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ABSTRACT

We present a bicontinuous, minimal surface (the helicoid) as a scaffold on which to define the topology and
geometry of yarns in a weft-knitted fabric. Modeling with helicoids offers a geometric approach to simulating
a physical manufacturing process, which should generate geometric models suitable for downstream
analyses. The centerline of a yarn in a knitted fabric is specified as a geodesic path, with constrained
boundary conditions, running along a helicoid at a fixed distance. The shape of the yarn’s centerline is
produced via an optimization process over a polyline. The distances between the vertices of the polyline are
shortened and a repulsive potential keeps the vertices at a specified distance from the helicoid. These
actions and constraints are formulated into a single “cost” function, which is then minimized. The yarn
geometry is generated as a tube around the centerline. The optimized configuration, defined for a half loop,
is duplicated, reflected, and shifted to produce the centerlines for the multiple stitches that make up a fabric.
The approach provides a promising framework for estimating the mechanical behavior/properties of weft-
knitted fabrics. Fabric-level deformation energy may be estimated by scaling the helicoid scaffold, computing
new yarn paths, determining the amount of ensuing yarn stretch, and computing the total amount of yarn
stretching energy. Computational results are calibrated and verified with measurements taken from actual

yarns and fabrics.
KEYWORDS

Minimal surface; Computational modelling; Weft-knitted fabrics; Yarn geometry; Optimization.

INTRODUCTION

The calculus of variations is the cornerstone of
classical mechanics, elasticity theory, and modern
economics. When physical models are formulated as
optimization problems, the equations governing
motion, stretching or bending describe critical points
of the objective function [8]. When the objective
depends on geometric quantities, the minima,
maxima, and other extrema are likewise geometric.
Functionals of length lead to geodesic equations
(shortest length), while functionals of area lead to
minimal surfaces. Soap bubbles, for instance,
minimize their area subject to a volume constraint
leading to Plateau’s classic rules for foams [14].

Since minimal surfaces are the solutions to many
extremal problems in physics, we posit that they may
be used to define the topology and shape of yarns in
a weft-knitted fabric. In previous work, we
demonstrated, with physical prototypes, how yarns of
a weft-knitted fabric may lie on a scaffolding of
alternating left- and right-hand helicoids, a type of

* Corresponding author: Breen D., e-mail: david@cs.drexel.edu

minimal surface, with the form of the helicoids
producing the characteristic spatial relationships
between the yarns [7]. Here, we summarize the
mathematics and algorithms that create geometric
models of the yarns making up a weft-knitted fabric,
which exploit the lattice-like structural features of
bicontinuous helicoid surfaces. See Wadekar et al.
[18,20] for more details. The centerline of the yarn is
specified as a geodesic path, with constrained
boundary conditions, running along a helicoid at a
fixed distance. The yarn geometry is then generated
as a tube around the centerline. The helicoid
therefore acts as a scaffold on which to define the
shape of the yarns and their intertwinings.

The shape of a yarn’s centerline is produced via an
optimization process over a polyline [21]. The polyline
is initially placed over a helicoid in the approximate
configuration that will define a half loop of a stitch. The
distances between the vertices of the polyline are
shortened and a repulsive potential keeps the
vertices at a set distance from the helicoid. In
addition, the locations of the polyline’s endpoints are
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constrained. This process effectively models the
shrinking of the initial polyline, while performing
collision detection/avoidance with the scaffold
surface, producing a geodesic path along the
helicoid. These actions and constraints are
formulated into a single “cost” function, which is then
minimized. The optimization process modifies the
vertices to produce a minimum cost configuration that
balances the inter-vertex stretching cost with the
repulsive cost from the helicoid. This configuration,
defined for a half loop, is then duplicated, reflected,
and shifted to produce the centerlines for the multiple
stitches that make up a fabric.

Surface scaffolds have been explored in the context
of weft-knitting because they are able to produce
physically plausible geometric models of yarns.
Additionally, when keeping the yarn models on
opposite sides of the scaffold surface, the form of the
surface provides the critical function of maintaining
the topology and spatial relationships between the
yarns; thus removing the need to compute yarn-yarn
intersections. An even more important feature of this
approach is that it provides a framework for analyzing
the mechanical properties of knitted fabrics.
Deformations may be applied to the underlying
scaffold, while the yarns stay in contact with the
deformed surfaces. Energies of deformation are then
computed at the yarn level to derive the mechanical
properties of the fabric as a whole. Since these
mechanical properties are computed via the
geometric solutions furnished by the supporting
surfaces, the scaffold-surface approach enables an
efficient analysis technique that should support rapid
exploration of the fabric’'s design space. This
approach provides a potential alternative to compute-
intensive FEM methods for estimating the mechanical
behavior of knitted fabrics.

RELATED WORK

The first published system to model and visualize
complete knitted fabrics was developed by Eberhardt
et al. [4,13]. Their system (KnitSim) accepts Stoll
knitting machine commands and simulates the
knitting process to produce an explicit topological
representation of a knitted fabric, which can then be
used to generate a 2D geometric layout of the fabric.
Two decades later, a system with similar capabilities
was developed by Counts [3]. Lin et al. [9] developed
a modeling approach/system that works on various
scales to model the yarns in and predict the
mechanical properties of textiles, including knitted
fabrics.

In ground-breaking work Kaldor et al. [5,6] simulated
complete swatches and articles of clothing consisting
of knitted fabrics by modeling the geometry and
physics of individual yarns in these items. This work
was extended by Yuksel et al. [23] and Wu et al. [22]
to produce Stitch Meshes, an approach to generating
Kaldor-style, yarn-level geometric models of knitted

clothing from polygonal models that represent the
clothing’s surface. Cirio et al. [2] define a topological
representation of knits consisting of a limited set of
stitches. They developed a mechanical model based
on the representation for the simulation of knitted
clothing, which has been incorporated into a hybrid
yarn/triangle model [1]. Liu et al. [10,12] perform
Finite Element Modeling simulations of knitted fabrics
based on solid yarn-level geometric models [19].
Others [11,15,17] utilize a homogenized model to
simulate the mechanical behavior of knits.

Our work is novel compared to previous efforts in that
it utilizes a helicoid-like bicontinuous surface to define
the geometry and topology of yarns in a weft-knitted
fabric. More importantly, it provides a unique
approach for estimating the stretching energy of the
fabric.

YARN MODEL DEFINITION
Helicoid scaffold model

The bicontinuous surface formulation employed as a
yarn model scaffold is defined over u and v as a
surface S such that

Su,v) =[x,y 2] @

where x and y are independent variables, and z is the
set of values that satisfy Equation 2.

tanz=sinx/cosy 2

Equation 2 defines a trigonometric approximation to
the triply-periodic Schwarz D (Diamond) minimal
surface, which has been shown to model physical
structures (e.g., liquid crystalline phases) [4].
Equation 2 can be solved for z to produce

z =tan}(sin x / cos y) 3)

which defines a single z value for every (x, y) pair.
Scale factors can be added to Equation 3 in order to
control the size and spacing of the helicoids, which in
turn scale the yarn models lying on them.

z = ytan(sin nx / cos ¢y) 4

where n and  control the spacing between the
central axes of the helicoid structures in the x and y
directions. The distance between the axes is T when
n = w = 1.y controls the height of each helicoid cycle,
with the height of one cycle being 21 when y = 1.
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Computing the yarn configuration

The total configuration cost of the yarn is the sum of
the costs computed at N —1 of the N vertices of the
polyline that approximate it.

—1 pi
Eiotal =Zliv=1 ;otal (%)

The total cost associated with vertex i is given by

Etiotal = aElien + .BEciiist (6)

The cost term used to shrink the yarn is

EL, = (Length! — TargetLength)? )

where Length' is the distance between vertex i and
vertex i +1 and TargetLength is parameter that is
adjusted in order to shorten the polyline. Ei;,
maintains the distance constraint between the
polyline and the helicoid scaffold and is defined as

Elise = (d' — Ry)log(d'/Ry) (8)

d is the distance between vertex i and the helicoid
scaffold and Ry is the yarn radius. The distance cost

is only computed for di values less than Ry. The
equation is defined in this form in order to go to infinity
atd = 0 and to have a value and derivative of 0 atd =
Ry.

GENERATING GEOMETRIC MODELS

Polylines were placed over a helicoid scaffold defined
by Eqg. 4. The cost of the polyline, as defined by Egs.
5 through 8, was minimized to produce a geodesic
path on the scaffold. Tube-like geometry, with radius
Ry, was defined around the polyline to produce solid
geometric models of yarns in swatches of single
Jersey, rib and garter knitted fabrics. The surface of
the helicoid scaffold is shown in Fig. 1 (Left). A model
of single loop of yarn is shown in Fig. 1 (Right). The
color-coding of the surface demonstrates that the
yarn remains on one side of the scaffold.

Figure 2 (Left) presents the yarn geometric model of
an 8 x 8 swatch of stitches in a rib pattern (alternating
columns of Knit and Purl stitches), with and without
the helicoid scaffold. Figure 2 (Right) presents the
yarn geometric model of an 8 x 8 swatch of stitches
in a garter pattern (alternating rows of Knit and Purl
stitches), with and without the helicoid scaffold. These
results can be produced in several (5 to 10) seconds
on a standard PC.

Figure 2. (Left) Geometric model of yarns on a rib pattern. (Right) Geometric models of yarns in a garter pattern.
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ESTIMATING
ENERGY

The helicoid scaffold model for knitted fabrics
provides a framework for estimating the mechanical
properties of a weft-knitted fabric. Specifically, the
model supports the computation of the stretching
deformation energy of the fabric. The process is
detailed in Figure 3. The general approach involves
stretching the scaffold that defines the yarns in the
fabric and computing the tensile strain energy of the
yarns arising from the fabric stretching deformation.

The following outlines the steps in the process of
computing knitted fabric stretching energy.

* Acquire force vs. displacement data for a yarn.
Produce an all-Knit (single Jersey) fabric swatch
from the yarn. Acquire force vs. displacement
data for the knitted swatch.

FABRIC STRETCHING

*  Convert the force vs. displacement data for the
yarn into energy per unit length vs. strain by
calculating the area under the curve.

*  Convert the force vs. displacement data for the
swatch into energy per unit swatch length vs.
strain by calculating the area under the curve.

*  Generate the yarn-level helicoid model using the
size parameters of the fabric’s stitches. The
scale parameters for the loops are derived from
the knitted swatch. (# stitches in a row/width of
swatch; # rows/height of swatch).

*  Foragiven amount of fabric stretching, generate
the associated yarn-level helicoid models with
stretched loops by increasing the scaffold width
by the given swatch strain values.

* Decrease the scaffold thickness for these
helicoid models and reoptimize the yarn path on
the scaffold to adjust for the Poisson Effect.

*  Compute the yarn strain for the stretched model
compared to the original undeformed vyarn
model.

* Find the corresponding yarn energy per unit
length for these yarn strain values using the yarn

Compute yarn strain
energy from yarn
stretching experiments

Compute fabric strain
energy from swatch
stretching experiments

energy per unit length vs. strain data obtained
earlier.

*  Multiply the yarn energy per unit length by the
loop length obtained from the undeformed yarn
model to produce the energy per loop.

*  Compute the final swatch energy prediction by
multiplying the energy per loop by the total
number of stitches in the swatch.

* Find the energy per unit length of the knitted
swatch using the swatch energy per unit length
vs. strain data obtained earlier.

. Multiply this swatch energy per unit length by the
initial swatch length to obtain the measured
swatch energy.

* Compare the model-based computed swatch
energy with the measurement-based computed
energy.

Acquiring force vs. displacement data

We measured the mechanical properties of a Merino
wool yarn (Supra Merino, Silk City Fibers, New
Jersey) with 3.5 twists per centimeter. Samples of the
yarn were placed into a Shimadzu load frame, using
capstan grips specifically suited for testing of yarns.
The distance from grip to grip was 250 mm. The yarns
were then pulled to breaking at a rate of 0.01 meters
per second. This speed, which is close to the
maximum speed for the Shimadzu load frame (max
speed 0.016 m/s), was chosen to be as similar as
possible to manufacturing speeds available on Shima
Seiki weft knitting machines (minimum speed of 0.03
meters per second). Force and displacement data
was recorded. See Figure 4 for the testing equipment
and the results of measuring ten yarn samples.

The force vs. displacement data from four jersey
fabric samples stretched in the wale direction is
shown in Figure 5, with the displacement normalized
to strain (mm/mm). It can be seen that each of the
curves are well matched to the others, demonstrating
consistent deformation behaviors.

Stretch scaffold model and
find optimized yarn path

Compute yarn strain from
stretched fabric model

v

Utilize yarn strain energy
from experimental data to
produce computational
yarn strain energy

Compute predicted swatch
strain energy as multiples
of yarn strain energy

Feedback link
allows scaling
of model
based on
energy
calculations
(Poisson
Effect)

Figure 3. Process for computing fabric stretching energy using helicoid scaffolds.
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Merino wool yarn pulled at 0.01 meter/second

Force (N)

015
Strain (mm/mm)

02 03

——Sample 1 —Sample 2 —Sample 3 ——Sample 4 —Sample 5 —Sample 6

—Sample 7 —Sample 8 —Sample 9 ——Sample 10emmAverage

Figure 4. (Left) Merino wool yarn loaded in capstan grips on the Shimadzu load frame. (Right) Force vs. strain data for 10 samples of
Merino wool yarn.

Wale Direction Stretching, Steamed and Unsteamed

| o

Force (N)

Force applied in the Wale Direction

0.05 0.1

856A (Steamed)

8568 (Steamed)

02 0.25

Strain (mm/mm)

03 035 0.4 0.45 0.5

——856C (Unsteamed) = ——856D (Unsteamed)

Figure 5. Stretching a single Jersey fabric with Merino wool yarn in the wale direction; (Left) experimental setup, (Right) force vs. strain

data.

Computing yarn and swatch deformation
energy

From the averaged force vs. displacement curves of
the yarn, we can compute the force vs. strain values
by dividing the displacement by the rest length of the
yarn. Integrating force with respect to strain, which is
effectively finding the area under the force vs. strain
curve, gives us energy per unit length of the yarn.

This is then multiplied by the yarn length to obtain the
energy in a stretched yarn. This approach allows us
to now measure the stretching behavior of actual
yarns and incorporate their measured behavior in our
computational models.

