied to achieve the optimal conditions for PCO,
i.e. O, dose of 0.44 g/h, pH of 7 and 0.2 g/L Cd-ZnO.
The efficiency of the mineralisation of textile waste-
water with PCO (Cd-ZnO/UV/O,) was determined
based on COD determination at different times of
wastewater treatment and compared with that of
separate photocatalysis (Cd-ZnO/UV) and ozona-
tion (O,/UV) processes (Figure 7a).

Figure 7: Mineralisation of textile wastewater with different processes (a); mechanism of Cd-ZnO/UV/O, for
degradation of textile wastewater (b) (reprinted with permission from [18]; Copyright 2019, OIP Publishing)
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The results show that the mineralisation rate ob-
served with Cd-ZnO/UV/O, was by 4.2 times and 3.5
times higher than that of Cd-ZnO/UV and O,/UV,
respectively, indicating a synergistic effect between
O, and Cd-ZnO/UV in PCO. This was due to the
efficient trapping of generated electrons with O,
resulting in the formation of ozonide radical anions
(*O,"). The radicals react rapidly with protons in the
solution to form perhydroxyl radicals (HO,*), which
then contribute to the formation of *OH (Figure 7b).
Due to the more efficient trapping of photogenerated
electrons with O,, a recombination between holes
and electrons is minimised, leading to the formation
of a larger number of *OH, which accelerates the
photocatalytic reaction [82].

3.2.3 Polyethylene glycol capped ZnO in
combination with membrane filtration
Amembranephotocatalyticreactor(MPR) (Figure8a),

which is a hybrid system of photocatalysis process
and membrane filtration system, was used as an
environmentally friendly approach for industri-
al textile wastewater treatment [83]. In MPR, the
photocatalytic degradation of the wastewater was
performed under UV-C irradiation in the photoca-
talytic reactor in the presence of polyethylene glycol
capped ZnO (ZnO-PEG) nanoparticles as the initial
treatment, followed by filtration through the polyp-
iperazine-amide (PPA) tight ultrafiltration mem-
brane (UF-PPA). The photocatalytic efficiency of the
ZnO-PEG nanoparticles was estimated by analysing
the flux decline during membrane filtration, where
the normalised flux was calculated as the ratio be-
tween wastewater flux and pure water flux.

The results show that a photocatalytic degra-
dation of wastewater with ZnO-PEG significant-
ly reduced the pollutants filtered by the UF-PPA
membrane, which prevented pore plugging of the

Figure 8: Schematic diagram of MPR (a) (Legend: a — water chiller, b — overhead stirrer with stand, ¢ — photocata-

Iytic reactor, d — UV lamp, e — feed, f — cooling jacket, g — pump, h, i — pressure gauge, j — flow meter, k — recycle

flow, | — membrane filtration system, m — measuring cylinder); normalised flux of UF-PPA membrane against time
under different pH of industrial wastewater at loading of ZnO-PEG = 0.10 g/L (b); normalised flux of UF-PPA

membrane against time under different loading of ZnO-PEG nanoparticles at pH = 11 (c); reaction conditions:

dilution of wastewater = 75%, pressure = 6 bars (reprinted with permission from [83]; Copyright 2019, Elsevier)
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membrane for its permeability to be maintained and
permeate flux through it sustained. The influence of
the initial wastewater pH and the ZnO-PEG loading
on the process performance was investigated, and
the optimal operating conditions of ZnO-PEG in the
MPR system were determined at pH 11 (Figure 8b),
0.10 g/L ZnO-PEG nanoparticles (Figure 8c), and
75% dilution of the textile wastewater. Under these
conditions, the presence of ZnO-PEG nanoparticles
as a photocatalyst significantly improved the effec-
tiveness of the MPR system, resulting in maximal
photocatalytic degradation efficiency and minimal

membrane fouling.

3.2.4 TiO, and ZnO in combination with
biological system

The coupled photocatalytic and biological process
was applied to the treatment of industrial textile
wastewater, including photocatalytic degradation of
wastewater in the presence of ZnO or TiO, as photo-
catalysts under UV irradiation, followed by an aerobic
bioprocess using sludge microorganisms acclimated
to textile wastewater (Figure 9) [22]. The photocata-
lytic process was performed in the reactor for 2 hours
and the biological test was performed in the incubator

under suitable conditions for 12, 24 and 28 hours.

The results show that the absorption peak of
the wastewater decreased significantly during the
UV-assisted photocatalysis in the presence of TiO,,
resulting in a 44% decolourisation of the wastewa-
ter and that the subsequent bioprocess additionally
contributed to the decolourisation of the waste-
water, resulting in an 88% colour removal after 12
hours and a nearly complete decolourisation of 97%
within 48 hours of biological treatment (Figure 9a).
These results indicate that the combined TiO,/UV
and biological system is suitable for the decolouri-
sation of real textile wastewater. In contrast to TiO,,
photocatalysis with ZnO was much less effective and
caused virtually no changes in the absorption spec-
trum after 2 hours of photocatalysis (Figure 9b). The
lower photocatalytic efficiency of ZnO compared to
TiO, was attributed to the lower surface area of ZnO
particles. The subsequent biological process did not
contribute to the efficiency of the combined process;
hance, only 48% of the colour was removed after 48
hours of treatment. These results demonstrate the
importance of photocatalysis for the decolourisation
efficiency of the combined photocatalytic-biological
process.

Figure 9: Absorption spectra of industrial wastewater before (IW) and after photocatalytic treatment (TiO JUV
and ZnO/UV) and combined photocatalytic-biological treatment (TiO /UV + Bio and ZnO/UV + Bio), inclu-
ding percentage of colour removal after each treatment step; photocatalysis with TiO, (a), and ZnO (b) (reprinted
with permission from [22]; Copyright 2019, John Wiley and Sons
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3.2.5 ZnO/polypyrrole in combination with
biological system

In another proposed coupled photocatalytic-biologi-
cal process, biological treatment of textile wastewater
was conducted as a pretreatment and photocatalysis
as a subsequent process using a ZnO/polypyrrole
(ZnO/PPy) composite [84]. Previously, the bacterial
consortium was collected from the inspection cham-
ber of the factory sewer and enriched for the biologi-
cal treatment, and the optimal amount of ZnO/PPy
photocatalyst and its recyclability were determined
for photocatalysis. In the combined process, real tex-
tile wastewater containing the azo dye Direct Black
22 was pretreated with a bacterial consortium for 96
hours and then photodegraded in the presence of
ZnO/PPy for one hour under UV irradiation (Figure
10a). The time dependence of Direct Black 22 was
observed in both treatments. The results show that
when the two process steps were applied separately,
the biological treatment resulted in 71.3% decolouri-
sation of the dye and 80.0% removal of TOC, while
the photocatalysis resulted in 83.6% decolourisation
of the dye and 88.4% removal of TOC (Figure 10b).
Coupling the two treatment processes resulted in a
much higher decolourisation efficiency of 95.7%,
while the final TOC removal reached remarkable
99.9% (Figure 10b).

The presented combined processes have proved
the importance of their performance for wastewater
treatment. It is obvious that the efficiency of photo-
catalysis is significantly increased in the presence of
oxidants such as H,O, and O,. In fact, the addition
of H,O, was found to have a synergistic effect on the
photocatalytic activity of nanosized TiO,, as H,0,
generates additional *OH radicals under UV irradi-
ation. The synergistic effect between the ZnO-based
nanocomposite and O, was attributed to the efficient
capture of the generated electrons by O,, leading to
the formation of *O,” and HO,¢, which then contrib-
ute to the formation of *OH. In a hybrid system of
photocatalysis and membrane filtration, the initial
photocatalytic treatment of wastewater with ZnO
under UV-C irradiation significantly improved the
efficiency of the ultrafiltration membrane system, re-
sulting in maximum photocatalytic degradation effi-
ciency and minimal membrane fouling. The coupled
photocatalytic and biological processes also proved
to be promising treatment methods, with photo-
catalysis performed as a pretreatment or as a sub-
sequent process. The coupling of the two processes
resulted in significantly higher decolourisation effi-
ciency and TOC removal compared to the processes
performed separately.

Figure 10: Sequential biological treatment and photocatalysis of real textile wastewater containing azo dye Direct

Black 22 (a); decolorisation and TOC removal efficiencies of individual steps of separately applied treatments
and coupled treatment (b); DB22 stands for Direct Black 22, BT stands for biological treatment, PC stands for
photocatalytic treatment (reprinted with permission from [84]; Copyright 2020, Elsevier)
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4 Conclusion

The treatment of real textile wastewater to remove
synthetic dyes prior to disposal to the municipal
wastewater treatment plant or the environment re-
mains a major challenge. Various physical, chemical
and biological processes have been used for this pur-
pose, among which photocatalysis has already estab-
lished itself as one of the most challenging ones.

Both TiO,- and ZnO-based photocatalysis have
unique advantages that make them an important
AOP for textile wastewater treatment. One of the
key advantages is environmental sustainability, as
TiO, and ZnO are recognised as biocompatible,
non-toxic, and chemically inert nanomaterials on
the one hand, and the ability of photocatalysis to
degrade the pollutants to water and carbon dioxide
without hazardous by-products on the other hand.
It should be emphasised that photocatalysis can
be used in a variety of environmental remediation
processes to convert toxic pollutants into harmless
products, which would not be possible with conven-
tional wastewater treatment processes. However, in
addition to the advantages, there are also some lim-
itations of photocatalysis. One of them is its narrow
spectral response, mostly in the UV range, which
limits its ability to utilise a broader spectrum of sun-
light. In addition, the introduction of photocatalysis
for large-scale applications is still a challenging re-
search topic as it is usually studied under ideal lab-
oratory conditions. To improve the applicability of
photosynthesis in real-world scenarios and to ensure
the long-term stability of the photocatalysis system,
further research and development efforts are needed
for a careful construction and design of large-scale
photocatalytic reactors.

In addition to single photocatalytic processes,
combined processes in which photocatalysis is cou-
pled with other chemical, physical and biological
processes have attracted a considerable interest due
to their synergistic effects in wastewater treatment.
Photocatalysis has been successfully performed in
the presence of other oxidants such as H O, and O,,

and in combination with ultrafiltration and biologi-

cal processes. In these studies, a proper system design
and determination of optimal treatment parameters
are of great importance to take advantage of each
process and maximise treatment performance. The
complementation of the coupled processes and the
creation of a synergistic effect resulted in more effi-
cient comprehensive and diverse pollutant removal
compared to a single wastewater treatment. When
photocatalysis is coupled with membrane filtration
as pretreatment, fouling can be reduced, which
improves and stabilises filtration performance. By
combining photocatalysis as a pretreatment with a
biological process, organic load is reduced, which

lowers energy consumption and operational costs.

Acknowledgments

The research was conducted as part of the course En-
vironmental Aspects in Textiles and Graphics within
the doctoral study programme Textile Engineering,
Graphic Communication and Textile Design at the
University of Ljubljana, Faculty of Natural Science
and Engineering, Department of Textiles, Graphic
Arts and Design. The authors sincerely thank the pro-
gramme coordinator Prof. Dr. Petra Forte Tavier for
her constructive comments and guidance during the
research work.

Funding

This research was funded by the Slovenian Research
Agency, Slovenia (Programme P2-0213 Textiles and
Ecology, Infrastructural Centre RIC UL-NTE, and a
grant for the doctoral student D.G.).

References

1. KANT, R. Textile dyeing industry an environ-
mental hazard. Natural Science, 2012, 4(1), 22—
26, doi: 10.4236/ns.2012.41004.

2. DIHOM, H.R., AL-SHAIBANI, M.M., RADIN
MOHAMED, R.M.S., AL-GHEETHI, A.A,
SHARMA, A., BIN KHAMIDUN, M.H. Pho-
tocatalytic degradation of disperse azo dyes

in textile wastewater using green zinc oxide



TiO, and ZnO as Advanced Photocatalysts for Effective Dye Degradation in Textile Wastewater

nanoparticles synthesized in plant extract: a crit-
ical review. Journal of Water Process Engineering,
2022,47,1-12, doi: 10.1016/j.jwpe.2022.102705.
NUR, A.S.M., SULTANA, M., MONDAL, A,
ISLAM, S., ROBEL, EN., ISLAM, A., SUMI,
MST.S.A. A review on the development of ele-
mental and codoped TiO, photocatalysts for en-
hanced dye degradation under UV-Vis irradia-
tion. Journal of Water Process Engineering, 2022,
47,1-17, doi: 10.1016/j.jwpe.2022.102728.
AL-TOHAMY, R., ALL S.S,, LI, E, OKASHA,
K.M., MAHMOUD, Y.A.G.,, ELSAMAHY, T,
JIAO, H., FU, Y., SUN, J. A critical review on
the treatment of dye-containing wastewater:
ecotoxicological and health concerns of textile
dyes and possible remediation approaches for
environmental safety. Ecotoxicol and Environ-
mental Safety, 2022, 231, 1-17, doi: 10.1016/j.
ecoenv.2021.113160.

DHRUYV PATEL, D., BHATT, S. Environmental
pollution, toxicity profile, and physico-chemical
and biotechnological approaches for treatment
of textile wastewater. Biotechnology and Genetic
Engineering Reviews, 2022, 38(1), 33-86, doi:
10.1080/02648725.2022.2048434.

WANG, X, JIANG, J., GAO, W. Reviewing tex-

tile wastewater produced by industries: charac-

teristics, environmental impacts, and treatment
strategies. Water Science & Technology, 2022,
85(7), 2076-2096, doi: 10.2166/wst.2022.088.

VANDEVIVERE, P.C., BIANCHI, R., VER-
STRAETE, W. Review: Treatment and reuse of

wastewater from the textile wet-processing in-

dustry: review of emerging technologies. Journal
of Chemical Technology & Biotechnology, 1998,
72(4), 289-302, doi: 10.1002/(SICI)1097-4660(1
99808)72:4<289::AID-JCTB905>3.0.CO;2-%23.
SARATALE, R.G., SARATALE, G.D., KALYANI,
D.C., CHANG, J.S., GOVINDWAR, S.P. Enhan-
ced decolorization and biodegradation of textile
azo dye Scarlet R by using developed microbial
consortium-GR. Bioresour Technol, 2009, 100(9),
2493-2500, doi: 10.1016/j.biortech.2008.12.013.

10.

11.

12.

13.

14.

15.

16.

193

SELVARAJ, V.,, SWARNA KARTHIKA, T., MAN-
SIYA, C., ALAGAR, M. An over review on re-
cently developed techniques, mechanisms and
intermediate involved in the advanced azo dye
degradation for industrial applications. Journal
of Molecular Structure, 2021, 1224, 1-15, doi:
10.1016/j.molstruc.2020.129195.

HOLKAR, C.R., JADHAYV, A ], PINJARI, D. V,,
MAHAMUNI, N.M., PANDIT, A.B. A critical
review on textile wastewater treatments: pos-
sible approaches. Journal of Environmental Ma-
nagement, 2016, 182, 351-366, doi: 10.1016/j.
jenvman.2016.07.090.

BHATIA, D., SHARMA, N.R, SINGH, ],
KANWAR, R.S. Biological methods for tex-
tile dye removal from wastewater: a review.
Critical Reviews in Environmental Science and
Technology, 2017, 47(19), 1836-1876, doi:
10.1080/10643389.2017.1393263.

YASEEN, D.A., SCHOLZ, M. Textile dye was-
tewater characteristics and constituents of
synthetic effluents: a critical review. Interna-
tional Journal of Environmental Science and
Technology, 2019, 16, 1193-1226, doi: 10.1007/
s13762-018-2130-z.

vevy

vod. Celje : Fit media, 2015, 87-107.

HUANG, X., BO, X.,, ZHAO, Y., GAO, B,
WANG, Y, SUN, S, YUE, Q. LI, Q. Effects of
compound bioflocculant on coagulation per-
formance and floc properties for dye removal.
Bioresource Technology, 2014, 165, 116-121, doi:
10.1016/j.biortech.2014.02.125.

BRILLAS, E., MARTINEZ-HUITLE, C.A. De-
contamination of wastewaters containing synthe-
tic organic dyes by electrochemical methods. An
updated review. Applied Catalysis B: Enviton-
mental, 2015, 166-167, 603-643, doi: 10.1016/j.
apcatb.2014.11.016.

LIU, H., WANG, C., WANG, G. Photocata-
lytic advanced oxidation processes for water
treatment: Recent advances and perspective.
Chemistry - An Asian Journal, 2020, 15(20),
3239-3253, doi: 10.1002/asia.202000895.



https://doi.org/10.1016/j.ecoenv.2021.113160
https://doi.org/10.1016/j.ecoenv.2021.113160
http://dx.doi.org/10.1080/02648725.2022.2048434
http://dx.doi.org/10.2166/wst.2022.088
http://dx.doi.org/10.1007/s13762-018-2130-z
http://dx.doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1016/j.apcatb.2014.11.016
https://doi.org/10.1016/j.apcatb.2014.11.016
http://dx.doi.org/10.1002/asia.202000895

194

17.

18.

19.

20.

21.

22.

23.

24.

Tekstilec, 2023, Vol. 66(3), 178-198

HASSAAN, M.A., EL NEMR, A. Advanced
oxidation processes for textile wastewater tre-
atment. International Journal of Photochemis-
try and Photobiology, 2017, 2(3), 85-93, doi:
10.11648/j.ijpp.20170203.13.

PANDIAN, L., RAJASEKARAN, R., GOVIN-
DAN, P. Synergistic effect of ozone on cadmium
doped zinc oxide nanocatalyst for the degrada-
tion of textile dyeing wastewater. Materials Re-
search Express, 2019, 6, 1-8, doi: 10.1088/2053-
1591/ab1da6.

XU, M., WU, C,, ZHOU, Y. Advancements in
the Fenton process for wastewater treatment.
In Advanced Oxidation Processes. Edited by C.
Bustillo-Lecompte. Rijeka : IntechOpen, 2020,
p. 1-17. doi: 10.5772/intechopen.90256.

PIPIL, H., YADAYV, S., CHAWLA, H., TANE-
JA, S., VERMA, M., SINGLA, N., HARITASH,

A.K. Comparison of TiO, catalysis and Fenton's

treatment for rapid degradation of Remazol Red
dye in textile industry effluent. Rendiconti Lin-
cei. Scienze Fisiche e Naturali, 2022, 33, 105-114,
doi: 10.1007/s12210-021-01040-x.

LL S., ZHANG, C,, LI, E, HUA, T,, ZHOU, Q,,
HO, S.-H. Technologies towards antibiotic resis-
tance genes (ARGs) removal from aquatic envi-
ronment: A critical review. Journal of Hazard-
ous Materials, 2021, 411, 1-13, doi: 10.1016/j.
jhazmat.2021.125148.

DA SILVA, L.S., GONCALVES, M.M.M., RAD-
DI DE ARAUJO, L.R. Combined photocatalyt-
ic and biological process for textile wastewater
treatments. Water Environment Research, 2019,
91(11), 1490-1497, doi: 10.1002/wer.1143.
KAYA, $., ASCL Y. Evaluation of color and COD
removal by Fenton and photo-Fenton processes
from industrial paper wastewater. Journal of the
Institute of Science and Technology, 2019, 9(3),
1539-1550, doi: 10.21597/jist.507181.
MACHULEK, A., QUINA, E, GOZZI, E, SIL-
VA, V,, FRIEDRICH, L., MORAES, J. Funda-
mental mechanistic studies of the photo-Fenton

reaction for the degradation of organic pollut-

25.

26.

27.

28.

29.

30.

31.

32.

ants. In Organic Pollutants Ten Years After the
Stockholm Convention - Environmental and An-
alytical Update. Edited by T. Puzyn, A. Mostrag.
IntechOpen, 2012, 271-292, doi:
10.5772/30995.

GUO, R., WANG, ], BI, Z. XU, CHEN, X,, HU,
X., PAN, W. Recent advances and perspectives

London :

of g-C,N,-based materials for photocatalyt-
ic dyes degradation. Chemosphere, 2022, 295,
1-17, doi: 10.1016/j.chemosphere.2022.133834.
WANG, L., ZHAO, J,, LIU, H., HUANG, ]. De-
sign, modification and application of semicon-
ductor photocatalysts. Journal of the Taiwan In-
stitute of Chemical Engineers, 2018, 93, 590-602,
doi: 10.1016/j.jtice.2018.09.004.

CARP, O., HUISMAN, C.L., RELLER, A. Pho-
toinduced reactivity of titanium dioxide. Progress
in Solid State Chemistry, 2004, 32(1-2), 33-177,
doi: 10.1016/j.progsolidstchem.2004.08.001.
SCHNEIDER, ], MATSUOKA, M., TAKEU-
CHI, M., ZHANG, J., HORIUCH], Y., ANPO,
M., BAHNEMANN, D.W. Understanding TiO,
photocatalysis:
Chemical Reviews, 2014, 114(19), 9919-9986,
doi: 10.1021/cr5001892.

NAM, Y., LIM, J.H., KO, K.C., LEE, ].Y. Photo-

catalytic activity of TiO, nanoparticles: a theo-

mechanisms and materials.

retical aspect. Journal of Materials Chemistry A,
2019, 7, 13833-13859, doi: 10.1039/c9ta03385h.
KOE, WS., LEE, J.W,, CHONG, W.C., PANG,
Y.L, SIM, L.C. An overview of photocatalytic
degradation: photocatalysts, mechanisms, and
development of photocatalytic membrane. Envi-
ronmental Science and Pollution Research, 2020,
27,2522-2565, doi: 10.1007/s11356-019-07193-5.
RASHID, M.M., SIMONCIC, B., TOMSIC, B.
Recent advances in TiO,-functionalized textile
surfaces. Surfaces and Interfaces, 2021, 22, 1-33,
doi: 10.1016/j.surfin.2020.100890.

VERBIC, A., GORJANC, M., SIMONCIC, B.
Zinc oxide for functional textile coatings: re-
cent advances. Coatings, 2019, 9(9), 1-26, doi:
10.3390/coatings9090550.


http://dx.doi.org/10.5772/intechopen.90256

33.

34.

35.

36.

37.

38.

39.

TiO, and ZnO as Advanced Photocatalysts for Effective Dye Degradation in Textile Wastewater

FU, ], CHEN, Z., WANG, M,, LIU, S., ZHANG,
J., ZHANG, ]., HAN, R., XU, Q. Adsorption of
methylene blue by a high-efficiency adsorbent
(polydopamine microspheres): kinetics, iso-
therm, thermodynamics and mechanism anal-
ysis. Chemical Engineering Journal, 2015, 259,
53-61, doi: 10.1016/j.cej.2014.07.101.
GHAFOOR, S., INAYAT, A., AFTAB, E, DU-
RAN, H., KIRCHHOFE K., WASEEM, S,
ARSHAD, S.N. TiO, nanofibers embedded
with g-C,N, nanosheets and decorated with
Ag nanoparticles as Z-scheme photocata-
lysts for environmental remediation. ] Environ
Chem Eng, 2019, 7(6), 1-10, doi: 10.1016/].
jece.2019.103452.

LIU, Y, REN, M., ZHANG, X,, YANG, G., QIN,
L., MENG, J., GUO, Y. Supramolecule self-as-
sembly approach to direct Z-scheme TiO,/g-
C,N, heterojunctions for efficient photocatalytic
degradation of emerging phenolic pollutants.
Applied Surface Science, 2022, 593, 1-15, doi:
10.1016/j.apsusc.2022.153401.

ISARI, A.A.,, PAYAN, A., FATTAHI, M., JORFI,
S., KAKAVANDI, B. Photocatalytic degradation
of rhodamine B and real textile wastewater using
Fe-doped TiO, anchored on reduced graphene
oxide (Fe-TiO,/rGO): characterization and fea-
sibility, mechanism and pathway studies. Ap-
plied Surface Science, 2018, 462, 549-564, doi:
10.1016/j.apsusc.2018.08.133.

YE, Z., KONG, L., CHEN, E, CHEN, Z,, LIN, Y.,
LIU, C. A comparative study of photocatalytic
activity of ZnS photocatalyst for degradation of
various dyes. Optik (Stuttg), 2018, 164, 345-354,
doi: 10.1016/j.ijle0.2018.03.030.

SHEN, R,, JIANG, C,, XIANG, Q., XIE, J., LL, X.
Surface and interface engineering of hierarchi-
cal photocatalysts. Applied Surface Science, 2019,
471, 43-87, doi: 10.1016/j.apsusc.2018.11.205.
ETACHERI, V,, DI VALENTIN, C., SCHNEI-
DER, J., BAHNEMANN, D,, PILLAL S.C. Vis-
ible-light activation of TiO, photocatalysts:

Advances in theory and experiments. Journal of

40.

41.

42.

43.

44,

45.

46.

195

Photochemistry and Photobiology C: Photochem-
istry Reviews, 2015, 25, 1-29, doi: 10.1016/].
jphotochemrev.2015.08.003.

KUMAR, S.G., RAO, K.S.R.K. Comparison
of modification strategies towards enhanced
charge carrier separation and photocatalytic
degradation activity of metal oxide semicon-
ductors (TiO, , WO, and ZnO). Applied Surface
Science, 2017, 391, 124-148, doi: 10.1016/j.ap-
susc.2016.07.081.

CHANG, S-MIN, LIU, W-SZU. The roles of sur-
face-doped metal ions (V, Mn, Fe, Cu, Ce, and
W) in the interfacial behavior of TiO, photocat-
alysts. Appl Catal B, 2014, 156-157, 466-475,
doi: 10.1016/j.apcatb.2014.03.044.

BLOH, J.Z., DILLERT, R.,, BAHNEMANN, D.W.
Designing optimal metal-doped photocatalysts:
Correlation between photocatalytic activity,
doping ratio, and particle size. Journal of Phys-
ical Chemistry C, 2012, 116(48), 25558-25562,
doi: 10.1021/jp307313z.

KHAN, M.R., CHUAN, T.W, YOUSUE A,
CHOWDHURY, M.N.K., CHENG, C.K. Schott-
ky barrier and surface plasmonic resonance
phenomena towards the photocatalytic reaction:
study of their mechanisms to enhance photocat-
alytic activity. Catalysis Science & Technology,
2015, 5, 2522-2531, doi: 10.1039/C4CY01545B.
XU, Q, ZHANG, L. YU, J, WAGEH, S,
AL-GHAMDI, A.A., JARONIEC, M. Direct
Z-scheme photocatalysts: principles, synthesis,
and applications. Materials Today, 2018, 21(10),
1042-1063, doi: 10.1016/j.mattod.2018.04.008.
SIRIRERKRATANA, K., KEMACHEEVAKUL,
P, CHUANGCHOTE, S. Color removal from
wastewater by photocatalytic process using ti-
tanium dioxide-coated glass, ceramic tile, and
stainless steel sheets. Journal of Cleaner Produc-
tion, 2019, 215, 123-130, doi: 10.1016/j.jcle-
pro.2019.01.037.

SHI, X., ZHANG, Y, LIU, X,, JIN, H,, LV, H,,
HE, S.,HAO, H., L1, C. A mild in-situ method to

construct Fe-doped cauliflower-like rutile TiO,



196

47.

48.

49.

50.

51.

52.

Tekstilec, 2023, Vol. 66(3), 178-198

photocatalysts for degradation of organic dye
in wastewater. Catalysts, 2019, 9(5), 1-17, doi:
10.3390/catal9050426.

RAJAGOPAL, S., PARAMASIVAM, B., MU-
NIYASAMY, K. Photocatalytic removal of cat-
ionic and anionic dyes in the textile wastewa-
ter by H,O, assisted TiO, and micro-cellulose
composites. Separation and Purification Tech-
nology, 2020, 252, 1-11, doi: 10.1016/j.sep-
pur.2020.117444.

NEZHADALI, A., SHAPOURI, M.R.,, AMO-
LI-DIVA, M. Laser and solar light-induced
degradation of pollutant dyes using bi-plas-
monic Ag-Au nanoparticles-decorated magnet-
ic TiO, for textile wastewater treatment. Jour-
nal of Nanostructures, 2022, 12(1), 45-61, doi:
10.22052/JNS.2022.01.006.

HELMY, E.T., NEMR, A. EL, ARAFA, E,, EL-
DAFRAWY, S., MOUSA, M. Photocatalytic
degradation of textile dyeing wastewater under
visible light irradiation using green synthesized
mesoporous non-metal-doped TiO,. Bulletin of
Materials Science, 2021, 44, 1-11, doi: 10.1007/
$12034-020-02322-0.

CRUZ, D. ORTIZ-OLIVEROS, H.B,
FLORES-ESPINOSA, R.M., AVILA PEREZ, P,
RUIZ-LOPEZ, LI, QUIROZ-ESTRADA, K.E.
Synthesis of Ag/TiO, composites by combus-
tion modified and subsequent use in the pho-
tocatalytic degradation of dyes. J King Saud
Univ Sci, 2022, 34(4), 1-8, doi: 10.1016/j.jk-
sus.2022.101966.

SHAFIQUE, M., MAHR, M.S., YASEEN, M,,
BHATTI, H.N. CQD/TiO, nanocomposite pho-
tocatalyst for efficient visible light-driven purifi-
cation of wastewater containing methyl orange
dye. Materials Chemistry and Physics, 2022, 278,
1-14, doi: 10.1016/j.matchemphys.2021.125583.
ZAFAR, Z., FATIMA, R., KIM, J.-O. Experi-
mental studies on water matrix and influence
of textile effluents on photocatalytic degra-
dation of organic wastewater using Fe-TiO,

nanotubes: Towards commercial application.

53.

54.

55.

56.

57.

58.

Environmental Research, 2021, 197, 1-10, doi:
10.1016/j.envres.2021.111120.

PONCE, J., PENA, ], ROMAN, J., PASTOR,
J.M. Recyclable
based on natural hydrogels for dye degrada-

photocatalytic composites
tion in wastewaters. Separation and Purification
Technology, 2022, 299, 1-10, doi: 10.1016/j.sep-
pur.2022.121759.

AHMAD, M.N., MASOOD UL HASSAN, M.,
NAWAZ, E, ANJUM, M.N,, IQBAL, S.Z., HUS-
SAIN, T., MUJAHID, A., FARID, M.E. Synthesis
and characterization of poly(o-chloroaniline)/
TiO, nanocomposites for photocatalytic degra-
dation of direct yellow 50 dye in textile waste-
water. Global NEST Journal, 2022, 24(1), 53-58,
doi: 10.30955/gnj.004205.

MIN, K.S., MANIVANNAN, R., SON, Y.-A.
Porphyrin dye/TiO, imbedded PET to improve
visible-light photocatalytic activity and organo-
silicon attachment to enrich hydrophobicity to
attain an efficient self-cleaning material. Dyes
and Pigments, 2019, 162, 8-17, doi: 10.1016/].
dyepig.2018.10.014.

ZHOU, S., XIA, L., ZHANG, K,, FU, Z., WANG,
Y., ZHANG, Q., ZHAIL L., MAQ, Y., XU, W. Tita-
nium dioxide decorated natural cellulosic juncus
effusus fiber for highly efficient photodegrada-
tion towards dyes. Carbohydrate Polymers, 2020,
232, 1-9, doi: 10.1016/j.carbpol.2020.115830.
CHANDAN, M.R., GOYAL, S., RIZWAN, M,,
IMRAN, M., SHAIK, A.H. Removal of textile
dye from synthetic wastewater using micropo-
rous polymer nanocomposite. Bulletin of Ma-
terials Science, 2021, 44, 1-11, doi: 10.1007/
s12034-021-02559-3.

MESGARI, Z., GHARAGOZLOU, M., KHO-
SRAVT, A., GHARANTJIG, K. SYNTHESIS. Cha-
racterization and evaluation of efficiency of new
hybrid Pc/Fe-TiO, nanocomposite as photoca-
talyst for decolorization of methyl orange using
visible light irradiation. Applied Catalysis A: Ge-
neral, 2012, 411-412, 139-145, doi: 10.1016/j.
apcata.2011.10.031.



59.

60.

61.

62.

63.

64.

65.

66.

TiO, and ZnO as Advanced Photocatalysts for Effective Dye Degradation in Textile Wastewater

AKPAN, U.G., HAMEED, B.H. Parameters af-
fecting the photocatalytic degradation of dyes
using TiO,-based photocatalysts: A review.
Journal of Hazardous Materials, 2009, 170(2-3),
520-529, doi: 10.1016/j.jhazmat.2009.05.039.
KHATAEE, A.R., KASIRI, M.B. Photocatalytic
degradation of organic dyes in the presence of
nanostructured titanium dioxide: Influence of
the chemical structure of dyes. Journal of Mo-
lecular Catalysis A: Chemical, 2010, 328(1-2),
8-26, doi: 10.1016/j.molcata.2010.05.023.
MAHLAULE-GLORY, L.M., HINTSHO-MBI-
TA, N.C. Green derived zinc oxide (ZnO) for
the degradation of dyes from wastewater and
their antimicrobial activity: a review. Catalysts,
2022, 12(8), 1-25, doi: 10.3390/catal12080833.
TANWAR, N., DHIMAN, V,, KUMAR, S,
KONDAL, N. Plant extract mediated ZnO-NPs
as photocatalyst for dye degradation: an over-
view. Materials Today: Proceedings, 2022, 48(5),
1401-1406, doi: 10.1016/j.matpr.2021.09.186.
AL-BURIAHI, AK. AL-GHEETHI, A.A,
SENTHIL KUMAR, P, RADIN MOHAMED,
R.M.S., YUSOE H., ALSHALIF, A.E, KHALIFA,
N.A. Elimination of rhodamine B from textile
wastewater using nanoparticle photocatalysts: a
review for sustainable approaches. Chemosphe-
re, 2022, 287, 1-14, doi: 10.1016/j.chemosphe-
re.2021.132162.

RAHMAN, A., HARUNSANI, M.H., TAN,
AL, KHAN, M.M. Zinc oxide and zinc oxi-
de-based nanostructures: Biogenic and phy-
togenic synthesis, properties and applications.
Bioprocess and Biosystems Engineering, 2021, 44,
1333-1372, doi: 10.1007/s00449-021-02530-w.
SAENZ-TREVIZO, A., AMEZAGA-MADRID,
P, PIZA-RUIZ, P, ANTUNEZ-FLORES, W., MI-
KI-YOSHIDA, M. Optical band gap estimation
of ZnO nanorods. Materials Research, 2016, 19,
33-38, doi: 10.1590/1980-5373-MR-2015-0612.
TALESHI, E The effect of carbon nanotube on
band gap energy of TiO, nanoparticles. Journal
of Applied Spectroscopy, 2015, 82, 303-306, doi:

67.

68.

69.

70.

71.

72.

73.

197

10.1007/s10812-015-0102-3.

PARK, H., PARK, Y., KIM, W,, CHOI, W. Sur-
face modification of TiO, photocatalyst for
environmental applications. Journal of Photo-
chemistry and Photobiology, C: Photochemistry
Reviews, 2013, 15, 1-20, doi: 10.1016/j.jphoto-
chemrev.2012.10.001.