The process of computing the measured swatch
energy is similar to that of the yarn energy. We stretch
the swatch in the wale direction and plot the force vs
displacement curve for this stretching. This is then
converted to a force vs. strain curve by dividing the
displacement by the total wale length of the swatch at

rest. The area under this curve gives us energy per
unit wale length of the swatch for a given strain.

Generating and stretching the helicoid
model

Given the loop scale parameters that are derived from
the physical swatch, a yarn-level helicoid-based
geometric model is computed using the methods
described in previous sections and [5,6]. The shape
of the yarn arises from its interaction with the helicoid
scaffold. For a fixed set of strain values, the scaffold
is stretched by the associated scale values in the
wale direction, and the yarn model is updated. See
Figure 6. In order to adjust the model for the Poisson
Effect, the model should be scaled in the direction
orthogonal to the plane of the fabric. The method
utilized to compute this scale factor is described in
Adjusting fabric thickness section.
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4+ 1 4 )
< E %
by Ve

Figure 6. Stretching the helicoid yarn model in the wale direction.

)

Figure 7. Effect of reducing scaffold thickness on loop shape and
length.

Scaffold Thickness Percentage Reduction vs Wale Strain

/

[ 5 10
Wale Strain (%)

50
40
0

3

20

Percentage Reduction in Scaffold thickness

10
0
15

20

Figure 8. Scaffold thickness changes required to match the
computed energy values to the measured values.

Computing swatch stretch energy from
yarn stretch energy

The length of the yarn through the fabric model is
calculated both before and after the model is
stretched, providing yarn strain vs. fabric strain data,
as seen in the upper right block of Figure 3. The
helicoid scaffold model plays a critical role in this step,
allowing us to determine how much the yarn deforms
as the fabric is stretched.

In the bottom left block of Figure 3, the experimental
yarn strain data is combined with the computational
yarn strain data to produce a data-derived yarn strain

10

energy curve. The computed scaffold geometric
model tells us how much the yarn strains during fabric
stretching, the experimental yarn strain data then
allows us to compute the amount of energy needed
to stretch the yarn. In the next step, the predicted
swatch energy is computed by multiplying the length
of a single loop, which is computed from the scaffold-
based geometric model, by the predicted yarn strain
energy, which gives us the energy needed to deform
a single loop of yarn as the fabric is stretched.
Multiplying this loop-level energy by the number of
loops in the modeled swatch produces the predicted
total energy needed to stretch the fabric sample.

In the final step the predicted swatch energy
computed from the yarn-data-derived model is
compared to the deformation energy that is based on
the experimentally acquired swatch strain data. When
this ratio is 1, the energy computed from our model
exactly matches the energy that is acquired from
measuring the associated fabric sample.

Adjusting fabric thickness

In our initial experiments, we produced computational
swatch stretch energies that matched the measured
swatch energies to within a factor of 2, except when
the fabric strain exceeded 15%, where the ratio of
computed and measured energy was over 6. We
hypothesized that the main source of this high-strain
anomaly was the absence of accounting for the
Poisson Effect in the stretched computational model.
To address this deficiency, we reran our
computational pipeline and additionally adjusted the
scaffold thickness to model the fabric thinning that
occurs during stretching. See Figure 7. For each
strain increment the scaffold thickness was
decreased, with the yarn geometric model being
accordingly modified. The scaffold thickness that
produced an exact match between the computed and
measured swatch energies was determined. This link,
shown with the red arrow in Figure 3, forms a
feedback loop that guides the adjustment of the
thickness value.

Table 1 contains some of the derived data from this
task, showing the percentage reduction in scaffold
thickness needed for various strain increments to
produce the desired exact energy matches. Figure 8
presents a plot of all our percentage reduction of
scaffold thickness vs. wale strain data. The data is
observed to be linear with a very high R? value of
above 99.8% in all the cases that were tested. The
equation of the least-squares line fit to the data in
Figure 8 is

% thickness reduction=2.6 x wale strain-3.2.

)
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Table 1. Scaffold thickness reduction required to match the measured energy for different swatch strain values.

Swatch Strain | Percentage reduction in scaffold Ratio of computed swatch energy
g values to measured swatch energy
[%] thickness
values

5 10.05 1.00

10 21.97 1.00

15 35.50 1.00

20 49.36 1.00

Undeformed High Energy

Low Energy

Knit Sde

Figure 9. (Left) Generalized energy for two knit structure deformation modes. (Right) Natural curling of a single Jersey knitted fabric.

The relation between the change in thickness of the
fabric with respect to its stretching is similar to the
Poisson Effect in solid materials. The linear
relationship between swatch thickness reduction and
wale strain provides encouraging evidence that our
approach may be utilized to predict fabric deformation
energies.

DISCUSSION

The helicoid-based approach to estimating
mechanical behavior demonstrates a number of
advantages over more conventional methods. It
shows promise for computing physical quantities of
weft-knitted fabrics purely based on geometric
calculations. Utilizing a helicoid, a type of minimal
surface, as a scaffold for defining the topology and
geometry of weft-knitted fabrics allows for the rapid
calculation of yarn geometry, fabric deformation and
deformation energy. These quickly produced results
could support extensive exploration of the fabric’'s
design space in a short amount of time. While the
helicoid-based approach to estimating mechanical
behavior of weft-knitted fabrics shows promise, it also
clearly has several deficiencies. The swatch-level
stretching energy calculations completely rely on the
change in yarn length during fabric deformation, and
do not include yarn bending energy and friction; two
qguantities that certainly affect knitted fabric
mechanical behavior. It is notable though that
experimental results can be computationally
reproduced by just taking into account yarn stretching
energies. It is also important to note that our results
have been produced under low fabric strains, and it is
anticipated that the relationship between yarn
stretching energy and swatch stretching energy may
change at higher strains, requiring additional model
features and parameters for accurate prediction.
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Finally, the helicoid-based approach provides a
qualitative framework  for analyzing and
understanding the structural properties of knitted
fabrics. For example, the approach readily explains,
through an energy-based analysis, the curling
behavior of knitted fabrics (Figure 9). Applying
circular deformations to a single Jersey model and
computing the total yarn stretching energy shows that
bending backwards produces a lower energy
configuration, compared to a flat and forward bent
fabric; thus, explaining the natural curling behavior of
the fabric, as seen in Figure 9 (Left). This conclusion
can be reached purely through a geometric
calculation and does not require a computationally
intensive dynamic simulation.

CONCLUSIONS

We have presented the mathematics and algorithms
needed to utilize the helicoid, a bicontinuous, minimal
surface, as a scaffold for defining the topology and
geometry of yarns in a weft-knitted fabric. The
geometry of a half-loop of yarn is specified as a
geodesic path along the surface with fixed boundary
conditions. This optimized path may be duplicated,
reflected, and shifted to produce the centerlines for
the multiple stitches that make up a fabric. The
approach provides a promising framework for
estimating the mechanical behavior/properties of
weft-knitted fabrics. For example, fabric stretching
energy may be estimated by scaling the helicoid
scaffold, computing new yarn paths, determining the
amount of ensuing yarn stretch, and computing the
total amount of yarn stretching energy based on
measurements of actual yarns. The total computed
swatch stretching energy has been calibrated with the
energy needed to stretch an associated actual knitted
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fabric. Additional research is required to advance the
method towards a deployable design tool.
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ABSTRACT

This work presents a small, minimalistic, pure Python based open source library, which was designed to
simplify the parametric creation of textile structures. The library comes as result of long years of teaching
modelling of textiles at master and PhD level, where the difficulties with all existing packages and the learning
outcomes from such one course were considered. The idea of the library is that the students learn at the
same time first steps of programming Python using small library, it is running on any operation system and
from other point of view, the user is able to concentrate on the textile architecture, not getting lost in the
coding style, data structures etc. PyTexLib is used since 4 years successful in the education at TU Dresden
and in WE-TEAM program and is available as open source at GitHub.
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Modelling; Textile structures; Library; Open source; 3D modelling; Python.

INTRODUCTION

There are many professional CAD packages for
automatic creation of textile structures, which cover
single type or groups of textiles. For weaving — there
are more than 20 CAD packages [1], which creates
photorealistic simulation of the fabrics and can export
machine data, but only few of these can provide real
3D data for FEM simulation or other analysis of the
structures (as pore size, CFD, etc.). Only WiseTex
provides mechanical computations of the minimal
potential energy of the yarns in order to provide
mechanically correct geometry [2]. For knitted
structures the CAD packages are very limited. Both
leading machine producers Stoll and Shima Seiki
have excellent photorealistic representations of the
weft knitted structures, but 3D view can be generated
only by the software of Shima Seiki, but until now is
no reported any export option for more simulations.
Several types of weft knitted structures and warp
knitted structures and as well braided can be
generated in 3D and exported to various format by the
software of company TexMind (https://texmind.com/).
These are convenient for work and export, but are as
well limited to the programmed structures inside. Only
the software TexGen [3] is open source, which allow
scripting and creation of custom structures. Actually,
there are few shortcomings working with TexGen
which have prevented the authors of using it in the
research and caused the creation of a new library.

Once problem is, that TexGen works fine with unit
cells, but is (or at least during the last year was) not
capable to operate fast with large structures with
more yarns and filaments (like knitted). The second
problem is, that it is GPL Licensed and any advances
of the software have to remain GPL License, which is
potential problem in case of performing applied
research together with industrial partners. Another,
third problem is, that although TexGen can be
compiled on MACOS and Linux, it does not provide
direct installation files for such systems, which was
causing troubles during the education of students in a
classroom.

Based on this analysis and experience the authors
decided in the past to develop small (minimalistic),
open access, pure Python based library for scripting
textile structures, which can be effiziently used in the
education and for creation of complex or custom
structures, which are not covered in the packages of
TexMind or else. This was already successful applied
in one PhD thesis [4] [5]. In the education of the WE-
TEAM master students (https://we-team.education/)
during the course of Computation Sciences and
Engineering Principles for Textiles and during the
lectures at TU Dresden.

LIBRARY STRUCTURE

Python was chosen as language, because it is
currently wide used, free, open source and available
on all systems. The library is hosted on GitHub

* Corresponding author: Kyosev Y., e-mail: Yordan.kyosev@tu-dresden.de
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(https://github.com/virtualtextiles/pytexlib) and a MIT
License was chosen, so that any person is free to use
it and apply in any projects — public and commercial,
without any limitations.

The goal is to have simple library for creating textile
structures, where the develop concentrates on the
textile and not on the programming structures in
Python. For this several classes were developed:
The fibre class (file fiberlib.py) is the basic class in
the library in the same way as the fibers are the basic
elements of all fiber based structures. Each fiber is at
the current state with circular cross section and has
defined fibre diameter d, colour with the red, green
and blue values and has list of coordinates of the fibre
axis. The generation of fibre with two points of the axis
is as simple as follows:

fi=fiber()

fi.diameter=0.2
fi.setcolour(123,23,230)
fi.append_point(1.0,2,3)
fi.append_point(12.0,2,3)

The first line constructs new fiber “fi". The second and
third lines specify its diameter and color. After that the
developer has to add points with their x, vy, z,
coordinates and can use not only numbers, but as
well parameters with all possible options of the
Python syntax.

Before one fibre is assigned to a yarn (or other

structure), this has to be created by the constructor
ya=yarn()

In this case as yarn can be created as well non-woven

structure, the meaning of one yarn is that it represents
a group of fibers.

Adding the fiber is then one simple line:
ya.add_fiber(fi)
Analogously, the yarn has to be assigned into textile
structure
t=textile()
and added there
t.add_yarn(ya)

With these steps, the textile structure with one yarn
and one fiber is ready and can be saved into CSV file

t.write_file("mysample.csv")

so that this can be visualized by the TexMind Textile
Viewer (free software), used as wellin the book Warp
Knitting Fabrics Construction [6] and can apply all
types of exports (for instance LS-Dyna, Abaqus,
Ansys, gltf, STL, x3d etc, Wisetex, Texgen script) in
the standard TexMind packages.

The structure can be visualized by the simple
command:

t.plot()
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DISCUSSION
ISSUES

The current library does not contain class for “groups
of yarns” which is the case for all ply yarns. Actually
two- and three-ply yarns are used very often and even
more than the single ply yarns. Additionally, contrary
to the structures in the software and the data formats
of TexMind for instance, there is no implemented
class for groups of (ply) yarns. Such grouping helps
significantly for selection and visualization of warp or
weft yarns only at woven structures, or different
systems of multilayer woven structures (upper layer,
bottom layer, connecting warp etc.). Such grouping is
efficient in the warp knitting, too, where each guide
bar represents separated group of yarns. Both the ply
yarns and group of yarns represents two levels of lists
of existing objects. During the creation of the library
the developers decided initially to skip these levels, in
order to simplify the coding. Because in the case of
structure with single yarn, it has to be added into ply
yarn with one yarn, and this ply yarn has to b added
to a group of yarns, which could contain only one
yarn, too, if all levels have to be represented. One
alternative option for sorting, which is less efficient but
more convenient for beginners is the adding of
attributes like "Ply Yarn ID" or "Yarn Group ID", which
can be used internally for searching and sorting and
visualization of the objects from one group without the
need of implementation of two more levels of
grouping.

Another aspect is the 3D visualization of the
structures. At the current time one option is the export
of the geometry as text file with specific format (CSV)
and visualization with the free TexMind Viewer. This
visualization is better than the using only the 3D axis.
The integration of the 3D visualization of the library is
possible but had some disadvantages during the
teaching. One very powerful 3D library is vtk, actually
used in TexMind Viewer. Vtk can be used in Python,
too, but requires C++ compiler during the installation.
This requires often administrative rights and was
trouble for the installation in classroom environments.
Avery nice and simpler to use, compared to vtk library

Fibre
Yarn

POINTS WITH OPEN

Ply Yarn (group of yarns)

Groups of (ply) yarns
(warp/weft,guide bars)

Piece of textile structure
Product

Figure 1. Objects in PyTexLib. The red objects are not
implemented for simplicity at the current time


https://github.com/virtualtextiles/pytexlib

KYOSEV Y., ET AL.: PYTEXLIB — OPEN SOURCE PYTHON LIBRARY FOR SCRIPTING TEXTILE STRUCTURES

Figure 2. Created yarn with spiral effects within PyTexLib.

are pyVista, open3D, or Vedo. They actually all
present python warping of vtk, and this brings the
same troubles as vtk itself. The authors are looking at
the current time for suitable, pure python based 3D
library for visualization, which has as less
dependencies as possible and works on multiple
platform without needs of administrative rights at this
point.