KURNIAWAN, T.A., MENGTING, Z., FU,
D., YEAP, SK., OTHMAN, M.H.D., AVTAR,
R., OUYANG, T. Functionalizing TiO, with
graphene oxide for enhancing photocatalytic
degradation of methylene blue (MB) in con-
taminated wastewater. Journal of Environmental
Management, 2020, 270, 1-8, doi: 10.1016/j.jen-
vman.2020.110871.

POOLWONG, J., KIATBOONYARIT, T., ACHI-
WAWANICH, S., BUTBUREE, T., KHEM-
THONG, P, KITYAKARN, S. Three-dimen-
sional hierarchical porous TiO, for enhanced
adsorption and photocatalytic degradation of
Remazol dye. Nanomaterials, 2021, 11(7), 1-11,
doi: 10.3390/nano11071715.

KABIR, R., SAIFULLAH, MD.A K., AHMED,
A.Z., MASUM, S.MD., MOLLA, MD.A.L Syn-
thesis of N-doped ZnO nanocomposites for
sunlight photocatalytic degradation of textile
dye pollutants. Journal of Composites Science,
2020, 4(2), 1-10, doi: 10.3390/jcs4020049.
BOUTRA, B., SEBTI, A., TRARI, M. Photo-
catalytic treatment of synthetic and real textile
wastewater using zinc oxide under the action of
sunlight. Theoretical and Experimental Chem-
istry, 2021, 57, 226-236, doi: 10.1007/s11237-
021-09692-4.

ELBADAWY, H.A, SADIK, W.A. ELHUS-
SEINY, A.E, HUSSEIN, S.M. Design of eco-
nomic photocatalytic system with low energy
consumption, and high quantum yield, for the
degradation of Acid Red 37 textile dye. Process
Safety and Environmental Protection, 2021, 148,
1191-1206, doi: 10.1016/j.psep.2021.02.036.
FAZIL, A.A., NARAYANAN, S., BEGUM, M.S,,
MANIKANDAN, G., YUVASHREE, M. Green



198

74.

75.

76.

77.

78.

79.

Tekstilec, 2023, Vol. 66(3), 178-198

synthesis strategy for producing doped and un-
doped ZnO nanoparticles: Their photocatalytic
studies for industrial dye degradation. Water
Science and Technology, 2021, 84(10-11), 2958-
2967, doi: 10.2166/wst.2021.308.

YASHNI, G., AL-GHEETHI, A. RADIN
MOHAMED, R.M.S., DAI-VIET, N.V,, AL-
KAHTANI, A.A., AL-SAHARI, M., NOR
HAZHAR, N.J,, NOMAN, E., ALKHADHER,
S. Bio-inspired ZnO NPs synthesized from Cit-
rus Sinensis peels extract for Congo red remov-
al from textile wastewater via photocatalysis:
Optimization, mechanisms, techno-economic
analysis. Chemosphere, 2021, 281, 1-12, doi:
10.1016/j.chemosphere.2021.130661.
SHARMA, M., SONDHI, H., KRISHNA, R.,
SANJEEV KUMAR, S., RAJPUT, P, NIGAM,
S., JOSHI, M. Assessment of GO/ZnO nano-
composite for solar-assisted photocatalytic deg-
radation of industrial dye and textile effluent.
Environmental Science and Pollution Research,
2020, 27, 32076-32087, doi: 10.1007/s11356-
020-08849-3.

ABDEL-WAHED, M.S., ABDEL-KARIM, A,
MARGHA, EH., GAD-ALLAH, T.A. UV sensi-
tive ZnO and TiO,-ZnO nanocrystalline trans-
parent glass-ceramic materials for photocatalyt-
ic decontamination of surface water and textile
industry wastewater. Environmental Progress
& Sustainable Energy, 2021, 40(5), 1-11, doi:
10.1002/ep.13653.

JUAY, ], YANG, J.C.E, BAI, H., SUN, D.D.
Novel ultralong and photoactive Bi,Ti,O, /TiO,
heterojunction nanofibers toward efficient tex-
tile wastewater treatment. RSC Advances, 2022,
12(39), 25449-25456, doi: 10.1039/d2ra02181a.
PAZDZIOR, K., BILINSKA, L. Microscopic
analysis of activated sludge in industrial tex-
tile wastewater treatment plant. Autex Research
Journal, 2022, 22(3), 358-364, doi: 10.2478/aut-
2020-0050.

ANCY, K, BINDHU, M.R, BAIL JS., GA-
TASHEH, M.K.,, HATAMLEH, A.A., ILAVE-

80.

81.

82.

83.

84.

NIL, S. Photocatalytic degradation of organic
synthetic dyes and textile dyeing waste water by
Al and F co-doped TiO, nanoparticles. Environ-
mental Research, 2022, 206, 1-9, doi: 10.1016/j.
envres.2021.112492.

WANG, Y, LU, K., FENG, C. Influence of in-
organic anions and organic additives on pho-
tocatalytic degradation of methyl orange with
supported polyoxometalates as photocatalyst.
Journal of Rare Earths, 2013, 31(4), 360-365,
doi: 10.1016/51002-0721(12)60286-5.
MOHAMED, W.A.A, IBRAHEM, LA, EL-
SAYED, A.M., GALAL, H.R., HANDAL, H,,
MOUSA, H.A., LABIB, A.A. Zinc oxide quan-
tum dots for textile dyes and real industrial
wastewater treatment: Solar photocatalytic
activity, photoluminescence properties and
recycling process. Advanced Powder Technol-
ogy, 2020, 31(6), 2555-2565, doi: 10.1016/j.
apt.2020.04.017.

AGUSTINA, TE., ANG, H.M., VAREEK, VK.
A review of synergistic effect of photocatalysis
and ozonation on wastewater treatment. Jour-
nal of Photochemistry and Photobiology C: Pho-
tochemistry Reviews, 2005, 6(4), 264-273, doi:
10.1016/j.jphotochemrev.2005.12.003.

DESA, A.L, HAIROM, N.H.H., NG, L.Y,, NG,
CY., AHMAD, M.K.,, MOHAMMAD, AW.
Industrial textile wastewater treatment via
membrane photocatalytic reactor (mpr) in
the presence of ZnO-PEG nanoparticles and
tight ultrafiltration. Journal of Water Process
Engineering, 2019, 31, 1-11, doi: 10.1016/j.
jwpe.2019.100872.

CERETTA, M.B., VIEIRA, Y., WOLSKI, E.A,,
FOLETTO, E.L., SILVESTRI, S. Biological deg-
radation coupled to photocatalysis by ZnO/
polypyrrole composite for the treatment of
real textile wastewater. Journal of Water Pro-
cess Engineering, 2020, 35, doi: 10.1016/j.
jwpe.2020.101230.



Tekstilec, 2023, Vol. 66(3), 199-210 | DOI: 10.14502/tekstilec.66.2023028 199

S. Natarajan, V. Ramesh Babu, S. Ariharasudhan, P Chandrasekaran, S. Sundaresan
Kumaraguru College of Technology, Department of Textile Technology,
Coimbatore, 641049, India

Investigating the Effect of Knot Configuration and Suture
Diameter on the Knot Performance of Silk Sutures
Raziskava vpliva konfiguracije vozla in premera siva na
ucinkovitost svilenih Sivov

Original scientific article/Izvirni znanstveni ¢lanek
Received/Prispelo 10-2022 « Accepted/Sprejeto 7-2023

Corresponding author/Koresponden¢ni avtor:
Assist Prof S. Natarajan

E-mail: natarajan.s.txt@kct.ac.in

Phone: +91 98435 23479

ORCID: 0000-0002-8759-3704

Abstract

Knot configurations serve as the foundation for postoperative tissue repair. Loosening surgical knots during
or after tying might lead to an unsuccessful suture and compromise the outcome. This investigation was car-
ried out to study the mechanical properties of knotted silk sutures that are made from braided structures with
three different diameters. A maximum tensile strength (33.24 N) and minimum breaking elongation (15%) of
dry suture, maximum tensile strength (22.6 N) and minimum breaking elongation (13.6%) of wet suture were
achieved with five throws and a diameter of 0.3 mm with surgeon’s square knot.

Keywords: knot configurations, tensile strength

Izvlecek

Konfiguracije vozlov so osnova za pooperativno obnovo tkiva. Razrahljanje kirurskih vozlov med zavezovanjem
ali po njem lahko privede do neuspesnega Sivanja in ogrozi izid. Raziskava je bila izvedena z namenom prouciti
mehanske lastnosti vozlastih svilenih sSivov, izdelanih iz pletenih struktur treh razlicnih premerov. Najvisja natezna
trdnost 33,24 N in najniZji pretrZni raztezek 15 odstotkov v suhem ter natezna trdnost 22,6 N in najniZji pretrzni razte-
zek 13,6 odstotka v mokrem so bili dosezeni z uporabo kirurskega kvadratnega vozla s petimi zavozljaji in premerom
siva 0,302 mm.

Kljucne besede: oblike vozlov, natezna trdnost

1 Introduction resents a large amount of material in the body that
could cause discomfort [1].

The mechanical property of a suture, such as its Suture security is the ability of a knot to uphold

tensile and knot strength, is often correlated to its  tissue approximation during recovery without slip-

success. Sutures require knotting in order to achieve ~ page, unravelling and breaking. When a suture loop

optimal tissue closure strength. The knot also rep-  that surrounds an artery is dislodged, bleeding can



200 Tekstilec, 2023, Vol. 66(3), 199-210

occur. To reduce suture slippage, more throws can
be introduced. However, these additional throws are
more time-consuming, which increases the duration
of an operative procedure. Additional throws also
reduce the resistance of a wound to infection. Thus,
surgeons prefer to make a secure knot with the few-
est number of throws. It is important for a surgeon
to understand available quantitative information re-
lated to the performance of a surgical suture during
wound closure [2, 3].

Brent [4] studied the effect of suture type and size
on knot performance and concluded that the type
of knot used in wound closure affects knot security.
Sutures size also plays an important role in knot per-
formance, especially in monofilament sutures.

Frictional force holds a knot together, and re-
sistance can be attributed to suture material defor-
mation. Bending and contraction are two types of
deformation. Because braided sutures have a lower
bending stiffness than monofilament sutures, the
handling characteristics of braided sutures are most-
ly due to surface friction. However, with monofila-
ment sutures, the impacts of suture bending stiffness
and plasticity cannot be overlooked [5].

A knot-secured loop with a set perimeter is one
component of a suture used to connect injured tis-
sue. By retaining the tissue within the loop, it com-
presses the adjoining surfaces. A knot holds tissues
together. After it has been secured, more throws
can be added to ensure knot security and minimise
bleeding. As a result, the knot is made up of multi-
ple throws that are close together. The ears are the
clipped ends of the suture that help to keep the loop
from unravelling owing to slippage [6].

The surface characteristics of a suture material
affect knot performance. The coefficient of friction
for a braided construction is higher because the
threads are mobile, which enhances the knot-hold-
ing ability. Knot untying does not occur after knot
failure in braided constructions, which have strong
mechanical qualities and knot security with only
two-throw knots. Thus, more throws are not re-

quired to improve knot strength [7, 8].

Braid angle also affect the breaking load and
elongation of a suture. The knot in a suture decreases
the breaking load and rupture occurs consistently at
the knot region. Flexural, frictional and compressive
force are the three main forces developed inside a
knot when a knotted suture is subjected to longitu-
dinal pull [9].

Ben Abdessalem [10] investigated the effect of
suture friction on knot performance, and his find-
ings revealed that increasing the suture-to-suture
coefficient of friction results in good knot security
but increases resistance to the motion of strands
contributing to the knot, making it difficult to con-
trol the sliding of sutures. The bending rigidity of a
suture is proportional to the knot tie-down.

The results of this study provide insight into
the effect of suture size, knot configuration and the
number of throws per knot on the mechanical per-

formance of a knotted suture.

2 Materials and methods

2.1 Materials

Mulberry silk filaments from United States Pharma-
copoeia (USP), sizes 0, 2/0 and 3/0, which are a set of
standardised sizes used in medicine to describe the
thickness or diameter of surgical sutures, were cho-
sen. The filaments were braided into three different
diameters of 0.23 mm, 0.30 mm and 0.37 mm. The
diameter was determined through trial and error by
adjusting the machine’s take-off speed. The suture
was pre-soaked in a normal saline solution at room
temperature for at least five minutes for the purpose
of measuring wet strength. A braid structure of 1/2
was selected as result of optimised results from pre-
vious work.

A circular braiding with 14 carriers and bobbins
with a size of 48 mm x180 mm was used to produce
a braided structure. The machine used operates at
a speed of 360 rpm, which allows for the creation
of braids with different colours, textures and thick-

nesses.
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2.2 Knot configuration

In this study, a surgeon’s square knot, square knot
and granny knot were chosen, as shown in Figure
1. In a surgeon’s knot, a double wrap throw is fol-
lowed by a single throw. In a granny knot, the right
ear and loop cross or escape on opposite sides of
the knot. In a square knot, the right ear and loop of
a two-throw knot exit on the same side of the knot
and are parallel to each other. Sutures were knotted
around a stainless-steel mandrel with a 34 mm di-
ameter to maintain the standard loop length of all
knots created [11].

A surgeon must complete two steps to tie a knot.
The initial step is to use a one-throw or two-throw
knot on the wound surface to achieve the precise ap-
proximation of the wound boundaries. The surgeon
obtains a preview of the final fixation of the wound
margins once the throw or throws contact the
wound. The second stage of knot tying is to complete
the knot with additional throws, which will secure
the wound edges together and promote healing. The
number of additional throws required will depend
on the type of suture material used and the thickness
of the tissue being sutured. Once the knot is com-
plete, the surgeon trims any excess suture material
and closes the skin or tissue layers above the knot
to finish the procedure [12]. The additional throws
are made to enhance the security and stability of a
knot. Here, throws are meant for additional throws
over the base knot. The granny knot is rarely used
by surgeons. However, understanding its proper-
ties helps assess knot security in surgery. Surgeons
choose knots based on tissue type, tension, and de-

sired security.

Figure 1: Knot configurations [12]

2.3 Experimental design
Design Expert Software uses a Response Surface
Methodology (RSM) to determine the optimum point
in Central Composite Design optimisation. RSM is a
statistical technique that uses mathematical models to
represent the relationship between the input variables
(factors) and the output variable (response). The soft-
ware fits a mathematical model to the experimental
data and subsequently employs this model to predict
the response at any combination of the input variables.

The effects of knot configuration and number of
throws on tensile strength and elongation under wet
and dry conditions were studied. Since the response
surface approach provides a good coefficient ap-
proximation to identify the relation between param-
eters and response, they were studied using Central
Composite Design (CCD) [13]. CCD is a statistical
technique used in experimental design to optimise a
process for non-numerical or categorical input. It in-
volves systematically varying input variables in a se-
ries of experiments and analysing the data to identi-
fy the optimal input values for the desired output. To
use CCD for non-numerical variables, they are first
converted into categorical variables and assigned
numerical values for analysis. This method can then
be used in the same way as for numerical input vari-
ables. Design Expert 13 programme was employed
for regression, graphical analysis and optimisation.

This is a complete factorial design enhanced with
a second-order fractional factorial design, centre
points, and axial points. There are three sorts of de-
sign points in a central composite design: factorial,
axial and centre points. The number of experimental
runs in this study was 11, equivalent to four factorial
points, four axial points of each numerical factor and
three centre point replications for one level of cate-
gorical component. As a result, the total number of
experimental runs for three level categorical factors
was 33. The numerical components were the number
of throws and suture size. Knot configuration is the
categorical factor.

The knot configurations used in this study are

given in Table 1. The experimental table is created
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using these boundary ranges and the Central Com-
posite Design (CCD) to get tensile strength and
breaking under wet and dry conditions (Table 2).
ANOVA was used to validate the equations, and
a result of p < 0.05 was declared statistically signifi-

Table 1: Experimental range of independent variables

cant. The coefficient of determination R? and expect-
ed R? transferred the nature of the fitted quadratic
model (Pred-R?). The response surface was utilised
to determine the test variable’s individual, and inter-

action impacts on the handling attributes.

Levels
Variable Variable type
-1 0 1
No. of throws (X1) . 3 4 5
- Numerical
Suture diameter (mm) (X2) 0.23 0.30 0.37
Knot configuration (X3) Categorical Surgeon’s knot (SS) Square knot (S) Granny knot (G)

2.4 Evaluation of tensile and knot

performance braided silk suture
The mechanical performance of a knot was deter-
mined by measuring knot break force. A Dak-univer-
sal testing instrument was used to assess straight-pull
tensile strength and knot-pull tensile strength. The

gauge length was maintained at 150 mm, while the

rate of extension was kept constant at 90 mm/min.
Each sample was analysed five times. To assess the
tensile strength and knot security of sutures with
distinct structures, all samples were examined at the
same gauge length[14]. An adjustable dynamome-
ter grip was used to capture the top end suture for
longitudinal traction. All tests were conducted at a
temperature of 21°C and a relative humidity of 65%.