RESULTS

Figure 2 presents one example of a multifilament yarn
created with PyTexLib. This is a yarn with spiral
effects, where some core filaments are placed almost
straight in the middle of the structure and the
remaining filaments are around these. The generation
is done within 14 lines of code for this structure, (not
considering the PyTexLib and the visualization
libraries itself).
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CONCLUSIONS

The new open source python library PyTexLib allows
quick start in creating 3D geometries of textile
structures. It requires only basic understanding of
programming and elementary syntax in order to
implement parametric geometric models into 3D
visualizations. It can be a good tool for quick start in
the 3D modelling of textile structures, especially for
such structures, which are not covered in the
available CAD packages.
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ABSTRACT

The majorities of stab protective armors limit several comfort parameters such as locomotion, movement,
respiration, flexibility and weight which determine the efficient use by officers. Lightweight and effective
protection with the necessary comfort parameters such as flexibility, respiration and free locomotion through
the development of three dimensional printed (3DP) scales based on natural armors from fibers using
continuous filament fabrication is the main objective of this research. In this study, stab protective armor
scale-like elements with different materials, shapes, sizes and portions of a part investigated against
stabbing force. Onyx, Aramid, carbon and different ratio Onyx/Kevlar by inserting fiber at different fiber filling
angles (0/45/90/135)n were used in this investigation. The specimens were tested according to VPAM KDIW
2004. The result revealed that the scales with Onyx, Kevlar/Onyx and Kevlar fiber-reinforced protective
scales failed while the carbon fiber resists the puncturing energy level K1 (25 J) with the penetration depth
less than the maximum allowable penetration depth of the knife through the protectors. The large size
protective elements and rectangular geometries withstand the impact energy relative to triangular
geometries. The result revealed that the material type, its alignment, size and shapes of protection elements
and portions of the scales where the weight dropped significantly influence the resistance against the impact

energy to puncture with the intended energy level and sharp tipped knife.

KEYWORDS

Protection armor; 3D printed scales; Impact energy; Penetration depth; Fiber-reinforcement; Geometries

and their sizes; 3D printing; Stab protection.

INTRODUCTION

Protective clothing is one of the most important
pieces of safety equipment to save lives. A stab
resistant vest is a reinforced piece of body armor
designed to resist knife or needle attacks specifically
to the upper part of the body (chest, back and sides)
and it can be worn either as covert or overt.

Early humans used comparatively primitive armors
which were manufactured out of metal, horn, wood or
leather lamellae [1] [2] but as civilizations evolved and
knowledge advanced, body armor introduced. Then
in the last century, with its two world wars, various
attempts were made to advance the technology of
body armor [1]. It was reported that the first soft body
armor was developed by the Japanese and in that
instance, was made of silk and was most effective
against low-velocity bullets [3]. Thus the first so-called
bullet-proof vests were designed in America in the
two decades following World War | [4] [5] while the

* Corresponding author: Sitotaw, D.B., e-mail: dere96@yahoo.com
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modern police body armor was introduced into
practice in the 1970s [6].

Security officers are stabbed everywhere during their
duty shift and most of the stabbed officers are killed
immediately after stabbing by the suspected
assailants. As the news and reports showed that the
number of stabbed officers increased from year to
year in developed countries, for example, in United
states of America, Germany, United Kingdom, but the
stabbing frequency is more in developing, Saharan
and sub Saharan countries [7-15]. The main reason
for fatal injury is the officer's negligence to wear
protective armor vest during their duty shift because
most armor vests are heavy, non-permeable and
reluctant mode of the officers. With all these
limitations of most of the current armor vests police
officers,  military, transport and correction
administrators should encourage their staffs to wear
stab vests during the whole duty shift to save them
from a fatal injury if stabbed in torso [16]. Armor vests
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might not be universal but has to be designed
according to the level of protection, type of weapons
and techniques of stabbing by assailants in the region
with the desired comfort. The level of protection
required in soft and sensitive bodily regions is
determined by the type of attacks that are likely to be
encountered [17]. The design of appropriate stab
vests with the desired level of protection can be
challenging for a wide range of weapons which are
used for puncture and the stabbing techniques are
different depending on assailants [18].

Though protection and comfort are conflicting, body
armors for stab protection should also consider [19]
flexibility and other ergonomic issues for acceptance
along with coverage and duration [20-22].

The selection of advanced materials (both for
performance and comfort) and appropriate armor
design should ideally allow the flow of excessive
metabolic heat away from the body (thermo-
physiological property) which can be reflected by a
combination of air permeability, thermal resistance,
and moisture evaporation [23-25]. The garment
should be able to transfer heat and moisture away
from the skin to the atmosphere [25-27]. Tactile
comfort, the feel or sensation on the skin when worn
should be considered during design of protection gear
[28] [29].

The use of body armor has always been an issue
when ease of body movement and cognitive functions
are considered [30, 31] and should not be drastically
compromised by the design of the body armor [22].
Many biological systems possess hierarchical and
fractal-like interfaces and joint structures that bear
and transmit loads, absorb energy, resist puncture
and accommodate growth, respiration and/or
locomotion [32], which are determined by their
geometry [33-35]. In the case of bio-inspired flexible
protection, natural segmented armors from fish,
alligator, snake, tonicella marmoreal, pangolin, scaly
foot gastropods, arapaima or armadillos are attracting
an increasing amount of attention because of their
unique and highly efficient protective systems to
resist mechanical threats from predation, while
combining  hardness, flexibility, breathability,
thinness, puncture-resistance and lightweight [35-
40]. These natural armors, which inspired
researchers because of their diversity of
geometrically structured interfaces and joints, are
found in biology, for example in armored
exoskeletons [41] [42], the cranium [33] [34], the turtle
carapace [43] and algae [44].

Learning by imitation and further by linking all the data
has probably been one of the most fruitful ways of
development ever used. The extreme contrast of
stiffness between hard scales and surrounding soft
tissues gives rise to unusual and attractive
mechanisms, which now serve as models for the
design of bio-inspired armors. Despite this growing
interest, there is little guideline for the choice of
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materials, optimum thickness, size, shape and
arrangement for the protective scales [45].

The performance of 3D printed aramid FRP for stab
resistance was studied for 2 mm, 4 mm and 6 mm
thickness and the last two showed excellent
performance for 25 J impact energy while 2 mm thick
scales failed the puncturing test [46]. In this research,
the scales are designed, developed and its
performance is checked for energy level K1 (25 J)
with a relatively low thickness, mass, production time
and material usage as compared to the previous
research result.

The aim of this research is to design and develop
three dimensional (3D) printed stab resistant armor
vest based on continuous filament fabrication (CFF)
inspired by natural armors. The plan is to combine
soft textile undergarment and hard stab protective
elements in terms of fiber-reinforced plastic (FRP) of
segmented scales. As a first step for the development
of innovative stab protection clothing, the stab
protection properties of 3D printed and fiber-
reinforced functional elements are investigated based
on material types, shape of the geometries of the
scales and size of geometries, which are used for the
development of a novel vest. The main novelty of this
research is its comfort as studied and published in a
reputable journal [47] by the same authors to this
article. The comfort is found to be improved as
compared to the current stab protective armor
because the armor’s protective elements in this
research are segmented scales [47] without
compromising the protection performance for the
intended energy level, as investigated in this research
in terms of material types and its alignment during 3D
printing, geometry and size.

MATERIALS AND METHODS
Materials

3D printed stab protective elements in this research
are produced as circular, quadrilateral and triangular
scales with defined dimensions from thermoplastic
composite filament (Onyx) and functional fibers such
as Kevlar from aramid groups and carbon fibers with
the mechanical properties shown in Table 1. Different
blend layers ratio of fibers and plastics are used in
Markforged Inc.’s Mark Two Desktop 3D printer [48]
with its CFF process and two printing nozzles. One
nozzle of the printer operates like a typical extrusion
process to lay down a plastic filament that forms the
outer shell and the internal matrix of the part. The
second nozzle deposits a continuous strand of
composite fibers such that carbon, Kevlar, glass and
others on every defined layer [49] [50] inside a
conventional fused filament fabrication (FFF)
thermoplastic part [51].

The specimens were sliced at 0/45/90/-45 degrees of
infill angles, with defined repetitions written as a
subscript after the last bracket (see Table 2), using
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Table 1. Mechanical properties of materials [48].

Properties Onyx Carbon Kevlar
Tensile strength (MPa) 37 800 610
Tensile modulus (GPa) 2.4 60 27
Flexural strength (MPa) 71 540 240
Flexural Modulus (GPa) 51 26
Compressive strength (MPa) 420 130
Compressive modulus (GPa) 62 25
Density (g/cm?®) 1.2 1.4 1.2
(Association of Test Laboratories for Bullet Resistant Materials and Constructions, 2011)
Table 2. Materials arrangement inside the 3D printed scales.
No. Material Fiber angle (i degree=) [ Filing fiber ayers | bimension Shape
1 Onyx No fiber
2 50% (0/+45/90/-45)/0/45/90 15/30 = 50.00% .
Onyx/50%Aramid 3 mm thickness
3 | 27%0nyx/73Aramid (0/+45/90/-45)5/0/45 22/30 =73.33% agi;%g:” Circular
Aramid (0/+45/90/-45); 28/30 =93.33%
Carbon (0/+45/90/-45)5/0/45 22/24 =91.67%
6 24/32 = 75% 100 mm x 100 mm Quadrilateral plate
X4 mm
7 Carbon 0/+45/90/-45 24/32 = 75% Quadrilateral
scales
8 24.59% Triangular scales
Eiger.io online software by Markforged Inc. Table 2  Additionally, various dimensions are explored,

displays the material arrangement, design, and setup
of the printing process to determine the optimum
protective scales with the minimum possible
thickness for Energy Level 1, which is 25 joules and
a 20mm allowable deformation depth [52] of the knife
through the 3D printed protective element. The
materials and their arrangement in the 3D printed
scales are shown in Table 2. The material ratio,
expressed in percent (%), is based on the number of
layers of reinforcing fibers relative to the layers of the
whole part, but not the material volume, because the
material volume depends on the density of the
materials per unit volume of the geometry. The
remaining layers, not shown in some of the rows in
Table 2, are made from Onyx.

Methods

The development of 3D printed scales begins with
designing, followed by STL file generation in
Autodesk Fusion 360 software. The generated STL
file is then imported into Markforged Inc.’s online
slicing software called “Eiger.io” to select the type of
material, assign alignment composition for each layer
of the final product, and arrange the materials
accordingly before being transferred to the 3D printer.
The samples used for this study are 3D printed from
the materials listed in Table 1, with each sample
having a specific ratio and filling alignment without
symmetry.

The scales are designed to have a thickness of 3 mm
and a diameter of 50 mm for material investigation.

including quadrilateral scales with a thickness of 4
mm, triangular scales, and a square plate measuring
100 mm x 100 mm x 4 mm, for shape and size
investigation. The designs of the target samples are
illustrated in Figure 1A to Figure 1D, along with their
corresponding standard triangle language (STL) files
(Figure 1E) generated from Fusion 360.

Figure 2 illustrates the material arrangement of every
layer in the 3D printed scales. The layers are
arranged with different material filing angles to
potentially enhance protection while reducing the
overall weight of the armor element (scales). The fiber
angle coding follows the standard lamination theory
for composite part production. To clarify the
arrangement, for example, (0/+45/90/-45)N signifies
that a reinforcement fiber is printed N times
sequentially in the 0, +45, 90, and -45 filling angles to
complete the construction. The repetition (N) of the
print layers angle is determined by the fiber diameter.
For instance, a carbon fiber with a diameter of 0.125
mm is printed approximately N = 5.5 times for the
mentioned reinforcement fiber angles, while a Kevlar
fiber from the aramid group with a diameter of 0.1 mm
is printed approximately N = 7 times for the mentioned
fiber angles arrangement. The first and last layers
default to thermoplastic materials, which in this study
is Onyx.

Four specimens are produced, and three of them are
tested for each sample following the test method of
the Association of Test Centers for Anti-attack
Materials and Constructions [52].
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Figure 1. Designs generated from Fusion 360 A) Circular scale 3mm thick B) Quadrilateral scales 4mm thick C) Triangular scales 4mm

thick D) Square plate 4mm thick E) STL file.

N times

Figure 2. An example of material arrangement and printing order

of polymers at filling angle (0/+45/90/-45)y, generated from Eiger.io.

Experimental

The specimens are conditioned for a minimum
duration of 24 hours at a temperature of 20 + 2 °C and
a relative humidity of 65 + 5% [52]. The testing knife
(blade), with specifications shown in Figure 3, is
attached to the drop stand to test the resistance to
puncture of the 3D printed scale-like armor elements.
The dropping object, depicted in Figure 4a with the
knife in Figure 4c, has a drop mass (m) of 2.51 kg,
dropped from a height of 1.02 m at a speed (v) of 4.44
m/s, which is measured using an optical sensor to
calculate the velocity right before impact. The kinetic
energy (Exin) applied to test the protection level of the
specimens can therefore be calculated as follows:

Exin = 3m*v? = ~2.51kg * (4477) % = 25.07 ]

The kinetic energy used to test the specimens is
25.07 J, which is nearly identical to the specified
energy in the corresponding inspection norm (K1=25
J) [52]. This energy level serves as an indicator of the
specimen's protective performance, provided that the
penetration depth does not exceed the standard

allowable depth outlined in the norm.

The testing procedures in this study involve applying
impact energy to the specimens to puncture and
evaluate the performance of the armor scales against
this energy. This process primarily consists of three
steps: preparation of the testing setup (depicted in
Figure 4, Figure 5A, and Figure 5B), puncture testing
(Figure 5C), and measurement of the penetration
depth (Figure 5E).

The dropping object is released from the suspension
bar by pulling the rope with the holding hooked rod,
causing the knife with the dropping weight to fall onto
the 3D printed sample in a closed chamber (as shown
in Figure 5C). Afterward, the dropped object, along
with the impacted specimen, is removed from the
plastiline box to measure the penetration depth of the
testing knife through the scales (as illustrated in
Figure 5E).