Table 2: Experimental design for independent variables and their response values

Responses/Test condition
Factors
Dry Wet
Sample No. of Suture Knot Tensile Breaking Tensile Breaking
throws | diameter | configuration | strength | elongation | strength | elongation

(X,) (X,) (X,) (N) (%) (N) (%)
1 3 0.23 SS 28.0 18 20.2 16
2 5 0.23 SS 33.0 16 234 15
3 3 0.37 SS 290.2 21 213 19
4 5 0.37 SS 359 20 25.7 17
5 3 0.30 SS 29.0 17 20.5 15
6 5 0.30 SS 34.0 15 234 13
7 4 0.23 SS 31.0 18 22.2 16
8 4 0.37 SS 34.0 20 24.6 17
9 4 0.30 SS 29.0 16 204 14
10 4 0.30 SS 28.5 16 20.5 15
11 4 0.30 SS 29.0 16 20.7 14
12 3 0.23 S 255 19 18.4 17
13 5 0.23 S 29.7 17 21.0 15
14 3 0.37 S 26.3 23 18.3 21
15 5 0.37 S 323 21 224 19




Investigating the Effect of Knot Configuration and Suture Diameter on the Knot Performance of Silk Sutures

Continuation of Table 2.

203

16 3 0.30 S 26.1 21 18.6 18
17 5 0.30 S 30.6 18 214 15
18 4 0.23 S 279 19 203 16
19 4 0.37 S 30.6 21 214 18
20 4 0.30 S 26.0 18 18.2 15
21 4 0.30 S 24.5 18 17.6 16
22 4 0.30 S 26.1 18 18.1 16
23 3 0.23 G 24.0 16 17.7 14
24 5 0.23 G 26.7 15 19.2 13
25 3 0.37 G 23.7 19 17.1 18
26 5 0.37 G 29.1 17 204 14
27 3 0.30 G 235 16 16.6 15
28 5 0.30 G 27.5 13 19.7 1
29 4 0.23 G 25.1 17 18.3 16
30 4 0.37 G 27.5 18 19.0 16
31 4 0.30 G 235 14 17.4 12
32 4 0.30 G 23.0 15 16.1 12
33 4 0.30 G 235 15 16.0 12

Standard deviation 33 2.3 24 2.3

3 Results and discussion

3.1 Effect of knot configuration and suture
size on tensile strength of dry suture

It is evident from the contour plot that increasing
the number of throws and suture diameter generally
leads to an increase in tensile strength. The contour
plot also shows that the knot configuration has a sig-
nificant effect on tensile strength.

Equations 1-3 express the coeflicients of the re-
sponse surface models of tensile strength for each
suture.

The contour lines for different knot configura-
tions are not parallel, indicating that the effect of the
number of throws and suture diameter on tensile
strength depends on knot configuration. Specifi-
cally, the highest tensile strength is observed for the
surgeon’s knot configuration, followed by the square
knot (S) knot and granny knot (G) configurations,

respectively. The highest value of tensile strength of
dry suture, 34 N, was obtained at five throws, a su-
ture diameter of 0.30 mm and a surgeon’s knot, as
shown in Figure 2a.

Figure 2b shows the contour plot for the effect
of the number of throws and suture diameter on the
tensile strength of dry suture of a square knot. The
increase in number of throws results in an increase
in tensile strength of dry suture at all levels. Figure
2¢ illustrates the contour plot for the effect of the
number of throws and suture diameter on the tensile
strength of dry suture of a granny knot.

The mean tensile strength of dry suture was 28 N,
while the mean tensile strength of wet suture was
20 N. This suggests that exposure to moisture has a
negative effect on the tensile strength of the materi-
al. The standard deviation for the tensile strength of
dry suture was 3.4 N, while the standard deviation
for the tensile strength of wet suture was 2.4 N. This
indicates that there is some variability in strength

measurements within each condition.
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Surgeon’s knot (1)
Tensile strenght of dry suture (N) = + 67.11 - 6.02 x,/mm - 224.06 x,/mm + 7.47 x x,/mm - 0.820 x; + 351.83 x /mm’

1

Square knot (2)
Tensile strenght of dry suture (N) = + 65.96 - 6.35 x,/mm - 226.46 x,/mm + 7.47 x x,/mm - 0.820 x; + 351.83 x; /mm’
Granny knot (3)
Tensile strenght of dry suture (N) = + 65.25 - 6.77 x,/mm - 230.42 x,/mm + 7.47 x x,/mm - 0.820 x; + 351.83 x; /mm’
a) b)
<)

Figure 2: Effect of number of throws and suture diameter on tensile strength of (a) surgeon’s knot, (b) square

knot and (c) granny knot
3.2 Effect of knot configuration and suture throws increases. This may be because the number
size on elongation of dry suture of throws increased at a higher level made the suture

The coeflicients of the response surface models of  more rigid. The highest value of elongation of dry
elongation for each braided structure are expressed  suture (23%) was obtained at three throws, a suture
in Equations 4-6. It is evident from Figure 3a that  diameter of 0.37 mm and a square knot. Figure 3b

breaking elongation decreases as the number of illustrates the effect of the number of throws and
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suture diameter of a square knot on breaking elon-
gation. Figure 3c illustrates the effect of the number
of throws and suture diameter on the elongation of
dry suture of a granny knot. The difference between

loop and knot security is that a suture material with

Surgeon’s knot

a large elastic elongation can stretch, resulting in a
loose loop, even if the knot is completely secure. The
ideal knot would be easy to tie and reproducible,
and would not slide back or extend before the tissue
healed [15].

(4)

Elongation of dry suture (%) = + 47.82 - 0.85 x, - 344.09 x,/mm + 3.57 x x,/mm - 0.131 x + 585.39 x} /mm’

Square knot

(5)

Elongation of dry suture (%) = + 49.44 - 6.55 x, - 124.41 x,/mm + 8.98 x x,/mm - 0.71 x? + 247.04 x /mm’

Granny knot

(6)

Elongation of dry suture (%) = + 49.04 - 3.86 x, - 280.77 x,/mm + 3.57 x x,/mm - 0.47 x? + 515.57 x /mm’

a)

<)

b)

Figure 3: Effect of number of throws and suture diameter on elongation of (a) surgeon’s knot, (b) square knot

and (c) granny knot in dry state
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3.3 Effect of knot configuration and suture

size on tensile strength of wet suture
In terms of p-values, the number of throws (X)), su-
ture diameter (X,), knot configuration (X,) and their

squared values Size USP (X,) have significant effects

Surgeon’s knot

(p-valuee less than 0.0500) on tensile strength of wet
suture. The coeflicients of the response surface mod-
els of tensile strength of wet suture for each knot are

expressed in Equations 8-10.

(7)

Tensile strenght of wet suture (N) = + 49.9 - 2.63 x,/mm - 194.6 x,/mm + 3.5 x x,/mm - 0.4 x? + 320.4 x] /mm’

Square knot

1

(8)

Tensile strenght of wet suture (N) = + 49.6 - 2.63 x,/mm - 201.7 x,/mm + 3.5 x x,/mm - 0.4 x? + 320.4 x} /mm’

Granny knot

1

)

Tensile strenght of wet suture (N) = + 49.3 - 2.9 x, /mm - 201.7 x,/mm + 3.5 x x,/mm - 0.4 x} + 320.4 x} /mm’

a)

b)

Figure 4: Effect of number of throws and suture diameter on tensile strength of (a) a surgeon’s knot, (b) a square

knot and (c) a granny knot in wet state
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Figure 4aillustrates the contour plot for the effect of
the number of throws and suture diameter on the ten-
sile strength of wet suture of a surgeon’s knot. The high-
est value of tensile strength of wet suture, 25.7 N, was
obtained at five throws, a suture diameter of 0.37 mm
and a surgeon’s knot. The results show that an increase
in suture diameter results in an increase in tensile
strength.

Figure 4b illustrates the contour plot for the
effect of the number of throws and suture diame-
ter on the tensile strength of wet suture of a square
knot. The increase in number of throws results in

increase in tensile strength of wet suture at all lev-

a)

c)

207

els. Figure 4c illustrates the contour plot for the ef-
fect of the number of throws and suture diameter
on the tensile strength of wet suture of a granny
knot.

3.4 Effect of knot configuration and suture
size on elongation of wet suture

The coeflicients of the response surface models of
elongation for each braid structure are expressed
in Equations 10-12. It is evident from Figure 5a
that breaking elongation decreases as the num-
ber of throws increases. This may be because the
number of throws increased at a higher level made

b)

Figure 5: Effect of number of throws and suture diameter on elongation of (a) a surgeon’s knot, (b) a square

knot and (c) a granny knot in wet state
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Surgeon’s knot
Elongation of wet suture (%) = + 52.4 - 1.2 x, - 240.5 x,/mm

Square knot
Elongation of wet suture (%) = + 52.2 - 1.6 x, - 231.1 x,/mm

Granny knot
Elongation of wet suture (%) = + 54.1 - 1.9 x, - 242.9 x,/mm

the suture more rigid. The highest value of elon-
gation of wet suture (21%) was obtained at three
throws, a suture diameter of 0.37 mm and a square
knot. Figure 5b illustrates the effect of the number
of throws and suture diameter of a square knot on
breaking elongation. Figure 5c¢ illustrates the effect
of the number of throws and suture diameter on the

elongation of wet suture of a granny knot.

3.5 Effect of wet condition on tensile strength
of knot
During surgical procedures, sutures are exposed
to bodily fluids, such as blood, which would com-
promise the strength of the knot. By evaluating the
knot strength in wet conditions, surgeons can get a
more accurate representation of how the suture will
perform post-surgery. In this study, tensile strength
of dry suture had a mean of 28 N with a standard
deviation of 3.4, while tensile strength of wet suture
had a mean of 20 N with a standard deviation of 2.4.

Table 3: Constraints used for optimisation

(10)
-4.7xx,/mm+0.23 x7 +456.4 x7 /mm’

(11)
-4.7xx,/mm+0.23x7 +456.4 x? /mm’

(12)

-4.7xx,/mm+0.23x7 +456.4 x} /mm’

A t-test was performed to compare the means of dry
and tensile strength of wet suture. The critical val-
ue for a two-tailed test at a significance level of 0.05
was 2.0 using a t-table with 64 degrees of freedom
(33 + 33 - 2). Since the calculated t-value of 11.11 is
greater than the critical value of 2.0, the null hypoth-
esis can be rejected, and it was concluded that there
is a significant difference between the mean tensile
strength of dry suture and the mean tensile strength
of wet suture. Under wet conditions, the knot’s ten-
sile strength decreases by 28%.

3.6 Optimisation of handling characteristics

Design Expert Software was used to generate opti-
mised values of independent variables for the analy-
sis of braided suture knot performance. The purpose
of this optimisation process was to achieve a deter-
mined response that satisfies all variables properties.
The goals were set as shown in Table 3. It is impor-
tant to note that a loose suture will not hold tissue in

place [16]. As a result, the goal for suture elongation

Response Goal Lower limit Upper limit
Tensile strength of dry suture (N) Maximum 23.0 359
Elongation of dry suture (%) Minimum 13 23
Tensile strength of wet suture (N) Maximum 16.0 257
Elongation of wet suture (%) Minimum 1 21
Table 4: Forecasted values given by the model
Independent variables Values Dependent variables Predicted values
No. of throws (X)) 5 Tensile strength of dry suture (N) 33.240
Suture diameter (mm) (X,) 0.3 Elongation of dry suture (%) 15
Knot configuration, (X) Surgeon’s knot (SS) Tensile strength of wet suture (N) 22.6
Elongation of wet suture (%) 13.6
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Table 5: Experimental results conducted at optimum parameters

Tensile strength of Elongation of dry Tensile strength of Elongation of wet

No. of Suture Knot dry suture (N) suture (%) wet suture (N) suture (%)

S.no. | throws | diameter | configuration

x,) (mm) (X,) (X, pval | Evo Error bV EV Error PV EV Error PV EV Error
(%) (%) (%) (%)
1 5 0.3 SS 33.25| 34.2 | -2.86 [ 15.14 | 14.85| 1.92 | 2267 | 23 |-3.71 |13.62| 13.2 | 3.08
2 5 0.3 SS 33.21(33.85|-193 | 15.16 | 15.2 | -0.26 | 22.67 | 23 |-146 [13.63| 134 | 1.69
3 5 0.3 SS 33.26(33.75( -1.47 [ 15.12| 15 0.79 | 2267 | 23 |-247 |1361| 138 | -1.4

* Predicted values; ® Experimental values
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Abstract

Stab-resistant clothing has been used for centuries by soldiers. Today, it is also used by policemen and
other people in dangerous jobs or situations. While chain-mail or metal inserts in protective vests are heavy
and uncomfortable, lightweight and bendable alternatives are currently the subject of investigation. Spe-
cial textile fabrics offer a certain level of stab-resistance that can be improved by different coatings. In this
study, we investigated composites of different flexible 3D printing materials, used for the fused deposition
modelling (FDM) technique, on woven fabrics. Besides the adhesion between both parts of these compo-
sites, the quasi-static stab-resistant properties were investigated and compared with those of pure textile
fabrics and 3D prints, respectively.

Keywords: 3D printing, fused deposition modelling (FDM), flexible polymer, stab-resistance, VPAM-KDIW

Izvlecek

Proti vbodom odporna oblacila Ze stoletja uporabljajo vojaki, danes pa tudi policisti in ljudje na nevarnih delov-
nih mestih ali v nevarnih okolis¢inah. Zi¢na pletiva ali kovinski viozki v zas¢itnih jopicih so tezki in neudobni, zato
dandanes raziskujejo lahke in upogljive alternativne materiale. Specialnim tkaninam lahko izboljsajo odpornost
proti vbodom z razli¢nimi premazi. V tej raziskavi so bili izdelani tekstilni kompoziti s pomocjo razlicno upogibljivih
polimernih materialov za 3D-tiskanje, ki jih uporabljajo pri modeliranju s spajanjem slojev (FDM). Poleg adhezije
med komponentama polimer-tekstilija je bila raziskana tudi odpornost tekstilnih kompozitov proti kvazistati¢nim
vbodom in izvedena primerjava z lastnostmi tkanin oziroma 3D-tiskanin.

Kljucne besede: 3D-tisk, modeliranje s spajanjem slojev, FDM, upogibljiv polimer, odpornost protivbodu, ZdruZenje
testnih centrov za materiale in proti napadom odporne konstrukcije (VPAM), smernice za testiranje »zascite pred
vbodi in udarci« (KDIW)
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1 Introduction

Stab-resistant garments are gaining importance
due to the increasing amount of fatal stabbing in-
juries [1]. To avoid heavy and uncomfortable body
armour, especially in the case of the long-term use
of stab-resistant clothes, today’s textiles and other
polymer-based stab-resistant garments, which en-
able drapability, air and water vapor permeability
combined with low thermal resistance, are the sub-
ject of investigation [2—4].

Textile fabrics for stab-resistance are often
prepared from p-aramids or ultra-high molecular
weight polyethylene (UHMWPE), and sometimes
from other technical yarns, such as carbon or S-glass,
and are typically used as woven or needle-punched
fabrics [5-8]. Ceramic coatings can be applied to
improve fibre-fibre friction, hardness and wear re-
sistance [9,10], while coatings with shear-thickening
fluids stiffen at the moment of an impact and have
practically no effect on fabric drapability [11, 12].
Reinforced polymers and composites, on the other
hand, can often absorb more energy, but are usually
more rigid [13-15].

Recently, 3D printed stab-resistant body armour
has received increasing interest [16-18]. Tests
of these samples often show fractures along the
printing orientation in the case of fused deposition
modelling (FDM) printing [16], which suggests that
combining them with textile fabrics would improve
in-plane strength.

This approach is reported here, combining woven
fabrics with different elastic FDM-printed materials,
to investigate the textile/3D-printed composite com-
pared with both single materials. One important pa-
rameter required for the formation of a proper stab-re-
sistant composite using 3D printing on a textile fabric
is the adhesion between both parts, which is largely
influenced by the stand-off distance (commonly re-
ferred to as the z-distance) between the nozzle and
fabric during printing [19-21]. Stab-resistance itself
can be investigated, for example, using dynamic tests,
such as the German VPAM-KDIW 2004 [22], the

British HOSDB (Home Office Scientific Development
Branch) [23] or NIJ standard 0115.00 of the National
Institute of Justice of the USA [24, 25]. Quasi-static
tests are also defined, e.g. by ASTM F1342 [26], and
are performed on universal test machines, where the
upper clamp holds a standardized knife, and instead
of a lower clamp, a sample holder or a backing with
plasticine or foams is applied, and the load-displace-
ment curves are recorded [27]. Quasi-static tests us-
ing plasticine and a standardized VPAM-KDIW blade
were applied in this study.

2 Materials and methods

All samples were 3D-printed on a plain-woven
fabric (thickness 0.45 mm) from Dynel/viscose
(70%/30%), with a water contact angle of 64°, i.e. hy-
drophilic, which may be supportive for the adhesion
of a 3D-printed polymer [28].

A Creality CR-10S Pro FDM printer with a noz-
zle size of 0.4 mm was used to prepare the samples,
applying a layer height of 0.2 mm. All materials were
printed with a nozzle temperature of 245 °C on an
unheated printing bed at a speed of 30 mm/s, an
infill density of 100%, applying a rectilinear infill
(orientation +45°), and a flow rate of 110%. The
z-distance between the sample surface and nozzle
was varied (-0.5 mm, -0.7 mm and -0.8 mm, where
negative values denote printing “inside” the sample
to improve adhesion).

Three elastic filaments from thermoplastic poly-
urethane (TPU) were used with a shore hardness
of 98 A, 85 A and 82 A, respectively, with the latter
being the most elastic.

For adhesion tests, strips measuring 150 mm
in length and 25 mm in width were printed on the
textile fabric (three samples per material and z-dis-
tance). Samples for stab-resistance tests measured
100 mm in length and 100 mm in width, respective-
ly. All samples had a height of 0.4 mm, i.e. 2 layers.

Adhesion tests according to DIN 53530 were
performed using a Sauter TVM-N (Kern & Sohn

GmbH, Balingen-Frommern, Germany) universal
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test machine and evaluated according to ISO 6133,
procedure B (recommended for less than twenty
peaks per measurement).

For quasi-static stab-resistance tests, a blade ac-
cording to VPAM-KDIW [22] was inserted into the
upper clamp of the universal test machine, while the
lower clamp was replaced by a box with plasticine
(from Carl Weible KG, Schorndorf, Germany) on
which the samples were placed. The plasticity of the
plasticine is defined in VPAM-KDIW as follows: a
steel ball (diameter of 63.5 mm and a mass of 1039 g)
falling on the plasticine from a height of 2.00 m results
in an indentation depth of 20 mm + 2 mm. The tip of
the blade stabbed the sample with a constant velocity
of 16 mm/min, while force and displacement were
measured.

A Camcolms?2 digital microscope was used to

take microscopic images of the samples.
3 Results and discussion

As an example, Figure 1 depicts a typical measure-
ment of the force-displacement curve during an ad-
hesion test. Such a structure, with many small peaks,
is typical for the adhesion of a 3D-printed layer on
a woven fabric, since the distance between nozzle
and sample surface alternates, and the pores in the
woven fabric will not always be identical, so that
the imprinted polymer can penetrate more or less,
resulting in a variation of the form-locking adhesion
between both parts of such a composite.

The results of all adhesion measurements are
compared in Figure 2. Generally, a z-distance of
-0.7 mm is advantageous, especially for the softest
filament with a shore hardness of 82 A. It is well-
known from previous investigations that the opti-
mum z-distance is where the polymer is sufficiently
pressed into the textile substrate, before the nozzle is
clogged, as occurs for lower z-distances [19]. Clogg-
ing starts here at a z-distance of -0.8 mm, as shown
by optical inspection during the printing process.
For this reason, the corresponding adhesion forces

are lower than those measured for z = -0.7 mm.
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Figure 1: Sample measurement of the adhesion forces
of the softest TPU (shore hardness of 82 A) on the
woven textile fabric, shown here with the highest

z-distance of -0.5 mm

On the other hand, softer materials typically show
a higher adhesion than harder materials, which is
also visible here, when comparing the results for the
optimum distance of -0.7 mm. Generally, a maximum
adhesion force of approximately 50 N or, normalized
by the sample width of 25 mm, of 20 N/cm, which was
found for the softest TPU under ideal printing condi-
tions in this study, corresponds well with a previous

study of another group with similar materials [29].

Figure 2: Average adhesion forces of samples under
investigation, with error bars showing standard de-

viations



214 Tekstilec, 2023, Vol. 66(3), 211-217

The adhesion, however, is only one factor that
leads to improvement in stab-resistance due to the
polymer printed on the textile fabric, compared with
textile fabric alone. Figure 3a depicts sample force-dis-
placement curves for a composite (two layers of TPU
with a shore hardness of 85 A printed on the woven
fabric) and a pure textile fabric. The force necessary
to penetrate the composite with the blade is clearly
higher than that for the pure textile fabric.

The average cutting forces are depicted in Figure
3b. Here, it is clearly evident that the TPU with a shore
hardness of 82 A only leads to a small improvement in
the cutting force, while both harder TPUs can better

withstand a penetrating blade, leading to the enhance-
ment of the cutting forces by a factor of approximately
3—4. No significant difference between the TPUs with
a shore hardness of 85 A and a shore hardness of 98 A
is evident (¢t = 0.74 in the Welsh-test, i.e. smaller than
the critical t-value of 3.60 for the 95% double-sided
confidence interval). On the contrary, the differences
between the pure textile or the 82 A sample, respec-
tively, and both 85 A and 98 A samples are significant
for a 99% double-sided confidence interval, which is
also valid for the difference between the pure textile
and 82 A composite.

Figure 3: a) Sample measurement of the cutting forces through the TPU with a shore hardness of 85 A on the

woven fabric; b) average cutting forces for the pure textile fabric and polymer/textile composites

This behaviour is reflected by the microscopic
images of the composites after the stabbing test, as
shown in Figure 4. While the softest material (82 A)

demonstrates a mixture of bending and cutting, the

82A 85A

strands of both harder materials are clearly cut. This

suggests combining materials of different elasticity

to absorb more energy than possible with only one

of these mechanisms.

98 A

Figure 4: Microscopic images of composite samples after the quasi-static stabbing test
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It should be mentioned that, in spite of the in-
creased flow rate, neighbouring strands are still not
fully connected, indicating that even higher cutting
forces can be achieved with an enhanced 3D printer
whose settings enable a continuous connection of
neighbouring strands without air voids between

them.
4 Conclusion and outlook

Three TPU filaments were FDM-printed on a woven
fabric and investigated with respect to the adhesion
between both parts and to the quasi-static stab-re-
sistance of these composites. While the softest TPU
(shore hardness of 82 A) showed the best adhesion,
both composites with harder TPUs necessitated
higher stabbing forces. Combinations of different
materials, e.g. with the softest TPU printed on the
textile fabric and covered by one of the harder TPUs,
can be expected to result in better adhesion through-
out the composite and to combine different energy
absorption modes, thus increasing the stab-resis-
tance of such lightweight, bendable composites for
the use as body armour.
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Abstract

As constant yarn feeding tension is essential in the formation of uniform stitches, the lack of a monitoring
system in a circular weft knitting machine capable of measuring the uniformity of the yarn feeding speed
in different driven belts and comparing the feeding rate during the knitting process has led to the use of
experimental methods which are dependent on skilled operators. Additionally, in the case of any defects, the
equalisation is done by the operator using the trial-and-error method, which consequently increases the risk
of human error. Considering the importance of a uniform adjustment of yarn feeding speed on the quality of
final fabrics, a monitoring system for measuring and reporting yarn feeding speed was designed. Following
its installation on a circular weft knitting machine, the performance of the system in an industrial environ-
ment was evaluated. A comparison with the traditional system proved the functionality of the designed
automation process. The current study highlights the characteristics of an appropriate sensor, the applicable
installation place and direct data reception without intermediaries.

Keywords: circular weft knitting machine, positive yarn feeding system, automation, measuring system

Izvlecek

Konstantna napetost dovajanja preje je bistvenega pomena pri oblikovanju enakomernih zank. Ker ni bilo nad-
zornega sistema na kroZnem votkovnem pletilniku, ki bi bil zmoZen meriti enakomernost hitrosti dovajanja preje
pri razlicnih gnanih jermenih in primerjati hitrost dovajanja med postopkom pletenja, so se zalele uporabljati
eksperimentalne metode, odvisne od usposobljenosti upravljavcev pletilnikov. Poleg tega pri kakrsnih koli okvarah
upravljavec stroja lahko izravnava hitrost po metodi poskusov in napak, a se s tem poveca tveganje za napake. Gle-
de na pomen nastavitve enakomerne dovajalne hitrosti preje za kakovost koncnih pletiv je bil zasnovan nadzorni
sistem za merjenje in beleZenje dovajalne hitrosti preje. Po namestitvi na krozni pletilnik je bila ocenjena ucinkovitost
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sistema v industriiskem okolju. Primerjava s tradicionalnim sistemom je dokazala ucinkovitost zasnovanega proce-

sa avtomatizacije. V studiji so navedene znacilnosti ustreznega senzorja, primerno mesto namestitve in neposredno

zajemanje podatkov brez posrednikov.

Kljucne besede: kroZni pletilnik, pozitivni sistem dovajanja preje, avtomatizacija, merilni sistem

1 Introduction

A positive feed device is a knitted loop-shape and
loop-length control device which employs small
pulleys moved by belts, gears etc. to exactly control
the yarn feeding speed, keeping it constant.

Positive feed devices are designed to overcome
loop-shape and loop-length variation by positively
supplying yarn at the correct rate under low yarn
tension to the knitting point instead of allowing the
latch needles or loop-forming sinkers to draw loops
the length of which could be affected by varying yarn
input tension. In such systems, the presence of a
continuous toothed belt, which is driven by a pulley,
ensures the uniform and uninterrupted provision of
yarn to each feeding unit. The tape speed is altered
by adjusting the scrolled segments of the drive pulley
(V.D.Q pulley) to produce a larger or smaller driving
circumference.

The difference in feeding speeds in the pulleys of
the positive feeding system causes a change in the ten-
sion of the yarn being fed and ultimately a difference
in the length of loops and knitting dynamics [1-3].

The difference in the length of stitches makes the
structure of knitted fabrics heterogeneous, which
affects the appearance of the fabric in terms of its
surface uniformity. Moreover, this unevenness is
also visible on the surface of the final garment pro-
duced [4-6]. Additionally, the difference in the feed-
ing speed of yarns prevents the yarns to be finished
simultaneously in the creels, and as the operator has
to change the yarn, it is time-consuming.

In a study conducted by Zhao et al., it was shown
that the control of yarn tension fluctuations improves
the uniformity of the fabric surface effectively [7].

In similar research, Catarino and his colleagues

proved that the tension of the yarn provides useful

insight into how to better control the circular knitting
process in the machines. A change in the yarn feed-
ing speed will increase or decrease the tension of the
yarn, which can be recognised by the change in the
vibration of the tension force [8-9].

The effect of machine speed on yarn input ten-
sion and course length was observed by Kobir [10].

Extensive research has been conducted on the
automation of the yarn feeding mechanism in weav-
ing machines and warp knitting machines, and sev-
eral researchers have tried to equip these machines
with control tools to increase production efficiency
and improve the quality of the final product.

In their research, Jeddi et al. [11] measured the
fluctuation and tension changes of warp yarn and
were able to increase the efficiency of the weaving
machine to obtain uniformity in the properties of
the produced fabric.

Dayik and others [12] designed a program based
on gene expression programming to control the
yarn opening mechanism in the weaving machine.
The application of this control system reduced warp
tearing and increased the weaving efficiency.

Nosraty et al. [13] controlled the tension changes
of weft yarns in the air jet weaving machine using
an online system with a closed-loop control system
and showed that by controlling tension in weft, the
coefficient of variation belonging to the mechanical
and physical properties of the produced fabrics sig-
nificantly reduced.

In a circular weft knitting machine with a posi-
tive feeding mechanism, it is not easy to measure and
compare the uniformity of the yarn feeding speed in
different driven belts during the knitting process and
it is usually conducted experimentally by a skilled
operator. In the case of non-uniformity between the
feeding speed of yarns, the equalisation is achieved
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by a skilled operator via the trial-and-error method,
which is highly associated with human error.
Accordingly, the importance of yarn feeding
speed uniformity in the quality of the final fabric in
knitting machines with a positive feeding mecha-
nism has required the design of condition monitor-

ing systems in these machines.

2 System design and construction

In processes where measurements are taken without
standard systems and they only rely on the operator,
the possibility of human error increases. These er-
rors not only occur while taking the measurements,
but they also happen during decision-making and
result analysis. Errors can have an impact on quality,
quantity, production efficiency, and safety and can
sometimes cause life-threatening conditions.

The best results are obtained when the operator
only has the supervisory and complementary role,
while the measuring, processing, decision-making
and result analysis are done under an integrated
system. In an integrated and fully automatic system,
the operator does not have an active role in system
control and the measurement is taken online by the
installed sensors. The output of the measurements
is processed by the values that can be defined either
by the operator or the system itself; the results, dis-
played on the screen, are sent to the operators and
later modifications, if necessary, can be applied.

The fluctuations of key parameters in any me-
chanical system indicate the prevailing conditions of
that system; consequently, it is necessary to be in-
formed of such changes in order to monitor the state
of the system and prevent the occurrence of defects
or the creation of inconsistencies [14]. While design-
ing and constructing the system, the choice of the
right sensor is of particular importance. The sensor
must have a timely response and provide the neces-
sary outputs for processing. Additionally, noises and
harmonics should not disturb its performance.

After examining and studying different types of

sensors, it is critical to consider the superior prop-
erty of proximity sensors, i.e. the ability to be used
without causing mechanical interference, longer
life span and lack of disruption. The usage of such
sensors in the construction of the yarn feeding speed
measuring system has also been taken into consid-
eration.

At the same time, optical proximity sensors are
also considered suitable candidates. However, since
environmental pollution, e.g. dust, lint and vibra-
tions, which are the byproduct of manufacturing,
or the pollutions that occur during the cleaning,
repairs, adjustments, are frequent in the production
site, the possibility of disruption is high in these
environments, which makes proximity sensors pref-
erable over the optical type.

Activated by the presence of ferromagnetic
material, inductive proximity sensors are minorly
affected by environmental pollution. Additionally,
the economical and cost-effective equipment is pref-
erable for the speed-measuring system of positive

yarn feeding.

2.1 Sensor installation location

In addition to not causing any disturbance in the
normal function of the circular weft knitting ma-
chine, the efficient performance of the sensor should
be guaranteed while designing the system. Investi-
gations have proven that the bottom feed wheel of
the positive yarn feeder is the best place to install
the sensor, where the input coefficient of the yarn
feeding speed can be measured directly.

A special base was needed for the installation of
the sensor, which facilitated the installation on the
feeder and also provided the possibility of adjusting
the distance of the sensor. Figure 1 shows the view
of the knitting machine. The positive yarn feeding
mechanism is shown in Figure 2. Moreover, Figure
3 shows the installation location of the base on the
industrial circular weft knitting machine as well as
the installation location of the sensor on a positive

feeder.
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Figure 1: Circular weft knitting machine [15] Figure 2: Mechanism of positive yarn feeding [15]

a) b)
Figure 3: Industrial circular weft knitting machine: a) location of base on positive yarn feeder in industrial

circular weft knitting machine, b) location of sensor on base and positive yarn feeder

The system was designed and installed in a way  yarn flow while feeding. The sensor can be installed
that the assembly does not affect the structure of the  on any positive feeding unit in the knitting machine

knitting machine and no additional part disturbs the ~ and can directly monitor the yarn feeding speed.
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2.2 Data processing and display

Most circular weft knitting machines have a central
control panel that acts as the human-machine inter-
face. The control parameters of this panel include
manual controls, e.g. turning the machine on and
off, controlling the inverter and machine speed,
controlling the brightness and operation of the fans,
controlling air compression, and automatic panel con-
trols, including stopping the machine in case of yarn
breakage, stopping the machine in case of increase in
temperature and oil pressure, stopping the machine
when the main door of the machine is opened and
stopping the machine at the end of the fabric take up.

The central electronic board of the system, capable
of measuring and displaying the yarn feeding speed,
is responsible for receiving and processing sensor sig-
nals, displaying the speed of yarns, receiving operator
commands and generating alarm signals. The board
includes a microcontroller programmed for the afore-
mentioned purposes, a sensor isolator, speed display,
setting input and an alarm driver.

The signal produced by the sensors is transferred
to the central board of the device, which can by ap-
plying the necessary coefficients measure the speed
of yarn feeding and display it on the screen in real
time with the ability to select common speed units.
In the Pulse Width Modulation (PWM) section of

the microcontroller, the lack of speed coordination

in different feeders can be detected and the amount
will be displayed, which is accompanied by sound
alarms to inform the operator.

The central electronic board uses a AVR AT-
mega32 microcontroller, which has a counter with
PWM capability and is used to detect the lack of
speed coordination. Moreover, this microcontroller
has an internal memory of FLASH type with the
capability of storing the speed mismatch values. The
FLASH memory has the ability to retain information
even in the event of a power cut.

In order to connect the display, the remote de-
vice uses the standard RS485 serial communication
of the microcontroller. In addition to applicability
in long distances, RS485 communication is less
effective against environmental noise, which makes
it a better choice for industrial use. Furthermore,
to minimise the effect of environmental noise on
the performance of the central electronic board, an
optocoupler is used to isolate the signals. The signal
transmission from input to output is achieved by
infrared radiation in optocouplers with no electrical
connection, which eliminates the possibility of noise
emission. Figure 4 shows the block diagram of the
system and the central electronic board. Figure 5
shows the display panel of the monitoring system of
the yarn feeding speed in a knitting machine.

Figure 4: Block diagram of central electronic board of system for measuring and displaying yarn feeding speed in

circular weft knitting machine
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Figure 5: Remote display of yarn feeding speed moni-
toring system in circular weft knitting machine

2.3 Experiences

In order to measure the performance of the yarn
speed monitoring system on an industrial circular
weft knitting machine in actual working conditions,
the system was installed on a Single Jersey knitting
machine with a cylinder diameter of 34 inches, 26

gauges, 4 needle butts and 108 cams.

3 Results and discussion

3.1 Calculation of key performance and
reliability indicators

In order to study the performance of the yarn feeding
automation system, the reliability and maintenance
indicators were compared in two 90-day production
periods of the circular knitting machine.

The first period was performed without the
presence of the automation system and the second

period was performed with the presence of the yarn
feeding monitoring system and under the same pro-
duction conditions in terms of the type of texture,
yarn count etc.

To monitor the reliability and maintainability
of machines and equipment, several indicators are
used in industrial engineering, and by measuring
and comparing their trends, the effectiveness of the
automation activities performed on the machines
can be understood.

For this purpose, three well-known and widely
used indicators in the maintenance and reliability of
machines, including the mean time to repair (Equa-
tion 1), mean time between failures (Equation 2) and
availability (Equation 3), were calculated and com-
pared for two 90-day periods of tests on the knitting
machine.

The most widely used indicator of maintain-
ability is the mean time to repair, which expresses
the average time required to perform a specific
maintenance activity, adjustments or recovery, and
is calculated with Equation 1 [16-18]:

f, = g; (1)

where £, is time to repair, Xt is total repair time or
adjustment time, and XNy is total number of repair.