The relative alignment of the knife to the specimen
with respect to the fiber filling angles (0/+45/90/-45)N
is random for all specimens, but the center of each
scale of the specimens is aligned relative to the tip of
the knife to avoid deflection of the specimen upon
impact. Additionally, specimens with segmented
scales and single plate protective elements are
subjected to multiple drop tests at different parts of a
sample made from carbon fiber reinforcement.
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C) Dropped the knife with the weight D) Impacted object right after dropping E) dismantled the knife from the dropping object and
measuring of the penetration depth of the knife.

Figure 4. Drop test stand with: a) Dropping weight b) Dropping
weight fixing hook c) Knife d) Safety path e) Hook pulling rope f)
Safety bar g) Specimen of plastiline h) Plastiline.
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RESULTS AND DISCUSSION

As indicated in research results, the minimum organ
distance from skin is pleura 22 mm, pericardium 31
mm, spleen 23 mm, kidney 37 mm, thoracic aorta 64
mm, abdominal aorta 87 mm [53] and liver 22 mm [54,
55]. The maximum penetration depth of the knife
should be lower than the minimum distance of the
organ from the skin. On the other side, the maximum
penetration depth of the knife for energy level K1 (25
J) set by VPAM standard is 20 mm [52]. If the
specimens allow the knife to penetrate deeper than
the penetration depth set in the norm, then the
samples are considered as failed to resist the
specified impact energy level K1. As seen from Figure
6A - Figure 6E, the scales have shown different
depths of the knife penetrated through the 3DP
protective armor elements because of the type of
reinforcement fibers, the fiber contents in the plates,
the size of the scales and the shape of the scales.

As shown in Table 3, the influence of materials on the
stab resistance at the intended energy level is
investigated using various compositions:
Onyx/Aramid (50% each), Onyx-27%/Aramid-73%,
Kevlar-100%, Carbon-100%, and Onyx-100%.
According to the test results, 50 mm diameter 3D
printed carbon scales showed potential resistance
against stabbing with a knife dropped at 25 joules of
energy level 1. However, other materials investigated
in this research demonstrated the worst potential
against the same intended impact energy, resulting in
fatal injury if used to develop protective armor with a
3 mm thickness and without symmetry of material
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alignment during the 3D printing process. Carbon 3D
printed scales do not allow the sharp tip of the knife
to pass through, even for fractions of millimeters after
the last layer of the 3DP protective scale, but the knife
tip is deformed at every test.

The knife with the impact weight dropped on the 3D
printed Kevlar scales fully passed through the
plastiline with no resistance from the scale when it
went through each of the aramid fiber layers. The
main reason for this is the physical and mechanical
properties of the materials, where the impact energy
has a compression effect at first, then tensile and
flexural effects. This means when an impact load is
dropped on a specimen, it compresses the area,
stretches it, and then deforms it. The material with the
highest values for these parameters can relatively
have high resistance against the intended impact
energy. Carbon, with its 0.125 mm diameter, has the
highest density, tensile, compression, and flexural
strength and modulus (see Table 1), thus achieving
the highest resistance against the intended impact
energy.

The percentage of Onyx in the protective scales has
no positive influence on resistance to the intended
impact energy. Therefore, specimens with 3 mm
thickness made from 100% Onyx and Kevlar from
aramid fibers filled in the (0/45/90/-45)7 degrees

throughout the specimen have little to no resistance
to puncturing because the penetration distance (>40
mm) is deeper than allowable within the testing
standard [52]. Therefore, the analysis mainly focuses
on the carbon and the Kevlar aramid fibers.
Therefore, the analysis mainly focuses on carbon and
Kevlar aramid fibers. The carbon fiber (Figure 6A)
does not allow the tip of the knife to be seen behind
the scale, even with fractions of a millimeter, while
100% Kevlar allows the knife to penetrate through the
specimen without resistance to the impact energy
(Figure 6B).

However, Kevlar with symmetry of material alignment
(Figure 7) during printing showed potential resistance
to the intended impact energy [56]. As the
researchers reported in their paper, the symmetry of
material alignment has a significant influence on the
resistance to impact energy for stab protective armor.
With this, Kevlar can withstand the intended impact
energy when a 3 mm thickness of the scale is 3D
printed with mirroring the other half thickness of the
scale because half of the directions of the fiber
alignment are totally opposite to the alignment of the
other half fiber layers so that the running speed of the
knife is disturbed during stabbing, resulting in low
penetration depth.

Figure 6. Appearance of scales right after impact; A) Carbon circular scale; B) Kevlar circular; C) Triangular plates; D) Quadrilateral scales

on textiles E) Rectangular Plate.

Top layer
(nylon)

2(print two
times)

— Symmetry
(s) plane
'90- Aramid

- Aramid
150~ Aramid:
120- Aramid

Building Direction

90- Aramid

(nylon)

Figure 7. Example of

[(0/+45/90/-45)3/0/90]s, generated by Eiger.io o[56].
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material arrangement and printing order of aramid layers- at filling angles [(0/30/60/90/120/150)2/0/90]s and
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Table 3. Results of stab testing of FRP elements.

Penetration Depth of Plastic Fiber
Test runs of knife in plastiline Thickness
) volume Volume
mm deformation
1 44.86 16.61 3 3.9 212
) 2 45.7 175 3 3.9 212
Onyx/Aramid (50%)
3 46.21 20.45 3 3.9 212
Average 45.59
1 45.68 14.3 3 2.05 3.89
Onyx-27%/Aramid- 2 46.22 18.37
73% 3 43.18 15.07
Average 45.03
1 45.6 37.54 3 1.39 4.8
2 42.25 41.12
Kevlar-100%
3 39.45 53.43
Average 42.43
1 0 64 3 1.46 4.53
2 0 63.09
Carbon-100%
3 0 64.48
Average 0
1 >48,5 3 5.81
2 >48,5
Onyx-100%
3 >48,5
Average >48.50
1 20.65 4 11.92 26.79
100x100mm Square 2 9.24
Onyx-Carbon 3 18.62
Average 16.17
1 30.63 No significant 4 17.83 24.46
Quadrilateral 2 13.47
Segments attached 3 23.88
on textiles 4 2153
Average 27.38
1 41.93 No significant 4 38.24 12.47
Triangular 2 42.17
segments attached
on textiles 3 40.14
Average 41.41

Figure 8 presents the 3D printed protective scales
immediately after being impacted by the knife with the
drop weight. The carbon fiber 3D printed protective
armor element demonstrates extreme resistance to
the intended stabbing energy from the drop weight.
As seen from left to right in Figure 8A, the protection
is perfect due to the carbon fiber's resistive reaction
to the impact energy. The tips of the knives are bent,
broken, and damaged in every cycle of the drop test
on carbon fiber 3D printed scales (See Figure 11A to
Figure 11C).

In contrast to this, the Kevlar 3D printed protective
armor elements totally failed to save the wearer from
fatal injury. As one views from left to right in Figure
8B, the viewer is shocked by the penetration depth of
the knife through the scales because the Kevlar
filaments are not able to resist the intended impact
energy to puncture with the current infill angle
alignment wunless produced with symmetrical
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alignment for half of the thickness of a scale at
[(0/+45/90/-45)3/0/90]s so that the penetration depth
is reduced because each layer crosses over the other
layer either diagonally or at a right angle to disturb the
downward running of the stabbing knife with the
impact load [56].

In addition to the materials, the shapes of the
protective elements also have a significant influence
on the penetration depth of the knife from the impact
energy. The content of the reinforcement carbon fiber
in triangular scales is lower than the content in the
guadrilateral scales. Figure 9 presents the running
distance and turning edges because the shapes of
the geometries have a significant influence on the
content of the fibers (blue lines in Figure 9A and
Figure 9B) to be accumulated during printing. As
viewed from Figure 9A, the impact load with the knife
is not able to fully penetrate after puncture and saved
the wearer from fatal injury with reduced penetration
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Figure 8. Physical appearance of the 3D printed scales right
group.

B ' : G

Figure 9. Appearance of the impact of drop knife on A)
Quadrilateral scales B) Triangular scales and the penetration depth
of knife through C) Quadrilateral D) Triangular scales.

Figure 10. Appearance of the different parts of the scale right after
puncture on the body (2), on the edges and joints (1, 3 and 4) of
the protective elements.
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{1

after impacting drop weight on A) Carbon fiber B) Kevlar fiber from aramid

depth (see Figure 9C). In contrast to quadrilateral
geometries, triangular geometries allow the stabbing
force with the knife to fully pass through the scales
(Figure 9B) and result in fatal injury due to the
shocking penetration depth of the knife (Figure 9D).

Another parameter investigated in this research is the
size of the protective scales and its impact on
resistance performance to stab impact energy. The
size of the protective element refers to its surface
area, classified as large (10,000 mm?), medium (950-
1,280 mm?), and small size (640-750 mm?) in this
study. The large scale exhibited a penetration depth
of 9.24 mm - 19.08 mm, the medium scale showed a
penetration depth of 13.47 mm - 23.88 mm, and the
small scales had a penetration depth greater than
30.63 mm observed during the experiment. The
results showed that the sizes of the protective
elements significantly influence the performance
against puncture to penetrate through the scales (see
Figure 6C and Figure 6E) due to the impact energy.
The protection performance decreased as the
dimensions of the scale became smaller. The
difference in protection performance between the
large scale and the small scale is akin to a saved life
from fatal injury and life lost with fatal injury from the
intended impact energy, according to standards and
the minimum distance of sensitive organs from the
skin [52-55]. The large size protective element bent
the testing knife during the experiment, but the other
sizes did not create physical damage to the testing
knife. Previous research has revealed that the size of
the protective element has an inverse relationship
with comfort but is directly proportional to protection
performance [56] [57] so optimization of comfort must
be made without influencing protection performance.

The protection performance of the 3D printed scales
also varies at different portions such as edges, joints,
and the body of the protective element. As shown in
Figure 10, a narrow puncture width is observed on the
body (2), while a wider puncture hole is seen on the
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edges and joints (1, 3, and 4) of the protective
elements due to less fiber accumulation of the scales
in edges and joint lines. The puncture width on the
edges of the scales could lead to fatal injury unless
improvements are made to the chamfered line in the

joints of the protective elements for uniform
distribution of the fibers in all parts of the scales,
including the edges.

In summary, the knives are bent (Figure 10A — Figure
10E) after puncture testing and are not used to
puncture repeatedly due to the high strength of the
scales printed from carbon fiber in circular scales,
guadrilateral scales on its body, and a 100 x 100 mm2
plate. The tips of the knives are broken, bent, or
partially damaged during the drop test, according to
the content of the carbon fiber in the scales. The
knives in Figure 10A — Figure 10C are bent,
damaged, and broken during the testing of circular
scales made of carbon fiber. A knife in Figure 10D is
bent during the testing of the 100 mm x 100 mm
square plate, the tip of the knife in Figure 10E is bent
during the testing of the body of the quadrilateral
scales, while the physical appearance of the knife in
Figure 10F remains unchanged during testing of the
scales made from Kevlar fiber. The appearance of the
tips of the knives in decreasing damage order from
left to right is clearly shown in Figure 10G, with the
first three knives impacted during testing carbon 3D
printed scales, the fourth knife during testing of the
100 mm x 100 mm square plate, the fifth knife during
the testing of the quadrilateral scales, and the last (on
the right side) knife used during the testing of the
circular scale made from Kevlar.

CONCLUSION

Stab protective armor is safety equipment designed
to safeguard the lives of law enforcement workers for
security assurance. This equipment should be
capable of withstanding the intended stabbing impact
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energy level. This research primarily addresses the
performance of continuous filament fabrication (CFF)
3D printed stab protective gear elements, considering
various important factors such as the type of
materials, shape of geometries, sizes of the
protective elements, and related aspects. The results
reveal that these considered factors significantly
influence the ability to withstand stabbing impact
energy from a knife with a drop weight.

The mechanical properties of materials, such as
tensile strength (MPa), flexural strength (MPa),
compressive strength (MPa), and their modulus
(GPa), result in significantly different resistance to
puncture force. Similarly, the density of the materials
also plays a significant role in reducing the impact
energy from the stabbing weight.

The types of geometries, described as shapes of
protective scales in this study, were found to affect
the penetration distance of the knife through the 3D
printed protective elements because the turning point
of the printer nozzle after running to print depends on
the width of the printing line. The narrower the angle
of the turning points of the nozzle, the lower the fiber
accumulation. The sizes of the geometries influence
the fiber content and affect the protection
performance. The larger the geometry, the higher the
fiber content, resulting in improved resistance to knife
penetration through the protective element.

In general, the 3 mm thicker carbon fiber 3D printed
protective scales fully resist the impact energy from
the 25 joules drop weight. The tip of the knife was not
measurable behind the last layer during all impact
tests on carbon scales; instead, the tip of the knife is
bent, broken, or damaged. Therefore, the
investigators of this research suggest developing stab
protective armor through 3D printing of quadrilateral
scales from carbon fiber with optimal dimensions for
reduced weight, flexibility, permeability, and
breathability. The novelty of this study can be
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explained in terms of materials mechanics as the
fibers adhered to each other with crossing alignment
when printing a layer over the layer. This creates an
entangling path on the knife while running from layer
to layer so as the impact energy is reduced by
disturbing the falling speeding of the knife with its
impact mass. These stab protective elements are
designed for segmented arrangement for the possible
flexibility with light weight from the thickness and
material mechanics.

Future research activities will include the attachment
method and adhesion between scales and fabrics, as
well as the design and development of 3D printed
scales for the full vest, and checking its performance
both to protection and comfort.
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ABSTRACT

In this study, effects of polylactide (PLA) melt flow rate, and dichloromethane (DCM)/dimethyl sulfoxide
(DMSO) solvent blend ratio on cellulose nanocrystal (CNC) dispersion quality in PLA/CNC bio-
nanocomposites, prepared via solution casting, were studied. Besides, the electrospinning behaviour of
CNC-loaded PLAs and its blends with poly(butylene adipate-co-terephthalate) (PBAT) was explored. The
rheological analysis confirmed good CNC dispersion ability in PLAs with high melt flow rate specifically in
solvents comprising DMSO. Besides, it was observed that CNC loading directly affected the morphological
structure of the obtained nanofibrous webs. Thermal analysis indicated that CNCs acted as a nucleation
agent and promoting the crystallization process by lowering cold crystallization temperatures and increasing
the degree of crystallinity. The outcomes provide a groundwork for future studies on the fabrication of bio-
nanocomposite webs from PLA/PBAT blends for a variety of applications.
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INTRODUCTION

Cellulose nanocrystals (CNCs) are highly regarded
as a leading nano-reinforcement for bio-
nanocomposites (BNCs) due to their distinctive
attributes, including nano-scale size, outstanding
mechanical strength, ease of chemical modification,
high aspect ratio, low density, renewability,
biodegradability, and biocompatibility [1]. BNCs are
composed of bioplastics combined with either organic
or inorganic nanofillers. Although inorganic
nanofillers may hinder biodegradability, organic
nanofillers are more compatible with bioplastics and
minimize phase separation due to improved
interfacial adhesion and affinity. CNCs are produced
through acid hydrolysis, which selectively targets and
hydrolyzes the amorphous regions within cellulose
microfibrils. Besides, sulfuric acid is commonly used
in this method to generate more stable CNC
suspensions [2]. On the other hand, the interacting
hydroxyl groups on the surface of CNCs and the
sulphate half-esters formed during the sulfuric acid
hydrolysis process may cause CNCs to agglomerate
in hydrophobic polymers, such as PLA. The
characteristics of the matrix, including the polymer's
molecular weight and crystallizability, can influence
the dispersion of CNCs and the resulting properties
of nanocomposites [3]. Besides, the characteristic of

* Corresponding author: Handan P., e-mail: palakh@itu.edu.tr

organic solvent, i.e., polar-nonpolar nature and
dielectric constant, directly affect the dispersion of
CNCs in a polymer matrix [4]. In addition, a significant
breakthrough in processing CNC-reinforced BNCs is
the use of electrospinning to create continuous one-
dimensional fibers with diameters ranging from
microscale to nanoscale. This technique enables the
alignment of CNCs under strong electrostatic fields,
orienting them along the fiber axis and greatly
enhancing the axial strength of the electrospun
nanocomposite fibers. Accordingly, in this study,
polar/nonpolar binary solvent systems, and PLAs with
different molecular weights were utilized to develop
PLA-based nanocomposites via solution casting
method, and CNC dispersion quality was
investigated. Afterwards, the electrospinnability of
PLA-based systems with various solvents was
controlled, and key properties of BNC nanofibers
were investigated.

Table 1. Properties of different PLA grades [5].

Melt flow rate
PLA Code .
(MFR: g/10 min, 210°C)
HPLA 6-10
MPLA 15-30
LPLA 70-85
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Table 2. Properties of the solvents [6].

Solvent Polarity SOIUbI[“c;zI/IZ?T:?]TZeter’ 8 Dielectric constant, & Boiling Point [°C]
DCM Non-polar 9.7 9.10 40
DMSO Polar 12.9 48.9 189
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Figure 1. Complex viscosity versus angular frequency of bio-nanocomposites of (a) HPLA, (b)MPLA, and (c) LPLA (d)

LPLA/PBAT blends with 3 wt.% CNC.

EXPERIMENTAL
Materials

Commercial semicrystalline PLAs with different melt
flow rates (MFR) were kindly supplied by
NatureWorks LLC, USA. PBAT, Ecoflex® F Blend
C1200, having a polydispersity of 2.0 and an average
molecular weight of 1.05%105 g/mol, was donated by
BASF, Ludwigshafen, Germany. Spray-dried CNC in
powder form was provided by CelluForce (Montreal,
Canada). Organic solvents of dichloromethane (DCM)
and dimethyl sulfoxide (DMSO) were purchased from
Merck and Isolab Chemicals, respectively (Table 2).

Methods

CNCs were dispersed within the solvents in a water
bath sonicator for 2.5 h at room temperature. Then,
PLAs and PLA/PBAT granules were added to the
CNC-solvent mixture and stirred on a magnetic stirrer

for 3 h. Different solvent blends, i.e., 100%DCM
(100DCM), 75%DCM/25% DMSO
(75DCM/25DMS0O), and  50%DCM/50%DMSO
(50DCM/50DMSO) were employed. The CNC
content in PLA based bio-nanocomposites was
constant at 3 wt.%. When polymer granules were fully
dissolved, polymer solutions were poured into glass
petri dishes, and they were dried at 85°C in a vacuum
oven.

The selected polymer solutions were individually
loaded to a 1 mL syringe, with a metallic needle of 27
G, and delivered to the syringe pump in a horizontal
electrospinning  system. The electrospinning
parameters of feed rate, voltage, and tip-to-collector
distance were kept constant at 1.0 mL/h, 18-20 kV,
and 15 cm, respectively. An MCR-301 rotational
rheometer with a parallel plate geometry was utilized
to conduct the small amplitude oscillatory shear
rheological analysis. A  scanning electron
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microscope, Tescan Vega3, was used to conduct
morphological analysis at 20.00 kV. A Perkin Elmer
DSC400 differential scanning calorimetry was utilized
to investigate the crystallization and melting
behaviors.

RESULTS AND DISCUSSION
Rheological properties of BNCs

Figure 1 shows the complex viscosity versus angular
frequency of bio-nanocomposites of HPLA, MPLA,
LPLA, and LPLA/PBAT samples with 3 wt.% CNC.
The low frequency upturns in complex viscosity
indicate CNC networking formation. Accordingly, the
use of DCM solely allowed the lowest degree of CNC
dispersion within all PLA matrices, while solvent
blends with higher DMSO contents enabled the most
homogenous dispersion of CNCs. Among three types
of PLAs, LPLA bio-nanocomposites had the highest
relative increase in their complex viscosity with the
DCM50/DMSO50 solvent blend, and with
DCM75/DMSO025 also having a significant effect. On
the other hand, CNC dispersion quality was
suppressed in bio-nanocomposites with PLAs having
higher molecular weights. Besides, when PBAT was
blended with LPLA at different weight ratios, i.e., 25
wt.% and 50 wt.%, major upturns at the low
frequencies were observed, indicating CNC
networking formation, as well.

Crystallization behavior of BNCs
1st heating cycles showed that neither the solution-
casted films of neat PLAs nor PLA/CNC bio-

nanocomposites showed cold crystallization,
indicating all PLAs were almost fully crystallized

Table 3. Thermal properties of BNCs.

during the drying step of solution casted film
production. At DMSO concentrations of 25% v/v, neat
PLA samples exhibited a double melting peak, which
could be due to imperfect crystallinity in the PLA,
attributing to the plasticizing effect of residual DMSO
within the polymer matrix. During 2" heating scans,
cold crystallization temperatures of neat PLAs were
always higher than those of PLA/CNC bio-
nanocomposites, indicating CNC acted as a
nucleation agent and promoting the crystallization
process by lowering Tcc and increasing the degree of
crystallinity.

Morphological
nanofibers

structure of BNC-

Based on the rheological analysis, low molecular
weight PLA was chosen as the optimum PLA grade
and used in electrospinning method (Figure 3).
Moreover, as the obtained results showed that the
blend ratio of 75DCM/25DMSO provided a good CNC
dispersion for LPLA grade, this blend ratio was
selected to fabricate PLA/CNC bio-nanocomposite
webs as well. The average fiber diameter of neat
LPLA decreased from 1510 + 200 nm to 1218 + 205
nm with an addition of 1 wt.% CNC; then a dramatic
drop to 342 + 97 nm was observed when the CNC
ratio was 3 wt.%. The results showed that 3 wt.%
CNC-loaded LPLA/PBAT bio-nanocomposite webs
were successfully produced; however, bead
formation was observed in 100PLA/OPBAT. The
addition of PBAT, i.e., 25 w/v% and 50 w/v%, to the
structure resulted in more homogenous fibers with a
higher mean fiber diameter (Figure 4).

4

LPLA/3CNC

Average diameter: 15104200 nm

Average diameter: 12184205 nm

29

Average diameter: 342497 nm

Figure 3. Electrospun bio-nanocomposite webs of LPLA having different CNC content levels.

1t heating 2" heating
Sample Tec [°C] Tm[°C] Xc[%] Tec[°C] Tm[°C] Xc[%]
HPLA 162-166 56 167 5
HPLA/CNC 165 48 113 167 8
MPLA 158-162 53 162 5
MPLA/CNC 162 51 111 164 4
LPLA 158-169 35 105 169 23
LPLA/CNC 168 60 103 169 36
LPLA/OCNC LPLA/1CNC
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100LPLA/OPBAT/CNC

75DCM/25DMSO

Average diameter: 342+97 nm

75LPLA/25PBAT/CNC

Average diameter: 518+144 nm

50LPLA/50PBAT/CNC

Average diameter: 411136 nm

Figure 4. Electrospun bio-nanocomposite webs of LPLA/PBAT blends having 3 wt.% CNC.
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ABSTRACT

Functionally oriented fabric (FOF) is a woven textile featuring irregularly distributed secondary material strips
in both warp and weft directions, designed to locally improve the mechanical properties of laminates,
particularly around openings. This study investigates the impact of different FOF laminate layups on the
natural frequencies of laminates with a 10 mm notch. The analyzed layup configurations include [0/90]s,
[0/45]s, and [0/30/60]s, with 20 mm wide carbon strips incorporated into the glass fiber structure. The
research demonstrates that the FOF structure significantly increases the natural frequencies about 20 % for
bending modes of 0/90 layup. About 5 % and almost 30 % for twisting and bending modes respectively in
the 0/30/60 layup, and over 20 % and about 40 % for twisting and bending modes respectively in the 0/45
layup. These enhancements help to prevent resonance in standard operating frequencies of mechanisms
and machines, thus extending their operational lifespan. Additionally, the strategic placement of functional
material strips around structural openings provides increased stiffness without the need for extra layers,
effectively reducing the laminate's overall mass. This study highlights the potential of FOF to improve the
dynamic performance and lifespan of laminated composite structures used in various engineering

applications.

KEYWORDS
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INTRODUCTION

Non-woven and woven fabrics are two basic types of
fabrics used in composites. They differ in fiber
processing. While non-woven fabric has fibers
bonded together non-mechanically, woven fabrics
are constructed by weaving yarns together. The
vertical fibers are called ‘warp’ yarns, while so-called
‘weft’ yarns are weaved through the warp yarns along
the horizontal width of the textile. Woven fabrics are
called textiles. In the weaving process of composite
textiles, a yarn is called a roving. The roving consists
of straight fibers which are not spun or twisted [1].

Woven fabrics are generally sorted into two groups
based on the roving material. In the first case, warp
and weft roving is made of the same material. The
second type of fabric is so-called ‘hybrid fabric’,
where roving in warp direction consist of different
fibers than roving in weft direction, typically carbon-
aramid combination. Such a regular alternation of
materials in the hybrid fabric leads to homogenization
of the properties of the laminate layer. In contrast to
these common types of fabrics, the functionally
oriented fabric structure (FOF) has irregularly

distributed fibers of different materials in the warp and
weft (Fig. 1). The base material (BM) predominates in
the fabric. Such material is usually cheaper and has
worse mechanical properties than the functional one.
The functional material (FM) has a minority in the
fabric and has better mechanical properties and
therefor it is in principle more expensive than the base
material. The advantage of a FOF is the efficient use
of expensive material with high mechanical
performance quality.

The production of a functionally oriented fabric
structure allows lamination without cutting the
continuous fibers in the layer and so having better
mechanical properties at the same time. FOF is
intended for using in the layup to locally improve
mechanical properties to increase strength or
stiffness in required area. The suitable applications
are laminates with holes for fasteners, or with
openings such as windows or mounting openings
providing access to machine parts under the laminate
part [2]. Other application is a large format laminate
in which the strip of functional material weaved in the
fabric acts like a ‘shell rib’.

* Corresponding author: Zbonc¢ak R., e-mail: radek.zboncak@vuts.cz
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Figure 1. Example of functionally oriented fabric (FOF).

Figure 2. CAD model of FOF laminate layups: [0/90], [0/45] and
[0/30/60].

The aim of this work is to determine first four modes
of selected layups of FOF laminate. To evaluate
natural frequencies of analyzed laminates and
compare the obtained results. Finally, the conclusion
of the effect of FOF layup on the natural frequency of
a laminate with a notch will be made. The work is a
continuation of the FOF parameter analysis. The

presented results serve to the performance
description of a FOF laminate.
LAMINATE

There are three regions of material type in sense of
warp and weft roving combination in FOF laminate:
glass-glass, glass-carbon (or carbon-glass) and
carbon-carbon. The base material E-glass EC13 272
Z20 T63C roving is combined with the functional
material carbon Tenax E HTA 40 E13 6K roving. Both
are present in warp and weft directions in the way
they form locally stiffened areas, as shown in Fig. 1.
Both materials belong to the standard modulus
materials. Glass fiber modulus is 71 GPa and carbon
fiber modulus is 220 GPa. Mechanical properties of a
laminate are estimated by theoretical elastic models
[3] with use of an epoxy resin system with a modulus
of cured system of 3 GPa.

A dimension of an analyzed plate is 100x200 mm
(widthxlength). The size of a notch in the center of the
plate is 10 mm. Thickness of the plate is given by its
layup. The layups are [0°/90°]s, [0°/45°]s and
[0°/30°/60°]s, see Fig. 2. A CAD model of the
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simulated specimen includes pads areas, as it would
be in a real test setting. The purpose of the pads is to
prevent a damage in the testing machine jaws. It
clearly defines the area of load and constraints
application in the simulation. The width of the carbon
strips is 20 mm. FOF laminate simulation results are
compared to results of base material only (glass)
laminate with the same layup orientations and the
notch size.

MODAL ANALYSIS

The parametric finite-element model of a functionally
oriented fabric laminate is created by the ply-based
modelling method. The woven fabric lamina is defined
by software as three layers of unidirectional fibers
(UD). Two outer layers of UD (warp) and one
intermediate layer of UD rotated by 90° (weft).
Material orientation plays an essential role in proper
composite material definition. Each material region
must have a correctly defined system of coordinates
to respect an orthotropic character of composite
material.

In general, the first step in solving the dynamic
properties of a structure is the determination of
natural frequencies and mode shapes by performing
a modal analysis of a free body without external load
and any constraints. If damping is neglected, the
results of such a simulation are real eigenvalues and
normal modes. The first six modes have zero
frequency, which corresponds to the six degrees of
freedom of freely constrained (unconstrained) body.
For typical material damping values of laminates, the
damping does not significantly influence the natural
frequencies and mode shapes. The damping reduces
the vibration level near resonance.