Mean time to repair (and restore) is the average
time that takes to repair each machine when a failure
is discovered. #; is calculated by adding the total time
spent repairing and dividing that by the number of
repairs.

To calculate the 7, indicator in this research, the
number of times the machine was stopped due to the
need of adjustments of the yarn feeding mechanism,
as well as the time spent for each stop (in minutes),
were recorded in two periods of 90-day tests on a
circular knitting machine.

The announcement of the need to adjust the yarn
feeding mechanism could be due to several reasons,
e.g. the unevenness of the fabric surface due to the
lack of uniformity in the feeding speed of the yarns
or the announcement of changes in the fabric weight

(grams per square meter of fabric) etc.
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In the reliability analysis, the average time lead-
ing to failure is very useful and is calculated with

Equation 2:

(Stoy - Sty

2N 2)

tor =
where 5 is mean time between failures, >t is total
number of operational hours, Ztg;is total number of
stop hours, and 2Ny is total number of failures.

The %y indicator is one of the most important
elements and indicators of product development and
design. fr indicates the average machine operating
time until the next failure. In fact, this indicator
shows the average operating time of the machine
after a repair or adjustment and the need for repair
or adjustment after the start-up.

In this research, s to calculate the indicator, the
total working time of the knitting machine (in min-
utes) was recorded in each 90-day period with and

without the presence of the yarn feeding automation

system. Then, the total time of machine stops due to
the adjustment of the feeding mechanism was calcu-
lated and deducted from the total time of machine
operation. The numbers obtained in each period
were divided by the number of times the knitting
machine was stopped solely due to the adjustment of
the feeding mechanism.

Availability is an important indicator that shows
the accessibility of the machine. Availability is ex-
pressed as a ratio or percentage and is calculated
with Equation 3:

Availability = _tL_ (3)
(tge + tg)

To calculate the indicators and the average ma-
chine stopping rate, the grading of the time unit
is important. For this purpose, the unit of time in
terms of minutes is used in the calculations. The
results related to the calculation of indices are shown

in Table 1.

Table 1: Calculating reliability and maintenance indicators of knitting machine in presence and absence of yarn

feeding speed automation system after period of 90 days of operation of knitting machine

Using system of measuring and displaying speed of yarn ER (min) ter (min) Availability (%)
feeding

Yes 21595 99.97

No 15 10785 99.92

Based on the results obtained from the compari-
son of the #; indicator in two periods of tests by using
the feeding speed monitoring system, the average
machine stopping time to adjust the yarn feeding
mechanism was reduced by 66.66%.

Examining the #; indicator also shows a 100.2%
improvement in the average continuous operating
times of the knitting machine without the need to
stop due to the adjustment of the feeding mecha-
nism using the automation system to measure the
yarn speed.

Stoppages generally occur due to the inaccuracy
in the initial setting of the feeders by the operator,
which was greatly reduced by using the yarn feeding
automation system.

A comparison of indicators between two oper-

ating periods of the circular weft knitting machine

in the presence and absence of the measurement
system and the display of the yarn feeding speed
indicate appropriate response of the reliability and
maintenance indicators of the knitting machine to

the designed automation process.

3.2 Economic analysis and calculation of
machine production parameters and
operator

Considering the importance of the uniformity of

yarn feeding speed in circular weft knitting machine,

the use of a speed monitoring system improved the
production process and efficiency parameters, which

leads to the reduction of production costs. Table 2

shows the state of improved production parameters

(the numbers in the table are rounded).
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Table 2: Improved parameters of machine and operator production

Row Parameter Condition Improvement (%)
The amount of remaining yarn in the form of non-knit cones due to )
1 - o Reduction 63
the lack of uniformity in the speed of feeders
The duration of the adjustment and equalisation of the speed of the
2 - ' ) N P Reduction 67
positive yarn feeding system by the operator
3 Total production efficiency Increase 0.3

4 Conclusion

In this research, a new system was designed and built
to measure and display the yarn feeding speed in cir-
cular weft knitting machines. This system accurately
measures and displays the yarn feeding speed in the
positive feeding mechanism of knitting machines.

The results of the comparison between two 90-
day test periods in the same production conditions
with and without the presence of the measuring
system and the display of the yarn feeding speed
on the industrial knitting machine proved the suc-
cessful application of the machine key performance
and reliability indicators to the designed automation
process.

One of the construction advantages of this
automation system is its proper accuracy and
cost-effectiveness, which makes its use in the status
measurement of knitting machines possible without
incurring exorbitant costs.

Another advantage of this system is that it does
not affect the natural flow of yarn feeding and does
not change the basic structure of the knitting ma-
chines. In addition, this system can be installed on
any type of a circular weft knitting machine and at
different speeds without any special settings. This
feature indicates the possibility of upgrading and
equipping the existing knitting machines with a yarn
feeding automation system without the need for fun-

damental changes in their structure.
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Abstract

Cotton-polyester is a common and popular fibre blend in the textile industry nowadays. Its main advantage
is that it improves the functional properties of clothing and textile products. In this study, fibre-blended,
sliver-blended and roving-blended yarns with a fineness of 23 tex were manufactured using a ring spinning
system, with blend ratios of cotton and polyester fibres of 50:50, 60:40 and 70:30. The quality parameters of
the produced yarn, such as mass variations, imperfections, hairiness and bundle yarn strength, were studied.
The end breakage rate of the ring frame machine was also studied during the manufacturing of the yarns.
The results were analysed using multivariate analysis of variance (MANOVA) to determine the significance of
the impact of the blending method and blending ratio on yarn quality and the end breakage rate of the ring
frame machine. The profile plots were analysed from statistical and technical points of view. Among the three
blended yarns, fibre-blended yarn demonstrated the best results in terms of mass variations and imperfec-
tions due to better blending homogeneity, while roving-blended yarn demonstrated better results in terms
of hairiness. Among the blended yarn, fibre-blended yarn demonstrated the highest bundle yarn strength
value, while the corresponding end breakage rate of the ring frame machine recorded the lowest value. The
yarn quality was improved in terms of mass variations, imperfections, hairiness and bundle yarn strength by
increasing the polyester fibre percentage in the blend ratio.

Keywords: cotton-polyester, blending, ring-spun yarn, profile plot, Box's M-test, Leven’s test

Izvlecek

Mesanje bombaza in poliestrskih viaken v tekstilni industriji je danes pogosto in priljublieno. Glavna prednost tovrst-
nih mesanic je v izboljsanju funkcionalnih lastnosti oblacil in tekstilnih izdelkov. V tej raziskavi so bile primerjane
prstanske preje z dolzinsko maso 23 tex, izdelane iz mesanic viaken bombaz/poliester v razmerjih 50:50, 60:40 in

70:30, in sicer z mesanjem viaken v predivu, z meSanjem pramenov in z mesanjem predprej. Proucevani so bili
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naslednji parametri kakovosti: variacijski koeficient neenakomernosti mase (CVm), indeks nepopolnosti preje (IPl),

kosmatost preje (H) in trdnost snopa preje (CSP). Med proizvodnjo prej je bila proucevana tudi hitrost stevila pretrgov

(EBR) na prstanskem predilniku. Da bi ugotovili vplive metode mesanja in mesalnega razmerja na kakovost preje na

hitrost pretrgov prstanskega predilnika, so bili dobljeni rezultati parametrov kakovosti analizirani z multivariantno

analizo variance (MANOVA). Profilni grafikoni so bili ovrednoteni s statisticnega in tehnoloskega vidika. Najbolj-

Se vrednosti CVm in IPI je imela preja, izdelana iz meSanice viaken v predivu, kar je posledica boljse homogenosti

mesanja, medtem ko je preja, izdelana z mesanjem pramenov, imela najniZjo kosmatost. Preja iz mesanice viaken

v predivu je imela najvisjo vrednost CSP in najnizjo vrednost EBR. S povecanjem odstotka poliestrskih viaken v mesa-

nici se je zaradi ugodnejsih vrednosti CVm, IPI, H in CSP izboljSala kakovost preje.

Klju¢ne besede: bombaZ/poliester, mesanje, prstanska preja, profilni grafikoni, test Box-M, test Levin

1 Introduction

The textile and clothing industries represent the
backbone of Bangladesh’s economy, as 82% of the
country’s export income derives from the afore-
mentioned sectors (trade information of BGMEA
2021-2022) [1]. Yarn manufacturing is the first and
one of the vital stages of backward linkage on today’s
global textile market, with yarn produced from fi-
bres and/or filaments [2]. The characteristic of yarn
represent key criteria for manufacturing pleasing and
essential clothing [3]. Globally speaking, short-staple
spun yarns are manufactured using ring, rotor, air-
jet and friction spinning systems, with ring spinning
representing a universal system. The properties of fi-
bre influence the quality of yarn, regardless of yarn
structure [4]. Fibres of greater length are present in
the core, while shorter fibres are present on the sur-
face of spun yarn [5]. Clothing made from blended
yarn consists of several fibres, and exhibits superior
quality relative to clothing made from single-fibre
yarn [6]. The critical factors that determine the prop-
erties of spun yarn are the ratio of fibre in a blend
and type of fibre used in that blend [7, 8]. Blending
consists of orientations of more than one type of fibre
in the yarn body, such that the components of each
element remain unchanged at every point of the yarn,
throughout the yarn length [9]. The blending of cot-
ton fibres with manmade fibres has specific benefits
and more desirable features than that of pure cotton,

such as the reduction of costs through the replace-

ment of expensive cotton fibres with cheaper man-
made fibres, comfort and ease of care, functionalities
such as stretchability and wrinkle-resistance, and the
aesthetic properties of clothing [6, 9-14]. However,
the accumulation and association of fibres within
the yarn surface represent challenges faced by man-
ufacturers [15]. Among manmade fibre derivatives,
the consumption of polyester fibres is the highest
due to its higher tensile strength and blending liabil-
ity. Ry et al. [16] studied the blending of cotton and
dyed cotton fibre in the blow-room and draw-frame
stages. They noted that incraesing the shade depth
results in a deterioration in the quality of ring-spun
yarn. Channa et al. [17] studied the properties of
cotton/polyester blended yarn manufactured using
both fibre and sliver blending. Their results showed
that yarn made from fibre blending was better than
sliver blending. Nawaz et al. [18] explored the im-
pacts of roving position, spindle rpm and twist fac-
tor on the quality of cotton/polyester blended ring-
spun yarn. They demonstrated that roving spacing
and the amount of twist had a significant impact on
yarn quality. Sawhney et al. [19] studied the quality
of cotton/polyester blended yarn produced from rov-
ing blending in a ring frame. The results of that study
showed that the tensile strength of roving-blended
yarn was higher than that of yarn produced using
conventional systems.

In literature, a large number of studies have been
carried out regarding the impact of the blending of

different fibres, spinning techniques and blending
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stages on the blended yarn quality of different tex-
tile products (Table 1). In terms of insight, there are
no studies comparing the performance of the three
blending methods, using multivariate analysis of vari-
ance. The research gap thus remains. For the sake of
precision, a statistical tool is used, i.e. multivariate
analysis of variance (MANOVA), together a profile
plot to evaluate the significance of the impact of the
fibre-, sliver- and roving-blending methods on yarn
characteristics. Consequently, this paper supplements
existing literature, as a hands-on textile and apparel

study, as follows:

229

+  Firstly, the study was carried out on cotton/
polyester blended manufactured yarn using
the fibre-blending, sliver-blending and rov-
ing-blending methods, while maintaining dif-
ferent blending ratios.

o Secondly, it investigated the significance of yarn
characteristics on blending method and blend-
ing ratio using MANOVA.

The main goal of this study was to analyse the im-
pact of fibre, sliver and roving blending on the physical
characteristics of cotton/polyester blended ring-spun
yarn to achieve more reliable and realistic results.

Table 1: Overview of blending methodology studies in the textile spinning industry

No. | Authors Aims

Scope of application

1 |Rayetal.[16]

To investigate the effect of blending methodology on the
quality of cotton melange yarn

Blow-room and draw-frame
blending

2 |[Channaetal.[17]

To compare the properties of cotton/polyester blended yarn

Blow-room and draw-frame
blending

3 | Zhang et al. [20]
made from jute and cotton

To determine the properties of blended ring-spun yarn

Blow-room and draw-frame
blending

4 |Tyagietal.[21]
blended ring-spun yarn

To study the properties of cotton/tencel, tencel/polyester

Blow-room blending

5 | Kilic and Okur [22]

To investigate the properties of cotton/pro-modal, cotton/
modal blended yarn in ring and vortex spinning

Draw-frame blending

6 |Nawazetal.[18]
blended ring-spun yarn

To investigate the quality of cotton/polyester roving

Roving blending

7 |Beheraetal.[23]

cotton melange yarn

To determine the impact of blending method and stages on

Blow-room and draw-frame
blending

8 |Sawhney etal.[19]

ringspinning process

To produce cotton/polyester blended yarn using the

Roving blending

2 Materials

2.1 Raw materials
The quality of end products and the functional per-
formance of textile machinery primarily depend

on the physical and chemical properties of the raw

Table 2: Properties of cotton and polyester fibre

materials that are processed in a factory. In the
short-staple spinning industry, the main raw mate-
rials are natural fibre and/or manmade filament in
staple form. Cotton and polyester fibres were used as
the raw materials in this research. The most import-

ant properties of the fibres are given in Table 2.

Important properties Cotton

Polyester

Upper half mean length (UHML)

2.80 cm (1.1024 inches)

3.4 cm (1.3386 inches)

Fineness 1.42 dtex (3.60 pg/inch) 2 dtex (5.07 pg/inch)
Strength 27.55 cN/tex 46.39 cN/tex
Country of origin Chad Indonesia
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2.2 Blending and mixing

The main technological challenge in the textile spin-
ning industry is to convert the high level of inconsis-
tency in the features of raw fibres to an even yarn, so
that critical work can be performed using the correct
blending methods [24]. Today; it is quite difficult to
produce higher-quality yarn with a single variety of
raw material. Overcoming the challenge of mixing
the variabilities of similar and/or different fibre com-
ponents could be an obvious solution [25]. Hence,
mixing is defined as random proportions of fibre
components, where the quality of a product can not
be predicted and is not reproducible, while in blend-
ing the proportions of fibre components are known
and the properties of the resulting product can be
predicted and are reproducible. Blending can be car-
ried out at various stages in the spinning industry, as
follows: fibre blending (also known as intimate blend-
ing) at the blow-room or carding stage, sliver blend-
ing (also known as creel blending) at the draw-frame
or post-carding stage and roving blending, which can
be carried out on a ring frame machine [26, 27].

2.3 Quality parameters of yarn

The properties of spun yarns are affected by fibre
properties, such as blend ratio, process parameters
and spinning systems [28]. Yarn irregularity is ex-
pressed by means of unevenness (Um) and coeffi-
cient of mass variation (CVm). The imperfection in-
dex (IPI) is the sum of +50% thick places, -50% thin
places and +200% neps per 1,000 m length in yarn
for ring-spun yarn. The hairiness of yarn (H) is the
length of protruding fibre in 1 cm of yarn surface.
Bundle yarn strength is expressed by count strength
product (CSP) [29, 30]. The CSP of spun yarn was
calculated using equation 1.

CSP = Lea strength x N, 1
where CSP represents count strength product, lea

strength is expressed in pounds (1 1b = 0.4536 kg)
and N, represents yarn fineness (N, x tex = 590.5).

The running performance of a ring frame ma-
chine is expressed by the end breakage rate (EBR).
The EBR is one of the key factors for determining the
quality of spun yarn and the productivity of a fac-
tory. A higher EBR indicates the faults in yarn that
are created by the machine, material and people. It is
mainly due to a higher spinning tension then actu-
al yarn strength [25]. In the textile spinning indus-
try, equation 2 is used to measure the EBR of a ring

frame machine:

_ (Nypyt BFT ~ BIT) x 1000 5

EBR

(NTS_NIS) Xt

where EBR represents the number of breaks per
1,000 spindle-hours, N | represents the number of
piecing during observation, BFT represents break-
age at finishing time, BIT represents breakage at
initial time; N represents the total number of spin-
dles, N ¢ represents the number of idle spindles, and
t, represents the total time of the study.

2.4 Multivariate analysis of variance
(MANOVA)

To gain insight into the relationship between nu-
merous definite independent variables and two or
more continuous dependable variables, the statisti-
cal technique recommend is the multivariate anal-
ysis of variance [31]. It can be used when studying
the impact of factors on several dependent variables
at the same time in the same variance analysis. It
is desirable to use multiple univariate analysis only
when dependent variables are suitably correlated
[32]. Four major multivariate analysis of variance are
used in statistics to calculate p values: Wilk’s lambda,
Roy’s largest root, Hotelling Lawley trace and Pillai’s
trace [33]. In this study, MANOVA was performed
to determine the significance of the effect of three
different blending methods, i.e. fibre blending, sliv-
er blending and roving blending, on the yarn char-
acteristics of unevenness, imperfections, strength,
hairiness and EBR of the ring frame machine on

which the yarn is manufactured.
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2.5 Methodology

The physical properties of cotton fibres were tested
using an Uster HVI instrument, while the properties
of polyester fibres were provided by the supplier. The
test results are shown in Table 2. First, cotton and
polyester fibres were blended at the blow-room stage
with blending ratios of 50:50, 60:40 and 70:30 sepa-
rately, and chute matt was prepared as the output of
the blow-room stage. After completion of the sub-
sequent process following the blow-room stage, the
yarns were produced using a ring frame machine.
Second, cotton and polyester fibres were processed
separately at the blow-room stage, and cotton and
polyester carded slivers were produced using a card-
ing machine. The carded slivers were then blended
at the blending draw frame with blending ratios of
50:50, 60:40 and 70:30. After the processing of sub-
sequent stages, 23 tex ring-spun yarn was produced.
Figure 1 illustrates the blending stages during the
manufacturing of yarn samples.

The end breakage rate (EBR) of the ring frame
machine was remeasured during the manufacturing
of yarn samples at each stage (equation 2).

In the roving blending method, two rovings of
cotton and polyester with different fineness were fed
in to the drafting system of the ring frame. Here, fi-

bres were not blended in the drafting zone; the rov-

Table 3: Roving fineness for roving blended yarn

ing blended yarns were instead manufactured after
twisting. This method is referred to as siro spinning.
In this method, two rovings are fed in to a ring frame
machine, with dividers to ensure that each roving
is drafted separately. Two strands continuing from
the drafting zone are formed into a single yarn by
twisting [38]. Finally, 100% cotton and 100% poly-
ester rovings were produced using a speed frame
machine. The manufactured rovings were fed in to
the drafting system of the ring frame and yarns were
produced with blending ratios of 50:50, 60:40 and
70:30. The roving fineness in the ring frame for each
blending ratio is shown in Table 3. The fineness of
output materials for every blending method is pre-
sented in Table 4. The technical parameters of pro-
duction machinery are presented in Table 5.

The produced ring cops were taken to a quality
control laboratory and conditioned for 24 hours at
standard atmospheric conditions. Yarn fineness and
bundle yarn strength were measured using an elec-
tronic warp reel, an auto sorter machine and a lea
strength tester in accordance with the D1907M-12
[34] and D1578-93 ASTM standards, [35] respec-
tively. Yarn irregularity (CVm), hairiness and im-
perfections were measured using an Uster Evenness
Tester-5 in accordance with the ASTM D1425M-14
standard [36]. The significance of the impact of

. . Roving fineness (tex)
Blending ratio cotton:polyester
Cotton Polyester
50:50 748.00 748.00
60:40 748.00 498.40
70:30 748.00 327.75

Table 4: Fineness of output material for fibre, sliver and roving blending methods

Process Output material Fineness (tex)
Carding carded sliver 6,500
Blending draw frame drawn sliver 6,000
Breaker draw frame drawn sliver 6,000
Finisher draw frame drawn sliver 6,000
Speed frame roving 748
Ring frame yarn 23
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blending methods and blending ratios on yarn qual-
ity and the EBR of machines were evaluated using
multivariate analysis of variance (MANOVA). The
tests were conducted using IBM SPSS Statistics soft-

Table 5: Technical parameters of production machinery

ware, version 25. The results of the tests were then
analysed with the help of profile plots that originated
from SPSS.

Machine name Company / Model Important settings
Blow room Rieter / Blow room line | Production: 800 kg/line
Carding Rieter / C60 Delivery speed: 180 m/min

Blending draw frame

Rieter /SBD 15

Delivery speed: 600 m/min

Drafting system: 4 over 3

Zone setting (front-back): 38-42 mm
Doubling: 6

Breaker draw frame

Rieter /SBD 15

Delivery speed: 600 m/min

Drafting system: 4 over 3

Zone setting (front-back): 38-42 mm
Doubling: 6

Finisher draw frame

Rieter /RSB D 35

Delivery speed: 500 m/min

Drafting system: 4 over 3

Zone setting (front-back): 38-42 mm
Doubling: 8

Simplex

Toyoda / FL 200

Flyer speed: 1200 rpm
Drafting system: 4 over 4
Zone setting (front-middle-back): 39-45-51 mm

Ring frame

Toyota / RX-240

Spindle speed: 14500 rpm
Drafting system: 3 over 3
Zone setting (front-back): 48-60 mm

Polyester fibre

Cotton fibre

Sliver blending at draw frame

b c

Figure 1: Blending of: a) fibres at blow room, b) slivers at blending draw frame and c) rovings at ring frame

3 Results and discussion

examine mean differences in linear combinations
of multiple quantitative variables [37]. In the cur-

rent research, the independent variables were the

3.1 Analysis with MANOVA

To explore the association between several definite
independent variables and two or more dependent
variables, the recommended statistical technique is
MANOVA [31]. The main aim of MANOVA is to

blending method and the blending ratio. The yarn
quality parameters CVim, IPI, CSP, H and EBR were
dependent variables. To determine the equality of
covariance between the groups, a Box’s M-test was

performed. Levene’s test of equality of variance was
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used to examine whether the variance between inde-
pendent variable groups was equal. Partial eta square
(N2 ) referred to as the estimate of effect size, which
illustrates the amount of variance, was explained by
the independent variable [38]. It can be calculated
from the significant test statistics of F [39]. Multi-
variate F statistics were derived to determine vari-
ability within groups compared with the variability
between different groups [40]. The higher F value
indicated that the null hypothesis of no differences

between group means was not true [41].

Table 6: Box's test of equality of covariance matrices of

dependent variables
Box’s M 284.877
F 2.023
df1 120
df2 17832.079
Sig. 0.000

The null hypothesis of the homogeneity of vari-
ance-covariance was rational based on the results of
Box’s M-test (Table 6) for the equality of variances
where M = 284.877 and p = 0.000, which is less than
0.05. The null hypothesis of equal covariance metrics
was thus rejected. It was also proven that if the p-val-
ue of the M-test returns results, Pillai’s trace would
be an emphatic test [42]. So, it would proceed for the
MANOVA test with Pillai’s trace, Wilks' Lambda,

Table 7: Multivariate analysis of variance
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Hotelling Lawley trace and Roy’s largest root. With
regard to test strength, Pillai’s trace has the greatest
impact, followed by Wilk’s Lambda, Hotelling Law-
ley trace and Roy’s largest root in that order, as since
each has its own interrelated F value [42, 43].

It is evident from Table 7 that the tests are sig-
nificant for the different blending methods, blend-
ing ratios and the resulting products. The results of
the MANOVA established that there was a statisti-
cally significant difference in yarn quality between
different blending methods, blending ratios and
their interrupt on the combined dependent vari-
ables of CVim, IPI, hairiness, CSP and the EBR of the
machine, where Wilks value = 0.000, F (20. 406) =
26.938, p < 0.001, partial n2 = 0.504 and observed
power = 1.000. A multivariate eta squared of zero
suggests that none of the total variances in the total
data can be explained. Conversely, an eta squared of
1.00 indicates that all the variances in the total data
can be explained [44]. Therefore, the discrepancy
between multivariate and univariate results replicate
the larger statistical effect related to the multivariate
hypothesis test[45]. It would thus make sense to per-
form univariate tests with regard to manufactured
yarn quality, such as CVm, IPI, hairiness, CSP and
the EBR of the machine in terms of blending meth-
ods. It was clearly shown that yarn quality differs sig-
nificantly with different blending methods, as the p
values are less than 0.05 (0.0005) in all cases.

i Partial eta | Observed
Effect Value F df Error df Sig.
squared power
Blending | Pillai’s trace 1.666 17.850 20.000 500.000 0.000 0.417 1.000
ratio * Wilks' Lambda 0.061 26.938 20.000 405.578 0.000 0.504 1.000
blending | Hotelling Lawley trace 5.728 34.511 20.000 482.000 0.000 0.589 1.000
method | Roy’s largest root 3.925 98.127 5.000 125.000 0.000 0.797 1.000

The results of Levene’s test of equality of error
variances (Table 8) indicate that the assumption of
equality of variance through blending methods is
also rational, as the properties of yarn are F (8.126) =
5.103, p=0.00; F (8.126) = 5.501, p = 0.000; F (8.126)
=3.776,p =0.001; F (8.126) = 7.302, p = 0.000 and F

(8.126) = 1.031, p = 0.003, respectively, for CVm, IPI,
CSP, H and EBR.
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Table 8: Levene’ test of equality of error variances

Values based on mean Levene statistic df1 df2 Sig.
CVm (%) 5.109 8 126 0.000
IPI 5.501 8 126 0.000
CSP 3.776 8 126 0.001
H 7.302 8 126 0.000
EBR 1.031 8 126 0.003

The sum of square values is expressed as the
amount of the outcome of the independent variables
on the response variables in a percentage [46]. The
strength of the correlation between independent
variables and response variables is described as 0 =
100%. The greater sum of square means, the better
a model fits with data [46]. Table 9 shows that there
was satisfactory reason to reject the null hypothesis
for CVm, IP1, CSP, H and EBR. Using the Bonferroni

method, the test was performed at an alpha value of

Table 9: Tests of between-subjects effects

0.025 (0.05/2). The strength of the relationship be-
tween blending method and yarn quality is strong,
as the CVim of the blending method is 95.5% of the
variance of the dependent variable. The IPI, CSP, H
and EBR and variance with the blending method
were 97.30%, 98.00%, 94.90% and 89.90%, respec-
tively. The observed power is 1.00, meaning that
there is a 100% chance that the results could have a

significant impact on the analysis.

Partial
Dependent | Type lll sum Mean . Noncent. | Observed
Source . df F Sig. eta
variable of squares square parameter | power
squared

Corrected CVm% 42.583 8 5.323 333.078 0.000 0.955 2664.627 1.000

. IPI 784056.415° | 8 98007.052 563.619 0.000 0.973 4508.951 1.000
model blending

K . CSP 1799961.526°| 8 224995.191 778.185 0.000 0.980 6225.482 1.000
ratio * blending

thod H 13.714 8 1.714 292.212 0.000 0.949 2337.698 1.000

methods EBR 2642859 | 8 | 330357 | 140943 | 0000 | 0899 | 1127.540 | 1.000

3.2 Analysis with profile plots

A profile plot is a graphical suggestive method used
to examine the relative performance of all variables
in a multivariable data set [47, 48]. It can also be used
to assess whether lines are indeed parallel, equal or
flat within or across time. There is no interaction
found between two or more factors when lines are
parallel to each other [49]. The profile plots are fash-
ioned at SPSS based on the estimated marginal mean
values of the dependent variables across the two sets
of independent variables of blending methods and
blending ratios.

Figures 2 and 3 illustrate the differences in the
profiles of blending methods and blending ratios of
yarn mass variation (CVm) and imperfection index
(IPI). It is evident that the profiles are indeed not

parallel. There is thus an interaction between the
dependent and independent variables. The CVm
and IPI are higher for sliver- and roving-blended
yarn than fibre-blended yarn. The reason lies in the
variation in length of fibre, cotton and polyester.
The length of cotton fibre is shorter than polyester
fibre (Table 2). Two types of fibre were processed in
a unique drafting system whose setting was higher
than cotton fibre. Consequently, the movement of
shorter fibres was unrestrained during the draft-
ing of roving in the ring frame machine. As a re-
sult, CVim in yarn increased. Blending homogeneity
was better for the fibre blending process. For this
reason, mass variation is lower than the other two
blending process. Consequently, the IPI is also low-

er than the other two blending processes. Increasing
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the percentage of polyester fibres also increases the
variations for all blending methods.

13.5

means of CVm (%)
o
o

Estimated marginal

Fibre blending

Roving
blending

Sliver blending

Blending method

—e— 50% CO/50% PES
—8— 60% CO/40% PES
---0---70% CO/30% PES

Figure 2: Estimated marginal means of CVm with

corresponding blending method and blending ratio

750
700
650
600
550
500
450

400
Fibre blending

Estimated marginal
means of IPI

Sliver
blending

Roving
blending

Blending method

—e— 50% CO/50% PES
—&— 60% CO/40% PES
---0---70% CO/30% PES

Figure 3: Estimated marginal means of IPI with
corresponding blending method and blending ratio

5.00
4.80
4.60
4.40
4.20

means of H

4.00

Estimated marginal

3.80

3.60
Fibre blending

Roving
blending

Sliver blending

Blended method

—e— 50% CO/50% PES
—— 60% CO/40% PES
---0---70% CO/30% PES

Figure 4: Estimated marginal means of H with
corresponding blending method and blending ratio

Figures 4 and 5 illustrate the differences in the
profiles of blending method and blending ratio of
yarn hairiness value (H) and strength of yarn (CSP).
It is evident that there are strong correlations be-
tween the groups, as the lines are not parallel to each
other. When polyester was blended with cotton, the
average length of fibre in the blended yarn increased.
As a result, better twist distribution was seen in the
blended yarn, while hairiness decreased. On the
other hand, there was no significant difference in
hairiness values for sliver- and fibre-blended yarn.
However, hairiness decreased for roving-blended
yard. This was because the yarn was produced using
the siro spinning method. Increasing the percentage
of polyester in blend ratios resulted in a decrease in
the corresponding H value for the three blending
methods. In the case of CSP (Figure 5), the blend-
ing homogeneity was higher in fibre blending than
in the other two process, meaning the CSP value was
higher in fibre blending than in the other two pro-
cess. By incorporating polyester fibre in the blend,
the strength of yarn also increased for all blending

methods.
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Estimated marginal
means of CSP

Fibre blending

Roving
blending

Sliver blending

Blending method

—— 50% CO/50% PES
—o— 60% CO/40% PES
---0---70% CO/30% PES

Figure 5: Estimated marginal means of CSP with
corresponding blending method and blending ratio

Figure 6 presents the differences in the profiles
of blending method and blending ratio of the end
breakage rate (EBR) of the ring frame machine. The
profile lines are not parallel to each other, which
means the difference between the mean values of the
EBR of the ring frame are not the same for the fibre-,
sliver- and roving-blending processes, together with
different blending ratios [42]. The breakage of yarn
is higher with a higher winding tension and higher
spinning tension, together with yarn strength. The
yarn produced using the fibre-blending process and
a blend ratio of 50/50 exhibited a higher strength.
Thus, the EBR of the ring frame was lowest in the
fibre-blending process and at a cotton/polyester
blending ratio of 50/50. This can also be attributed to

the contribution of polyester fibre to yarn strength.

4 Conclusion

The study was concerned with the impact of blend-
ing methods and blending ratios on the physical
properties of blended ring-spun yarn. For that pur-
pose, 23 tex cotton/polyester blended yarns were
manufactured at blending ratios of 50/50, 60/40
and 70/30. The blending stage of fibre blending is

28.5
26.5
24.5
22.5
20.5
18.5
16.5
14.5
12.5

Fibre blending

Roving
blending

Sliver blending

Estimated marginal means of EBR

Blending method
—e— 50% CO/50% PES

—0— 60% CO/40% PES
---8---70% CO/30% PES

Figure 6: Estimated marginal means of EBR with
corresponding blending method and blending ratio

the blow-room stage, the draw-frame stage in sliver
blending and at the ring frame in roving blending.
After analysing yarn characteristics using MANOVA
and a profile plot, it was determined that the impact
of blending method and blending ratio are statisti-
cally significant for the physical characteristics of
ring-spun yarn. The characteristics of yarn were also
studied based on technical facts relating to the set-
tings of machinery and properties of raw materials.
Among the three blending methods, fibre-blended
yarn demonstrated the best results for CVm, IPI and
EBR, while roving-blended yarn demonstrated the
best results for H and bundle yarn strength (CSP).
CSP increased as polyester fibre was blended with
cotton. The CSP value is the highest for fibre-blend-
ed yarn due to better blending homogeneity. When
polyester was blended with cotton, the average
length of fibre in the blended yarn increased. As a re-
sult, better twist distribution was seen in the blend-
ed yarn, while the hairiness value decreased. For the
blending process, there is no significant difference in
hairiness values for fibre- and sliver-blended yarn.
However, hairiness decreased in the roving-blending
process. This was because the yarn was produced us-

ing the siro spinning method. However, the blending
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method and ratio can be adapted based on the func-
tional properties and potential uses of the yarn from
the viewpoint of the consumer. The results achieved
in this study can also be used for blended yarn man-
ufactured using cotton and regenerated cellulosic
fibres or/and bast fibres.
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Abstract

Dynamic anthropometry is a research field that refers to the physical characteristics and considers the mea-
suring of a human body in dynamic positions. In dynamic positions, specific body measurements and surface
dimensions change significantly compared to the measurements in a resting state. In that sense, this paper
presents a research on dimensional changes conducted on a group of male test subjects in three dynamic
positions with a defined set of body measurements relevant for the analysis of body measurement changes
compared to the upright standing position. Using a Vitus Smart 3D body scanner and the Anthroscan pro-
gram, the test subjects were scanned and measured in the upright standing position according to ISO 20685
and in three dynamic positions. Depending on the defined measurements for the analysis in each dynamic
position, scanning markers were attached to test subjects’ bodies to ensure the precise determination of
anthropometric measuring points. Based on the obtained measurement results, dimensional changes and
correlations of the three dynamic positions relative to the measurements in the upright standing position
were analysed. The analysis showed significant differences in dynamic positions measurements compared to
the upright standing position and indicated the assumption that the dimensional changes of body in motion
within a specific body constitution group depend on the initial body part dimensions. The determined results
can be used in the design and construction process of functional clothing, since the target values of the gar-
ment ease allowances can be determined based on the measurement changes.