DISCUSSION

A plate laminated by standard process has layers of
glass fabric and strips of carbon fibers in extra layers.
That makes laminate thicker, which means heavier.
The thickness in notch area is almost doubled. The
mass of laminate plate with extra carbon strips is
0.08098 kg. The same size plate made of FOF with
10 mm notch has mass of 0.0488 kg. The difference
is 40 % of total mass. The bigger size the plate is, the
higher the absolute value of mass saving is. Another
issue is the laminate symmetry and its A-surface
quality. Laminate made of FOF has uniform thickness
and can be made in a closed mold to get A-surface
on both sides of the part.

The shapes of first four non-zero modes are shown in
Fig. 4. First two are twist and bending of the laminate
plate. The shapes of modes for glass only laminates
and for FOF laminates are the same. The results
differ only in displacement and frequency values.
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LAYUP WITH 20 MM WIDE CARBON STRIPS

Figure 3. A FE model of laminate with carbon strips in extra layers (left) and a laminate made of FOF (right).
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Figure 4. A FE model of laminate with carbon strips in extra layers (left) and a laminate made of FOF (right).

Table 1. Natural frequencies (Hz) of a plate with a 10 mm notch.

[0/90]s [0/45]s [0/30/60]s
Glass FOF A% Glass FOF A% Glass FOF A%
1% mode 54.24 52.36 -3.5 63.60 79.32 24.7 103.6 116.8 12.7
2" mode 80.33 102.1 27.1 78.16 111.6 42.8 114.1 148.0 29.7
39 mode 137.6 140.4 2.0 152.6 187.4 22.8 241.9 268.0 10.8
4" mode 223.0 270.4 21.3 217.0 299.8 38.2 316.6 393.8 24.4

Natural frequencies of the mentioned four modes are
summarized in Table 1. A glass-only and a FOF
laminate plate are in the form of three layups.
Significant benefit of carbon fiber strips in 0/90 layup
is in second and fourth mode, which are the bending
modes. Carbon strips make the plate frequency to
increase about 27 % and 21 % in second and fourth
mode respectively. The strips oriented in longitudinal
and transverse direction increase the bending
stiffness in 0/90 layup more than in twisting. That is
consistent with the theoretical assumption. According
to increase of natural frequency in 0/45 layup with
carbon fiber strips, that layup is most efficient in the
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increase in stiffness of all three analyzed layups. The
growth is over 20 % for first and third mode (twisting),
and about 40 % for second and fourth mode
(bending). 0/30/60 layup has higher frequencies than
0/90 layup, but lower than 0/45 layup. That
corresponds with the theory, as it respects the
dependency of mechanical properties on fiber
orientation.

The frequency growth for 0/30/60 FOF layup is more
than 25 % in bending modes and about 10 % in
twisting modes compared to glass-only laminate.
Frequency growth in bending modes is almost the
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same as for 0/90 laminate layup. Higher frequencies
are in comparison of twisting modes.

CONCLUSION

The functionally oriented textile structure (FOT) or
functionally oriented fabric (FOF) is a 2D woven fabric
material for manufacturing of continuous fiber
laminates. It is a type of fabric with non-randomly
irregularly distributed threads of fibers of functional
material. The benefit of such a woven structure are
effectively distributed material properties in the
specific areas where the best material performance is
needed. Predominant material are low-cost fibers
with average mechanical properties. Such a material
is called a based material (BM). BM is combined with
a functional material (FM), which has very good
mechanical properties. FOF allows to reduce the
number of layers in layup as there is no need to
puzzle cuts of different materials. That can help to
reduce waste in mass production. The carbon fiber
placement in warp and weft direction, strip width and
span of strips can be modified during weaving
process of FOF according the application
requirements.

FOF structure helps to increase natural frequency of
a laminate, which prevents standard operating
frequency mechanisms and machines to reach the
resonance. The functional material strips within the
structure and especially around a structural opening
(hole) helps to stiffen the laminate and the opening
edge respectively. Speaking about resonance and
stiffening the opening edge, the FOF has a potential
to prevent the resonance of a mechanical joins, which
can extend the joins’ lifespan.
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The results of simulations are consistent with the
theory and show the potential of functionally oriented
fabrics usage. The laminate layup customization
allows tuning of laminate properties according to
mode shape. Strips of functional material oriented in
a longitudinal material direction have high effect on
the bending modes. Strips angled from a longitudinal
direction effect the twisting modes.

Analysis of FOF laminates with modified parameters
are planned in the future to describe material
performance and particular applications. After the
evaluation of model with experimental data,
simulations of FOF material in specific applications
are going to be performed.
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ABSTRACT

Natural fiber-reinforced composites (NFRCs) have gained significant attention for their array of advantages,
including biodegradability, low density, and cost-effectiveness compared to synthetic fiber-reinforced
composites. The surge in interest is driven by a global shift towards sustainability and eco-conscious
practices across various industries. Consequently, there has been a significant increase in exploration and
innovation within the realm of natural fiber composites, reflecting a collective effort towards more
environmentally friendly material solutions. Industries such as automotive, construction, aviation, and
aerospace are increasingly exploring the use of natural fiber composites. However, the flammability of
natural fiber-reinforced composites is a major challenge that needs to be addressed. Wool fiber, known for
its natural flame-retardant and self-extinguishing properties, has been widely used in the textile industry to
produce apparel, but its use in composite production has been limited. This study explores the feasibility of
using wool fibers for composite reinforcement, primarily for applications where fire resistance is required. In
this work, wool woven fabric and unidirectional (UD) wool roving were used as preforms, and a bio-based
resin was applied through resin infusion techniques to produce the composites. The prepared composite
samples were subjected to tensile, three-point bending, thermal insulation, and fire-resistance experimental
investigations. The results obtained from the experimental investigations indicate that wool fiber has
promising potential as a reinforcement material in composite applications mostly where fire resistance is

critical.
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INTRODUCTION

Nowadays, most fiber-reinforced composites
available on the market for various applications are
made from glass or carbon fibers. However, due to
the urgent environmental issues related to climate
change and pollution, there is a growing need to focus
on sustainable solutions and valuable alternatives. In
light of these environmental challenges, there has
been considerable interest in utilizing sustainable
materials and processes [1] [2]. Natural fibers have
become particularly prominent among the various
options explored, especially as reinforcement
materials or fillers in composite manufacturing. In the
last decade, Industries such as automotive,
construction,  aviation, and aerospace are
increasingly exploring the use of natural fiber-
reinforced composites. Various research has been
carried out in recent years on flax and other natural
fiber-based composites [3-5].

Despite multiple benefits, such as environmental
sustainability, ease of disposal at end-of-life,
recyclability, and low cost, the commercial use of
natural fiber-reinforced composites (NFRCs) remains

limited in engineering applications. Their adoption in
commercial domains is hindered by challenges like
high moisture absorption, low thermal stability, and
poor fire resistance. Fortunately, the issue of moisture
absorption has been successfully addressed through
alkali treatment or acetylation. Recently, the
challenges of low thermal stability and poor fire
resistance have also received attention. However, the
main approaches used to address these challenges
is the use of flame-retardant chemicals, but this have
raised concerns about preserving the eco-friendly
characteristics of NFRCs [6-8].

Therefore, in this work, the potential of using fibers
with an inherent fire resistance property as a
reinforcement material was explored. Wool fiber,
primarily made of keratin, stands out as a noteworthy
choice because of its renewable nature,
biodegradability, flame resistance, and thermal
insulation properties. Because of these qualities, wool
fiber-reinforced composites are attractive options for
use in a variety of industries where material
performance and sustainability are crucial.

* Corresponding author: Barburski M., e-mail: Marcin.barburski@p.lodz.pl
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EXPERIMENTAL
Materials

The study utilized a wool fiber-based woven fabric
with a plain structure and a unidirectional (UD) wool
roving as the reinforcing phase, along with a bio-
based resin as the matrix phase. The wool fiber was
chosen primarily for its inherent thermal insulation,
flame resistance, and biodegradability, making it
advantageous for applications that require
environmental  sustainability and safety in
temperature-sensitive environments. The wool fiber
preforms utilized are shown in Figure 1. The matrix
phase comprises a bio-based, low-viscosity green
epoxy resin selected specifically for its compatibility
with natural fibers and low environmental impact.
Derived from renewable resources, this resin exhibits
favorable mechanical strength, adhesion to natural
fibers, and a reduced carbon footprint compared to
petroleum-based  alternatives.  Additionally, it
provides a stable polymer network upon curing,
ensuring effective load transfer between the wool
fiber reinforcement and the matrix.

Methods

The composite samples were prepared using a resin
infusion technique, shown in Figure 2a. Two variants
of composites, wool-woven fabric and UD wool roving
reinforced composites, were prepared using the resin
infusion technique. For the woven fabric-based
composites, four layers of the fabric were used, while
for the unidirectional (UD) composite, the equivalent
density of yarn was overlaid based on the density of
the yarns per centimeter of the four layers of woven
fabric. The resin infusion process began by arranging
the preform layers in the desired orientation on a
glass plate treated to prevent adhesion. A peel ply
and flow mesh were placed over the preform stack to
aid resin flow, and the setup was sealed with a
vacuum bag. After leak testing, a vacuum pump
created a pressure differential to draw the resin, pre-
mixed with hardener and degassed, through an inlet
port and into the fiber layers. Once infused, the
composite was cured under vacuum at room
temperature and then post-cured at 50 °C for 24

a

hours in an autoclave to enhance mechanical
properties. The final composite was inspected for
uniformity and structural integrity before being
subjected to experimental investigations.

Experimental _investigations _of the composite

samples

The prepared composite samples were subjected to
mechanical and thermal property investigations in
order to evaluate the potential of using wool fiber-
based preforms as a composite reinforcement. On
the Instron testing machine, the tensile and three-
point bending tests were conducted according to I1SO
527-4: 1997(E) and ISO 14125:1998(E). The
flammability experimental investigations were
conducted according to ISO 4589-2. In addition to
these experiments, the thermal property of the
composite samples was also investigated. The
number of specimens used for each test was based
on the specimen size and amount described in each
standard mentioned above for those specific
experimental investigations.

RESULTS AND DISCUSSION

The results obtained from each experimental
investigation carried out for both variants of
composites produced are presented and discussed in
this section.

The result of tensile and flexural bending investigation
of both types of composite samples, as presented in
Figures 3 & 4, indicates that the UD_wool fiber
reinforced composite sample exhibited a 105.97%
and 26.89% higher flexural bending and tensile
strength, respectively, compared to the woven fabric-
reinforced composite sample. However, in the
perpendicular direction, the woven fabric-reinforced
composite sample demonstrated relatively higher
bending and tensile strength. This difference evolves
around the orientation of fiber reinforcement; the UD
alignment of fibers provides enhanced flexural
resistance and tensile strength along the fiber
direction, while woven composites contribute to
higher resistance in orientations where unidirectional
fibers are less effective.

Figure 1. Wool fiber-based composite preforms. (a) Woven fabric, (b) Unidirectional wool roving.
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Figure 2. (a) Resin infusion technique, (b) UD wool roving reinforced composite, (c) Woven fabric reinforced composite.
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Figure 3. Flexural bending strength of the wool fiber reinforced
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Figure 4. Tensile strength of the wool fiber reinforced composites.

The Limiting Oxygen Index (LOI) is defined as the
minimum amount of oxygen required to sustain the
flaming combustion of a material. The degree of
flammability is ranked based on the LOI percentage
of each material, where a material with an LOI of less
than 20.95% is considered flammable, 20.95% < LOI
< 28% is classified as slow-burning, 28% < LOI <
100% is considered self-extinguishing, and an LOI
greater than 100% indicates a nonflammable
material. To assess the flammability of the materials,
an average LOI percentage of 24.55% and thermal
resistance of 19.57K/W was obtained for both
composite variants, with almost similar values for
each variant. The LOI value obtained signifies that the
use of wool fiber as a composite reinforcement can
enhance the flammability of the composite.
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CONCLUSIONS

This work investigated the possibility of using wool
fiber-based preforms as a reinforcement material.
The experimental investigation of UD and wool woven
fabric reinforced composites has yielded several
significant findings regarding their mechanical and
flammability properties.

It was observed that the mechanical properties
of the wool woven fabric reinforced composites
are notably lower compared to those of
unidirectional (UD) wool roving reinforced
composites in the fiber direction. This indicates
that the reinforcement architecture significantly
influences the composite's overall performance.

The limited oxygen index (LOI) values obtained
for the composite samples produced in this
study demonstrate that wool fiber can effectively
mitigate the flammability concerns associated
with natural fiber-based composites. This finding
highlights the potential of wool as a viable
reinfforcement material to enhance fire
resistance.

When examining the tensile and flexural bending
strength properties obtained with the literature,
the UD variant of the wool fiber-based
composites exhibited commendable
performance relative to other natural fiber-
reinforced composites, such as flax and hemp.
This suggests that wool fiber possesses
reasonable mechanical characteristics within
this sector.

In summary, the results of this research indicate that
wool fiber has considerable potential as a
reinforcement material when compared to more
established natural fibers like flax and hemp.
Although the mechanical properties of the wool-
based composites developed in this study are
promising, they remain lower than some alternative
natural fibers available in the sector. Future research
will focus on the incorporation of wool fibers with other
reinforcement materials to further enhance the
mechanical properties and to continue addressing the
flammability issues inherent in natural fiber
composites.
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ABSTRACT

Bio-composites refers to composite materials made from sustainable materials. Jute fiber reinforced
composites have inherent problem due to moisture and bacterial attack. The developed green composites
are having resistance against environmental factors. At first, waste of jute fibres was pre-treated. Then two
different approaches were adopted to enhance ageing factors of developed green composites. This research
was proposed to go through methyltrimethoxysilane (MTMS), hydrophobic treatments, and for
antipathogenic effect with ZnO nanoparticles were used. Morphological effects of chemical treatments on
the jute fibers was analysed by scanning electron microscope. A significant decrease in moisture regain,
increase in antibacterial zone of treated and untreated reinforcement samples was observed, when the
concentration of chemical finish (methyltrimethoxysilane (MTMS) was 30 g/L and ZnO NPs also 30g/L was
used. Subsequently the effects on the both mechanical properties and regain of moisture of composites
reinforced with jute fiber was observed. At the concentration of 30 g/L a notable difference was spotted in
moisture regain values of both treated and control (untreated) samples of reinforcement. Treated based
composites regain less content of moisture and presents better mechanical properties (tensile strength and

flexibility).
KEYWORDS

Antibacterial; Bio-composites; Chemical treatment; Moisture regain; ZnO nanoparticles; Degradation.