Keywords: dynamic anthropometry, 3D body scanning, body dimensions, dynamic body positions

[zvlecek

Dinamicna antropometrija je raziskovalno podrocje, ki zajema proucevanje fizicnih znacilnosti cloveskega telesa
in njegovo merjenje v dinamicnih polozajih, kjer so specificne telesne mere in povrsinske mere bistveno drugacne
kot v mirovanju. V' tej raziskavi je bil na skupini moskih testirancev raziskan definirani nabor dimenzijskih sprememb
telesnih mer v treh dinamicnih poloZajih in primerjan s pokoncnim stojecim poloZzajem. S telesnim skenerjem Vi-
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tus Smart 3D in programom Anthroscan so bili skladno s standardom 1SO 20685 testiranci skenirani in izmerjeni
v pokoncnem stoje¢em poloZaju in treh dinamicnih polozajih. V vsakem dinamicnem poloZaju so bili na telesa
testirancev pritrieni skenirni markerji, ki so zagotavljali natanc¢no dolocitev antropometri¢nih merilnih tock. Na pod-
lagi rezultatov meritev so bile analizirane dimenzijske spremembe in korelacije treh dinamicnih poloZajev glede na
meritve v pokonc¢nem stoje¢em poloZaju. Analiza je pokazala pomembne razlike v meritvah dinamicnih poloZajev
v primerjavi s pokoncnim stoje¢im poloZajem in nakazala domnevo, da so dimenzijske spremembe telesa v gibanju
v posamezni skupini telesne konstitucije odvisne od zacetnih dimenzij delov telesa. Rezultate lahko uporabimo pri
nacrtovanju in konstrukciji funkcionalnih oblacil, saj lahko na podlagi sprememb meritev dolocimo ciljne vrednosti

dodatkov za lahkotnost oblacila.

Kljucne besede: dinamicna antropometrija, 3-D skeniranje telesa, dimenzije telesa, dinamicni poloZaji telesa

1 Introduction

The main goal of anthropometry is to quantify the
human body characteristics as accurately as possible.
In the process, it is necessary to take into account the
anthropometric characteristics of the population in-
volved, the way in which these characteristics affect
product design and the criteria that determine the
appropriate relationship between users and prod-
ucts. Body measurements can be determined with
a variety of methods, where positions of body mea-
surements depend on the applied standard [1-5].
Non-contact methods for body measurements de-
termination involve the use of modern devices, e.g.
3D and 4D body scanners, and the measurement
process is performed on a computer 3D model [6-
9]. The application of modern computer technolo-
gies has greatly contributed to the development of
research in the field of anthropometry. In addition
to the application in the development of sizing stan-
dards and clothing construction methods, where the
measurements of human subjects in a static upright
position are used [10, 11], 3D scanners have also en-
abled an accurate analysis of the human body both
in static and dynamic positions [12-14]. 4D body
scanners capture and reproduce digital human mod-
els in motion where an accurate analysis of body
shape can be obtained from a sequence of scans.
This is the newest technology, which requires more
research in order to establish a reliable methodology

for anthropometric surveys [9].

Dynamic anthropometry has its application in
the areas such as ergonomics, automotive industry,
workplace design and clothing technology. Dynamic
anthropometry refers to the physical characteristics of
a person in motion or measuring the human body in
different positions. It is based on body biomechanics,
the broad concept of which includes the knowledge of
physics, chemistry and psychology, while the primary
interest is in the application of mechanics to biological
systems [15]. It is assumed that during body move-
ment, specific body length and surface dimensions
will change significantly with respect to the resting
state. There are several aspects of measurement in
dynamic anthropometry, the most common of which
are the measurements of body dimensions and range
of movements required for work, observed from the
aspect of safety and practicality [15, 16].

In the field of clothing technology, dynamic an-
thropometric measurements are performed to deter-
mine the dimensions and shape of the human body
in different positions, the results being applied in the
development of products and garments for better
functionality and fit [13, 17, 18]. The main issue in
obtaining dynamic measurements is the lack of stan-
dardised methodology and protocols, where partic-
ular dimensions on 3D models in different positions
are still mostly taken manually using interactive mea-
surement tools [19, 20]. Since the conventional con-
struction of clothing is based on body measurements
in upright standing position, it is necessary to con-

sider dynamic anthropometry when developing high
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quality functional garment models. Body dimensions
in different body positions significantly differ from
static ones and the main goal is to determine those di-
mensional changes and possibly define their relation-
ships to initial static measurements and body shapes
to ensure suitable ease and comfort of products in the

designing and construction process [21-25].

2 Test subjects and methods

The experimental part of the study was set up as
preliminary research in the field of dynamic anthro-
pometry with the aim of determining differences
in body measures depending on the measurement
method, dynamic body position and the analysis of
possible relationship of those deviations with initial
body dimensions.

2.1 Sample of test subjects and preparation
of test subjects for 3D body scanning

The study was conducted on a small sample of 35
male test subjects, age group 25-35 years, with a
body without any deformities, size range from 88 to
112,5 cm in chest circumference. Scanning markers
were placed on the test subject bodies in order to
enable the most accurate determination of anthro-
pometric points and measures between them in the
measurement process. The positions of the markers
were defined according to characteristic anthropo-
metric points, and based on the body positions and
relevant measures for which the measurement was
performed (Figure 1). Three dynamic positions were
defined, i.e. forward bend (P1), squat (P2) and upper

limbs pre-extension (P3), as Figure 2 shows.

Figure 1: Preparation of test subjects — body markers

positioning

Figure 2: Scanned body model in upright standing po-
sition according to ISO 20685 [3] and three dynamic
positions

2.2 Variables

A set of body measures for a dimensional changes
analysis were defined for each of the three positions
(Table 1), i.e. four variables for the dynamic posi-
tions P1 and P3, and three variables for the position

P3, making a total of 11 variables for the analysis.

Table 1: Set of most significant body measurements for analysis in three dynamic positions

Variable | Measure description Position
BW1 Back width measured at armpit level P1,P3
BW3 Back width measured at chest height P1,P3
SW1 Shoulders width measured between acromion points P1,P3
BL3 Lower back length measured between waist and hips lines P1

HW Hips width measured on hips circumference line between outseams P2

uLC Upper leg circumference P2

LLC Lower leg circumference P2

CcC Chest circumference P3
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2.3 Determination of body measurements
using conventional measurement
method

The sample of male test subjects was measured with
a conventional method using an anthropometer and
a measuring tape. Body measurements were pre-
cisely determined according to the positions of the
anthropometric points marked with markers. They
were measured in all three dynamic positions (P1-
P3) and in the upright standing position (P0), as it

can be seen in Figure 3.

Figure 3: Conventional measurement of test subject

2.4 3D body scanning of test sample

Using a laser body scanner VitusSmart, the sample
of male test subjects was scanned in three dynamic
body positions (P1-P3) and in the upright standing
position (P0) defined by the standard for 3D body
scanning ISO 20685 (Figure 2). The measuring of
the scanned body models was performed using the
Anthroscan program. The automatic measurement
method in the upright standing position according
to ISO 20685 [1] was applied on the scanned mod-
els whereby 154 body measures were determined for
each test subject for a subsequent comparison with

defined variables in dynamic positions.

2.5 Determination of body measurements
on scanned body models in dynamic
positions

Using the tools for the interactive measurement
within the Anthroscan program, the measurements
of the scanned body models in three different dy-
namic positions were determined. The anthropo-

metric points and positions of body measurements

243

on scanned models in dynamic positions were
precisely determined according to the positions of
markers attached to the bodies of the test subjects
(Figure 1). In the measurement process, the most
widely used functions were the measurements be-
tween points over a curve and the function of inter-
secting a body model with a plane defined by three
points (Figure 4). By intersecting a body model with
a plane through three points, it is possible to visu-
alise and analyse any particular cross-section in the
dynamic position, given that in dynamic positions,
characteristic body circumferences are usually not
parallel to any of the basic anatomical planes.

Figure 4: Interactive measuring of scanned body mod-

el in dynamic positions

Based on the measurements performed on body
models in upright standing and dynamic body posi-
tions, differences in body measurements and average
values of changes for each of the three dynamic posi-
tions were calculated for the defined set of variables.
In addition, a correlation analysis between the values
of the determined measures in the upright standing
position and the measurement differences deter-
mined in the dynamic positions was performed for

variables with significant dynamic changes.

3 Results and discussion

Based on the measurement results determined with
a conventional method and 3D scanning, differ-

ences and deviations in individual body measures
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were calculated depending on the applied method.
No major deviations in the measurement results
between the conventional and 3D scanning meth-
ods were observed in any of the scanned positions.
All deviations ranged up to 1 cm. Higher chang-
es can be observed on the measures of widths and
circumferences, while with linear measures, the
deviations were smaller. In the performed mea-
surements, significantly smaller differences in val-
ues were found depending on the applied meth-
od compared to previously conducted research
where similar comparisons were made [1]. In this
study, the accuracy of measurements between the
two methods was achieved by attaching scanning
markers to the test subject bodies, which enabled
precise positioning of anthropometric measure-
ment points in both methods, resulting in concor-

dance of the results.

At the bend forward position (P1), the greatest
stress and changes in body dimensions occurred in
the area of the upper and lower back, while shoul-
ders width was decreasing. From the measurements
results of scanned models in the dynamic position
P1, it can be seen that the measurements of the back
width (BW1 and BW3) significantly increased com-
pared to the measurements in the upright standing
position. The average change value of the back width
measured at the height of the armpit (BW1) in the
P1 position was 12.02 c¢cm, which is 30.5% of the
same measure average value in the static position.
The lower back length measured between the waist
and hips lines (BL3) also increased significantly by
an average of 10.58 cm, which is 47.8% of the same
measure average value in the upright standing posi-
tion. The shoulder width measure (SW1) decreased
on average by 19.7% (Table 2).

Table 2: Measurement differences in dynamic position P1 and correlation with initial measurements and other

relevant characteristic measurements in standard position (P0)

P1 variables | Change Average Standard Correlation with Correlation with Correlation with
percent. change deviation initial measurement | chest circumference body height
(%) (cm) (PO) -r (PO) -r (PO) -r
SW1 -19.74 -7.66 2.00 -0.35 -0.12 -
BW1 30.46 12.02 527 -0.64 -0.07 -
BW3 31.04 12.28 3.31 -0.58 -0.02 -
BL3 47.82 10.58 3.05 -0.51 - -0.14

In the dynamic position P2, the most significant
changes were obtained in the hips area (HW) and
the circumferences of the upper (ULC) and lower leg
(LLC). The average change of the hips width mea-
sured on hips circumference line between outseams
(HW) was 5.83 cm, which is 11.5% of the average

value of the same measure in the static position.

The average change of the upper leg circumference
(ULC) was 8.15 cm, which is 16.6% of the same mea-
sure average value in the static position. The average
change in the lower leg circumference (LLC) was
2.54 cm, which is 6.8% of the measure average value

in the static position (Table 3).

Table 3: Measurement differences in dynamic position P2 and correlation with initial measurements and other

relevant characteristic measurements in standard position (P0)

P2 variables Change Average Standard Correlation with initial Correlation with hips
percentage (%) change (cm) deviation measurement (PO) -r circumference (P0O) - r

HW 11.49 5.83 2.84 0.12 0.11

ULC 16.61 8.15 2.75 -0.29 -

LLC 6.77 2.54 1.34 0.14 -
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From the measurements results of scanned mod-
els in the dynamic position P3, it can be seen that the
measurements of back width at armpit level and back
width at chest height level increased (BW1, BW3),
while the measurement of shoulder width measured
between acromia (SW1) decreased significantly. The

average change of back width at armpit level (BW1)
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was 18.30 cm, which is 45.6% of the same measure
average value in the static position. The average
change of shoulder width measured between the
acromia was 6.13 cm, which is a decrease of 15.8%
compared to the same measure average value in the

static position (Table 4).

Table 4: Measurement differences in dynamic position P3 and correlation with initial measurements and other

relevant characteristic measurements in standard position (P0)

P3 variables Change per- Average Standard devi- | Correlation with initial Correlation with chest
centage (%) change (cm) ation measurement (P0) - r circumference (P0) - r

SWi1 -15.75 -6.13 2.00 -0.47 -0.19

BW1 45.61 18.30 4.28 -0.17 0.20

BW3 27.99 11.13 3.76 -0.28 0.02

CcC -2.88 -2.98 1.46 -0.09

In the dynamic position P1, a small to moderate
correlation between the measurement changes and
initial measurements was found in all measures with
a significant difference. The changes in shoulders
width showed a small negative correlation, while the
measurement changes on back width and back length
showed moderate negative correlation with the ini-
tial measurements. The results lead to the assump-
tion that the changes on back width measurements
in position P1 depend on body size and can be pre-
dicted based on the initial dimensions (Table 2). The
analysis of the dimensional changes with basic body
measurements, body height and chest circumference
did not show any correlation. Significant differenc-
es in the measurements in the dynamic position P2
did not show any correlation (< 0.3), which leads to
the assumption that changes in body dimensions in
this position do not depend on body size and cannot
be predicted based on the initial dimensions (Table
3). In the dynamic position P3, a moderate negative
correlation was found on shoulders width measures
(SW1, r = -0.47), while the other observed measure-
ments did not show any correlation (< 0.3), as it is
depicted in Table 4. Previously conducted similar re-
searches were mostly investigating the dynamic body
changes in length dimensions [24, 25]. Research

performed on a group sample of the same body type

but different body height [24] showed similar results
considering the correlations with initial dimensions.
The research hypothesis was that the length body di-
mensions will increase in change in specific dynamic
positions according to the increase in body height;
however, this was not the case and there was no cor-
relation found.

Additionally, we divided the test sample accord-
ing to body constitutions [26], since the primary re-
sults indicated certain similarities in dynamic body
changes within the test subjects with similar propor-
tions of body dimensions, and we obtained more in-
teresting and meaningful results. Within each group,
an increased correlation of individual body mea-
surement changes compared to the initial measure-
ment was visible, which confirms the hypothesis that
changes of body in dynamic positions do not depend
only on body dimensions in general, but on the type
of body constitution and its muscularity. Based on
the observed preliminary study, it can be concluded
that the research on a larger number of test subjects,
based on body constitution, can lead to the defini-
tion of general percentage of changes in individual
measurements for each type. This has an extremely
important and great role in the development of func-
tional clothing and the standardisation of the ease

allowance values implemented in the construction of
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such clothing and adjustments according to individ-
ual measurements. The defined values of the percent-
age change of an individual measure in the targeted
dynamic position can also be used in the segment

of selecting textile materials with targeted proper-

ties that meet the criteria of unrestricted movement
and optimal pressure against the body in the zones
of greatest garment stress when performing various

tasks of physical work.

Table 5: Correlation of measurement differences in three dynamic positions (P1-P3) with initial measurements

(PO) for three body constitutions groups

Body constitutions
Body Measurement = -
. R Leptosome Athletic Picnic
position variable
A (%) r A (%) r A (%) r
SWi1 -14.87 -0.57 -21.05 -0.09 -21.99 -0.46
P1 BW1 34.80 -0.80 29.50 -0.75 28.03 -0.56
BW3 31.85 -0.49 30.55 -0.63 31.22 -0.74
BL3 44.80 -0.34 45.38 -0.67 55.71 -0.22
HW 12.17 0.42 10.21 0.01 13.36 -0.18
P2 ULC 19.87 -0.43 16.09 -0.44 14.38 0.17
LLC 8.23 -0.15 5.88 0.45 7.08 0.28
SW1 -12.01 -0.45 -17.11 -0.44 -16.78 -0.26
P3 BW1 55.56 0.12 43.26 -0.27 40.36 -0.16
BW3 36.73 0.08 2491 -0.45 2543 -0.55
CcC -2.27 0.26 -3.28 0.18 -3.08 0.62

4 Conclusion

Body measurements determined in dynamic posi-
tions are the starting point for the analysis of chang-
es on characteristic body parts that affect the func-
tionality and comfort of clothing. Body dimension
changes in dynamic positions cannot be considered
only from the aspect of basic anthropometric mea-
surements. The use of 3D body scanners enables
the non-contact measurement of scanned models
and by using an interactive measurement meth-
od, it is possible to determine measurement points
anywhere on the body and perform measurements
between them. In this way, the measurements of
scanned body models in dynamic positions are per-
formed, whereby the characteristic anthropometric
points are defined with the application of scanning
markers on subjects’ bodies in the scanning pro-
cess. Scanning markers ensure precise positioning
of measuring points in the interactive measurement
process and enable the repeatability and compari-

son of the results, since the measurement is always

performed in the same way and between the same
defined points, which is especially important when
measuring in different positions where body surface
deformation occurs, thereby shifting the position of
the measures. A comparative analysis of the deter-
mined measurement results between the conven-
tional measurement method and 3D scanning of the
subjects did not show significant deviations in the
obtained measurements. The analysis of body mea-
surement changes in dynamic positions in relation
to the upright standing position revealed significant
differences in individual measures. The determined
results can be used in the design of functional and
special-purpose clothing, since the target values
of the garment ease allowances can be determined
based on the measurement changes. The results of
the preliminary research indicated the assumption
that the dimensional changes of body in motion
within a specific body constitution group depend on
the initial body part dimensions. In that sense, fur-
ther research will focus on expanding the test sample
to a larger range of body sizes and constitutions, and
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implementation of the obtained results in the design
and construction customisation process of function-

al clothing.
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Scientific articles categories:

Original scientific article is the first publication
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a way that the results are obtained with the same
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order.
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type of article brings new syntheses, new ideas
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30,000 characters without spacing.
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their manuscripts. The author is held fully responsible
for the content of their work. Before the author sends
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issue on the content publication in line with the rules
of the business or institution, respectively, they work
at. When submitting the article, the authors have

to fill in and sign the Copyright Statement (www.
tekstilec.si), and send a copy to the editors by e-mail.
They should keep the original for their own personal
reference. The author commits themselves in the
Copyright Statement that the manuscript they are
submitting for publication in Tekstilec was not sent
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manuscript meets the publication requirements and
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computer printouts for proofreading and correcting.
Itis the author’s responsibility to proofread the article
and send corrections as soon as possible. However,
no greater changes or amendments to the text are
allowed at this point.
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is necessary from the viewpoint of information
comprehension, and upon agreement with the
author and the editorial board.
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