INTRODUCTION

The word "bio-composites" refers to composite
materials that use biopolymers as the embedding
matrix or natural reinforcing fibers [1]. Jute, flax,
hemp, kenaf, and sisal are among the natural fibers
that are most frequently utilized as reinforcement in
bio-composites [2]. Because of its many unique
gualities, affordability, ease of access, and
environmental friendliness, jute is a highly valued
degradable natural fiber in composites. The jute fiber
has drawn the consideration as support for composite
materials due to its biodegradability, quality to weight
proportion and great insulation properties. In any
case, higher dampness assimilation of these strands
prevents the utilize of this fiber in composites. The
dampness retention may cause the swelling and
maceration of the strands, hence essentially
diminishing its mechanical properties. So, the jute
fiber got to be altered either physically or chemically
to make strides the compatibility between the fiber
and the polymer matrix. The surface of common
filaments is ordinarily chemically altered to minimize
the wetting of strands as well as to move forward the
interface between the matrix and the reinforcement.

* Corresponding author: Waseem ., e-mail: jjazw4357@gmail.com
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A few chemical surface adjustment methods
incorporate treatment with sodium chlorite[3],
methaacrylate [4], isocyanate [5], silane treatment
[6], acetylation [7], , mercerization [9] [10]

etherification [11], enzymatic treatment [12] , peroxide
medications [10], benzoylation [9], dicumyl peroxide
treatment [5], plasma treatment [13], ozone
medications [14] [15] and joining [16] [17]. The
oxidation of polyolefins [18], [19] has moreover been
detailed to move forward the contradiction between
the surfaces of characteristic fiber and polymer
network. All these medications are pointed to
decrease the dampness recapture of the
characteristic strands and their resulting composites.
It is well-documented that materials with lower
surface free energy exhibit reduced moisture regain
[20]. Methyltrimethoxysilane (MTMS) surface free
energy compared to most compounds used in
previous studies. Despite their lower surface tension,
methyltrimethoxysilane (MTMS are not commonly
utiized in treating jute fibers for composite
applications. Jute fibers are less immune towards
microorganisms, like synthetic fibers which give an
excellent environment to microorganisms for growth
due to their moisture-retaining property Different
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types of bioactive nanoparticles and materials have
been used to enhance the antipathogenic effect in
reinforcements and composites [20].

Therefore, this study aimed to decrease the moisture
absorption of composite materials made from jute
reinforcement treated with methyltrimethoxysilane
(MTMS) (silane finshes) to investigate the properties
of these composite materials, and to validate our
assumptions regarding MTMS. Moreover, second
objective was to eliminate the ageing effect that
comes due to the bacterial attack. The jute fiber
reinforcements were further treated with ZnO NPs to
gain the antipathogenic properties. Subsequently,
Composites were fabricated by hand layup technique.
The composites can be used in a number of
application fields such as door panels, auto structure
building materials, and furniture etc.

MATERIALS AND METHOD

Plain woven fabric with a density of 194 £ 2 g/m2 was
used to reinforce the bio expoxy resin matrix were
purchased from resin research, and 1% cobalt
naphthenate and methyl ethyl ketone were used as
an accelerator and hardener. The chemical used in
this study, methyltrimethoxysilane (MTMS), and ZnO
nanoparticles were purchased from HUNTSMAN
(Pvt).

Pre-treatment of Jute fibres

Initially, jute fibers were pre-treated (scourged) before
performing various chemical treatments. For
scrubbing, jute cloth was dipped in a pot of water and
boiled. 10 g/L of NaOH, 2 g/L of detergent (Teepol), 2
g/L of wetting agent, and 2 g/L of Teepol detergent,
two grams per liter of wetting agent, and two grams
per liter of sequestering agent had been added to the
pot. In order to ensure proper fabric penetration, the
wetting agent has been applied. Sequestering agents
have been used to extract minerals and heavy
particles. At 70 °C, the jute cloth was stirred
periodically for 60 minutes.

Hydrophobic treatment of Jute fibers

Jute fibers were hydrophobically treated with
methyltrimethoxysilane (MTMS). The critical surface
tension of methyltrimethoxysilane (MTMS) is 20-25
mN/m, which is extremely low [21]. Distilled water
was used to dissolve methyltrimethoxysilane (MTMS)
at three distinct concentrations (10, 20, and 30 g/L).
With the aid of acetic acid, the pH of the solution was
kept at 6. After dipping jute fabric in the prepared
solution for half an hour at room temperature, the
surplus liquid was squeezed out using a padder.
Fibers were then dried for five minutes at 100 °C.

Antibacterial treatment of Jute fibers

Jute fibers were treated antibacterially using ZnO
nanoparticles. ZnO nanoparticles dissolve in distilled
water at three different concentrations (10, 20, and 30
g/L). After that, 2 g/L of the binder MTEX was added
to the solution. The fabric was submerged in these
solutions for 30 min. The cloth was crushed with a
padder to remove any leftover moisture, and it was
then dried at 100 °C for 5 minutes. Table 1 illustrates
the reinforcement experiment design.

Composite fabrication

The hand lay-up approach was used to produce the
composites. With a composite plate size of 200x200
mm?2 and a fiber volume proportion of 33%, they
utilized eight layers of woven jute cloth as
reinforcement. After an hour of initial treating at
ambient temperature, three hours of post-curing were
conducted at 120°C. Untreated jute reinforcement
and jute reinforcement treated with
methyltrimethoxysilane (MTMS) hydrophobic
compound was used to produce composites. Table 2
provides specifics about the composite samples
developed for the investigation.

Table 1. The design of experiments for reinforcements treated with different chemicals.

Sro# Reinforcement samples Chemicals [(;c/)C]centrations
1 R1 No treated -

2 R2 Hydrophobic agent 10

(methyltrimethoxysilane (MTMS)

3 R3 Hydrophobic agent (methyltrimethoxysilane (MTMS) 20

4 R4 Hydrophobic agent (methyltrimethoxysilane (MTMS) 30

5 R5 ZnO nanoparticles 10

6 R6 ZnO nanopatrticles 20

7 R7 ZnO nanoparticles 30

Table 2. Experimental design for composites samples.

Sr. # Samples ID Reinforcement ID Chemicals

1 S1 R1 No

2 S2 R4 methyltrimethoxysilane (MTMS)
3 S3 R7 ZnQO particles

4 S4 Simple resin No
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Surface Characterization

The morphological characteristics of treated
reinforcements and ZnO nanoparticles have been
evaluated by particle size analysis (Malvern Zetasizer)
and scanning electron microscopy (Zeiss). SEM was
used to study each variation in the shape of the ZnO
particles. This can be achieved by using the 15K
accelerated voltage.

Moisture regain of reinforcement

The moisture recovery test of a chosen jute cloth was
examined using the standard test method known as
ASTM D2495. Both treated and untreated jute fabrics
were utilized in the tests. A well-known oven dry
method was used to determine how much moisture
the material had absorbed in a controlled
environment. Additionally, composite samples were
tested according to the standard test procedure
known as ASTPMD5229 in order to examine the
amount of moisture exchange.

Mechanical properties

Universal tensile strength tester measured the
ultimate tensile strength using the standard testing
approach [22]. Moreover, a standardized testing
method named ASTM D7264 was applied to explore
flexural properties via three-point bending test.

Antibacterial assessment

The standard AATCC-147disc diffusion method was
followed to provide a qualitative assessment of all
reinforcement and composite samples.

RESULTS AND DISCUSSION
Surface morphology

The surface morphologies of jute fiber, both treated
and untreated, were examined using a scanning
electron microscope. Figure 1 displays images of the
untreated and nanoparticles treated (ZnO particle)
fibers. In fact, a network of smaller particles can
develop. The constant connection and impact coating
between the tiny ZnO nanoparticles were noted. The
deposition of ZnO nanoparticles were combined and
evenly distributed throughout the whole surface of
fiber substrate. It was discovered that the coated
surface of fibers was entirely covered. It was found
that particles deposition was more consistent and
dense. The prepared coating sample was found to
have the potential to produce a thicker layer over the
fiber surface.

Moisture regain of reinforcement

The moisture regains %age of untreated fabric
sample and those samples treated with
methyltrimethoxysilane (MTMS) (silane finishes) as
function of their concentrations is shown in Figure 2.
The percentage of humidity regain of fibers treated
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with methyltrimethoxysilane (MTMS) of R4 (30g/L) is
the lowest when compared to all other samples. The
supplier of the chemicals states that they include
hydrophobic reactive groups as required by the
technical applications for which they are desired. In
fact, the mechanism involved the cross-linking during
curing, their interaction with the -OH groups in
cellulose, and the development of films on fiber.
Regarding methyltrimethoxysilane (MTMS), films
formed on fibers primarily display hydrophobic
chains, whereas films formed using
methyltrimethoxysilane  (MTMS)  show  both
hydrophobic and hydrophilic chains. Figure 2 further,
indicates clearly that the treated sample has a
moisture regain of 3.83—7.38%, while the untreated
sample has a moisture regain of roughly 12%.
Furthermore, at a concentration of 30g/l, treated R4
reinforcement shows a lower moisture recovery value
of 2.71%. In contrast, at a concentration of 30g/l, the
moisture regain values of R2 and R3 are roughly
3.10% and 3.05%, respectively.

Moisture regain of composite

In the equilibrium condition, Figure 3 displays the
moisture regain %age of composite samples made
from both untreated and treated jute cloth. The plain
resin sample had a moisture regain %age of 0.29%.
In contrast to the 12% moisture regain of jute cloth,
the untreated jute composite sample absorbed 4%
moisture.
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Figure 2. Moisture regain of untreated and treated fabric as
function of chemical concentration.
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Figure 4. Moisture regains of composite samples.

Table 3. Mechanical properties of composite materials.

The regain of moisture in composites and samples of
clear resins verses the square root of time is shown
in figure 4. All of the composite samples showed a
consistent increase in moisture intake from the start
to the 1000-minute mark. This makes sense because
all test specimens were completely dried. Generally,
figure 4 depicts the moist after 1000 minutes, the
saturation of specimen began, and the rate of
moisture recovery slowed. Almost every sample got
saturated after 3000 minutes. To ensure that samples
recovered the maximum amount of moisture and
reached equilibrium, the test duration was extended.

Mechanical Properties

Analysis of the mechanical properties was performed
on each composite sample. Following the ASTM
D3039 standard, the tensile strength tester calculated
the strength at break. The largest load that
composites can withstand before failing was used to
determine the maximum tensile strength of the
manufactured composites. The tensile strength of
every composite sample generated is shown in
Figure 5. The tensile and flexural characteristics of
composite materials were shown in table 3. S2 and
S3 are composite sample created with treated
reinforcement and S1, untreated reinforcement,
While S4 only resin sample (having no reinforcement.
Each sample is different in strength, because the
strength of reinforcement has a significant impact on
the strength of composite. The tensile strength of
composites made with R7 (S3), reinforcement is
greater than that of composites made with R1 and R7
reinforcement. Composites with treated reinforcing
have varying tensile strengths. It is due to that R7 has

Sr.# | Samples ID | Reinforcement ID | Chemicals Tensile Strength [MPa] | Flexural Strength [MPa]
1 S1 R1 No 32.34 38.71
2 S2 R4 methyltrimethoxysilane (MTMS) | 42.56 67.11
3 S3 R7 Zn0O particles 48.72 81.73
4 S4 Simple resin No 43.23 56.39
50 1 80 |
40 0
= £ 60 -
5 2
=30 A = 50 1
5 E‘ll
=]
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= ] 7
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Figure 5. Mechanical properties of composite samples, (a) Tensile strength and (b) Flexural Flexural strength.

42




MAHVISH F., ET AL.: HYDROPHOBIC AND ANTIBACTERIAL TREATMENT OF JUTE FIBERS AND STUDY THEIR APPLICATION IN BIO COMPOSITES

DEVELOPMENT
Table 4. Antibacterial properties of composite material.
Sr.# | Samples ID Reinforcement ID Chemicals ;o'?tjr;i:]s Ebcl:([)r!m]
1 S1 R1 No 0 0
2 S2 R4 methyltrimethoxysilane (MTMS) 0 0
3 S3 R7 ZnO particles 4 3
4 S4 Simple resin No 0 0
[ES. Auruse CONCLUSIONS
B E. Coli

40 This study concludes that there is a notable difference

45 in the moisture regain between untreated and treated

s reinforcements. The reinforcement treated with

i methyltrimethoxysilane (MTMS) exhibited the lowest

B 254 moisture regain value of 2.71% at a concentration of

E 20 30 g/L, in contrast to the other treatments.

2 Reinforcement in the composite absorbs more

5 " moisture, as the moisture regain % for the pure resin

£ 104 sample was only 0. undefined Untreated jute

054 composite sample has a moisture regain of 4%

o whereas for the composites prepared by using the

s1 sa methyltrimethoxysilane (MTMS) treated

Sample reinforcement has the lowest moisture regain of 0.

Figure 6. Antibacterial properties of composite samples against E.
coli and S. Aureus.

higher concentration of ZnONPs. The provided data
makes it evident that the treated reinforcement
flexural strength of composite is greater than that of
the sample of untreated reinforcement composites.
This can be explained by the fact that the treated
reinforcement is more powerful than the untreated
one. Because of its improved resin-matrix interaction,
the R2 treatment produced the biggest deflection.

Antibacterial Properties

The antibacterial properties of composite materials
are shown in table 4. The antibacterial activity was

tested against Gram-negative Escherichia coli (E. coli)

and Gram-positive Staphylococcus aureus (S.
aureus). S1 sample, which was not treated with any
chemical showed no zone of inhibition against both
bacteria (E. coli and S. aureus). Sample S2, treated
with methyltrimethoxysilane (MTMS), also showed no
antibacterial activity as MTMS is not an antibacterial
agent. Sample S3 is treated with ZnO nanoparticles
(antibacterial agent) displayed significant
antibacterial properties. These results suggest that
the sample S3 has moderate antibacterial properties,
whereas S1 and S2 lack efficacy against the tested
bacteria. Two nano ZnO composite films, ZnO/PC
and ZnO/LLDPE, were made with a low doping of
0.2%. Compared to the ZnO/PC film, the ZnO/LLDPE

film had a greater antibacterial rate (99.3% vs. 55.4%).

ZnO/PC and ZnO/LLDPE had a 99.9% antibacterial
rate  when the nano ZnO concentration was
quadrupled to 0.2%. Both composites can therefore
attain a high degree of antibacterial activity [24].
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79% thus conforming the moisture regain of the
corresponding reinforcement. Mechanical result
comparison between the composite sample with
untreated reinforcement and treated reinforcement
showed the difference exists. ZnO nanoparticle-
treated composites showed the greatest tensile
strength (48.72 MPa) and flexural strength (81.73
MPa) because of improved resin-fiber bonding and
consistent nanoparticle deposition. Zones of
inhibition (ZOIl) for S. aureus and E. coli were 4 mm
and 3 mm, respectively, indicating considerable
antibacterial efficacy in ZnO nanoparticle-treated
composites, but MTMS-treated composites showed
no antibacterial activity. When bio-epoxy resin is
combined with hydrophobic and antibacterial
treatments, it may find use in settings that need
bacterial protection, mechanical endurance, and
moisture resistance.
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Textile comfort of the fabrics is becoming very popular and soft touch is one of the prominent features. The
main desired properties of cellulosic knits are their pleasant appearance, softness, absorbency, breathability,
texture and comfort, which make them ideal for use in casual wear, sportswear, underwear, etc. Improving
the performance and properties of cellulosic knits such as dimensional stability, smoothness, drapability, etc.
through functional finishes is becoming necessary to cope with the demands of consumers and garment
manufacturers. In this novel study 2 types of knitted structures (single jersey and pique) made of 100%
cotton were used. Three different softening chemicals (macro silicone, micro silicone and seam facilitator)
were used and acetic acid were used as a binding agent. According to the results, it was determined that
macro silicone softener in single jersey knitted fabric and seam facilitator softener in pique knitted fabric
gave more effective results in terms of hand feeling properties.

KEYWORDS

Comfort; Finishing; Hand feeling; Softener; Cotton.

INTRODUCTION

Comfort is a fundamental characteristic in the
evaluation of clothing products, making it a key focus
for textile manufacturers [1]. The literature reveals
that softeners are the most commonly used method
to enhance fabric comfort, as they play an essential
role in improving the hand feel, smoothness,
appearance, and usability of textiles. Softening
treatments are typically applied after dye finishing as
part of the finishing processes to ensure a soft touch
and appealing look [2-4].

Textile materials are composed of various polymers,
including natural cotton, cellulosic fibers, synthetic
polyesters, and blends of these fibers. The
combination of fibers directly influences the final
quality and tactile feel of the fabric, which drives
manufacturers to continuously improve fabric quality,
smooth its surface, and enhance performance. In this
regard, softeners are indispensable in textile
production, with silicone-based softeners being
especially common in enhancing fabric softness and
tactile appeal [5].

There are studies about softener effects in the
literature. Siipiren Mengiig, Dalbasi, Ozgiiney &
Ozdil (2019), investigated the effects of various
softeners on the hand-feeling properties and washing
durability of cotton and bamboo knitted fabrics. They

* Corresponding author: Guler B., e-mail: buketguler@tyh.com.tr
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determined that the softening process did not have a
successful performance in bamboo fabrics as in
cotton fabrics. Hossain, Siddika & Islam (2019),
examined the hand feel properties of single jersey
fabric treated with three different types of cationic
softener. They determined that aliphatic
condensation softener gave the best results in terms
of color fastness and hand feel properties of the fabric
[6]. In another study; llleez, Dalbasi & Kayseri (2015),
investigated the effects of parameters such as knitting
structure, softener type and chemical concentration
on sewability and seam shrinkage in ready-made
clothing in cotton knitted fabrics. They found that
softening treatments significantly improved sewability
and seam shrinkage [7]. Silicone softeners are one of
the most commonly used types of softeners in the
textile industry. The use of silicone softeners is
especially common in premium textile products and in
areas that require high performance, such as
sportswear and outerwear. These softeners are
generally applied by the pad-dry-cure method and
extend the life of textile products thanks to their long-
term effects. These versatile advantages of silicone
softeners make them a popular choice among textile
manufacturers and consumers.

The aim of the study is to apply different types of

softeners to fabrics with different knitted structures
containing cotton and evaluate their findings. It is
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believed that the study will provide new data aimed at
optimizing parameters such as overall user comfort.
This study aims to provide scientific and practical
information to textile manufacturers and researchers
on the selection of softeners by examining in detail
the effects of softeners on the hand feeling properties
of fabrics.

EXPERIMENTAL

In the scope of the study, macro silicone, hydrophilic
silicone and seam facilitating softeners were applied
on cotton fabrics with different knitting type. Cotton
was preferred in the study because it is one of the
most widely used textile fibers in the world. For this
purpose, single jersey and double pique fabrics were
chosen for this study and treated with three types of
softeners. Softener types were applied to the fabrics
by pad-dry method. The concentration level applied
was determined to be average, consistent with
commercial practice. After the chemicals were
applied, they were left to dry at 100 °C for half an
hour. Then, stiffness test was performed and
comparative analysis was carried out to evaluate the
effect of different knitted structure. The bending
strengths of the fabrics were determined with a digital
pneumatic softness tester according to the ASTM
(American Society for Testing and Materials) D 4032-
08 circular bending test method. Details of the applied
softeners are given in Table 1.

RESULTS AND DISCUSSION

Bending strength tests were carried out on test
specimens of knitted fabrics of different structures
before and after softening treatment. The fabric
stiffness tester measures the force applied to a fabric
under a standard pressure and the results are
expressed in kgf. The results of the test specimens
are given in Table 2.

It was observed that macro silicone softener
decreased the stiffness (hardness) value by 5% in
single jersey fabric, while hydrophilic softener
increased the hardness by 63% and seam facilitator
softener increased the hardness by 72%. It was
determined that macro silicone softened the pique
fabric by 11.5%, hydrophilic silicone by 43% and
sewing facilitator softener by 60%.

According to the tests, it was found that all softeners
applied gave effective results on pique fabric. It was
observed that hydrophilic silicone and seam facilitator
finish had a negative effect on single jersey knitted
fabric at the applied concentration. While it was
observed that seam facilitator softener was more
effective in pique fabric, it was determined that macro
silicone was more effective in single jersey fabric.

In the literature, it is known that softeners cause a
decrease in bending properties due to the decrease
in friction forces between yarns caused by the
lubrication effect. However, fabric structure plays a
decisive role on the effectiveness of the finish [8]. It
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has been determined that the knitting structure and
surface characteristics of the fabric can affect the way
softeners penetrate the fabric and show their effects.

Single jersey fabrics have a fine and dense knitting
structure. This structure makes the fabric more
flexible and lighter. Therefore, it can be easier for
softeners to penetrate the fabric. However, softeners
that provide a thinner and homogenous spread to
increase the feeling of softness will be more effective
in jersey. Pique fabric, which has a thicker and bulkier
structure, is usually heavier and stiffer than single
jersey. In this fabric, the effect of softeners should be
able to penetrate deeper. The softeners used in pique
fabric may need to have a more intense effect due to
the volume and textural differences in the knitting
structure. In addition, softeners work on the fabric by
different mechanisms. Macro silicone-based
softeners provide lubricity by adhering to the fiber
surface and it is thought that such softeners can
create a more pronounced effect on thinner fabrics
(such as single jersey). Hydrophilic silicone softeners
increase the water absorbency of the fabric and give
softness to the fabric. This type of softener is
considered to be more effective on thicker fabrics with
high moisture retention capacity, such as pique. The
seam facilitating finish has a hydrophobic structure
and is thought to facilitate sewing operations by
reducing friction between the fibers and making the
fabric smoother.

As a result, even though they are produced from the
same raw material, the fact that single jersey and
pique fabrics have different structure and surface
properties causes the effects of softeners on the
fabric to vary. The thickness and texture of the fabric
and the chemical structure of the softeners are the
main factors determining which softener is more
effective. It is thought that the hardening effect of
hydrophilic and seam facilitating softeners on single
jersey fabrics is related to the applied concentration.
For this reason, it has been observed that optimum
concentration settings of softeners are important.
Determining the ideal concentrations for different
fabric structures is critical to achieve the desired
results.

Table 1. Details of softener application process.

Concentration Pick up
Softener pH (g/L) (%)
Macro silicone
(polysiloxane) 5 40 80
Hydrophilic 5 40 80
silicone
Seam facilitator
(polyethylene 5 40 80
emulsion)
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Table 2. Test results.

Stiffness [kgf]
Fabric N Softener Softener 2 | Softener 3
on- L
1 (macro | (hydrophilic (seam
treated o o -

silicone) silicone) facilitator)
Single |4 5o4 0.022 0.039 0.041
jersey
Pique 0.072 0.064 0.041 0.028

CONCLUSIONS

Within the scope of the study, the stiffness properties
were analyzed by applying equal concentrations of
macro silicone, hydrophilic silicone and seam
facilitator (polyethylene emulsion) softening finishes
to single jersey and pique fabrics containing 100%
cotton. As a result, it was determined that macro
silicone finish provided a low amount of softening in
single jersey fabrics at the applied concentration,
while other silicones made the fabric even stiffer. In
pique fabrics, it was found that all softening chemicals
provided softening, but the maximum softening was
provided by the seam facilitator finish.

In conclusion, the investigation provides valuable
insights into the role of softeners in modifying the
stiffness of cotton knitted fabrics. The findings
highlight that careful selection and application of
softeners can significantly enhance the tactile
properties of fabrics. Additionally, it contributes to the
development of softer and more comfortable cotton
garments. It is thought that by understanding the
specific effects of different fabric softeners on fabric
stiffness, manufacturers can make informed
decisions about the types and concentrations of
softeners to be used, and tailor their products to meet
specific consumer preferences for softness and
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comfort. In the continuation of the study, it is aimed to
apply softeners to fabrics at different concentrations
and to perform tests and analyses.
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In the context of sustainable development goals, a diverse array of contributing studies has emerged within
the textile sector. It is evident that the majority of these studies encompass both legal and customer
obligations. The objective of contemporary businesses is to manufacture products that demonstrate a high
level of environmental sensitivity. For instance, the objective is to reduce the quantity of waste products, to
achieve energy-efficient production, to minimize the amount of chemicals employed, to reduce water
consumption, to utilize energy derived from renewable sources, and thus to diminish the carbon footprint.
From an environmental standpoint, the chemicals utilized in textile product manufacturing have emerged as
a significant consideration. It is preferable that the chemicals employed in the dyeing process (dyestuffs,
bleaching agents, softeners, etc.) are environmentally sensitive. Furthermore, the use of organic dyes in the
dyeing process is also employed as a means of obtaining a more sustainable product. In the context of this
study, the production of bamboo/cotton yarn was conducted at varying blend ratios (67/33%, 50/50%, and
33/67%) through the use of three distinct production methods (open end, vortex, and ring systems). Single
jersey knitted fabrics were produced using these yarns with the same production parameters. Subsequently,
the fabrics were dyed using acorn natural dyestuff. Pilling, fastness and CIELab analyses were performed
on the fabric samples, and the results were subjected to statistical analysis.

KEYWORDS

Sustainability; Organic dye; Acorn dye; Color fastness.

INTRODUCTION

The production of textiles is a highly intricate process,
encompassing various mechanical, chemical, and
physicochemical steps. These processes often
involve the use of hazardous substances, including
heavy metals and pesticides. However, they are
subject to extensive monitoring and regulation by
standards such as ZDHC (Zero Discharge of
Hazardous Chemicals), OEKO-TEX (International
Association for Research and Testing in the Field of
Textile and Leather Ecology), and GOTS (Global
Organic Textile Standard), with the aim of ensuring
safety and reducing environmental impact [1].

In the present era, environmental sustainability
represents a pivotal concern for the textile industry.
The rapid changing fashion industry and the intensive
use of chemicals present a significant challenge to
achieving a sustainable future, with adverse effects
on both the environment and human health. The

textile industry is seeking novel and creative solutions
that will enable it to become environmentally
sustainable, with a view to reducing its reliance on
natural resources, minimizing its carbon footprint and
eliminating the generation of harmful chemical waste.
In this context, dyeing with natural sources are
attracting attention as an alternative to dyeing with
synthetic dyestuff, offering a promising potential for
sustainability.

Dyeing with natural sources is generally defined as
the process of imparting color to textile products
through the use of pigments derived from plants,
minerals and other organic materials. The extraction
of natural dye process typically begins with the
collection of plant materials like roots, leaves, flowers,
or bark. The dyes are then extracted using methods
such as boiling, soaking, or fermentation [2-4]. The
production of natural colorants promotes plantation,
contributing to the reduction of atmospheric CO2 and
increasing oxygen levels. It can be asserted that there

* Corresponding author:Uziimcii M.B., e-mail: buzumcu@gantep.edu.tr
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are certain disadvantages associated with the use of
natural colors. Despite the necessity for a certain
amount of time to obtain natural colorants, the yields
are typically very low. The commercial production of
natural colorant sources is not feasible on a large
scale. Consequently, the low yield of natural colorants
results in correspondingly high production costs [5].

The literature includes studies that examine the
properties of textile products obtained from a variety
of natural dyes. These studies investigate the
application of different natural dyes on diverse raw
materials and the associated quality analyses [6-16].

This study examined the use of acorn natural dyestuff
in the production of single jersey fabrics produced
nine different yarns with varying blend ratio and
spinning systems.

EXPERIMENTAL
Materials

In this study, bamboo and cotton fibers were used in
order to produce yarn samples at three different blend
ratios (67/33%, 50/50%, and 33/67%). Yarns and
knitted fabrics were produced with these blends.
Fabrics were dyed with natural acorn dyestuff. In
these dyeing processes KAI(SO4): was used as
mordant.

Methods

To examine and compare the spinning systems, open
end rotor, ring and vortex systems were chosen for
yarn spinning in this study. Ne 30/1 nine different yarn
samples with ae 3.6 twist coefficient were obtained,
then these yarns were knitted at the same production
parameters. Single jersey knitted fabrics were dyed
with acorn natural dyestuff. Tenacity and elongation,
hairiness, imperfections and unevenness properties
were carried out in accordance with related
standards. In addition, weight, thickness, pilling, color
fastness to water and rubbing (dry and wet)
properties were also determined with related
standards. Results were analyzed statistically using
SPSS package program.

Table 1. Fiber Properties.

RESULTS AND DISCUSSION
Fiber Properties

In this study, 2 types of fibres were used. The
properties of these fibres are presented in Table 1.
These fibres were blended at different blend ratios
and used to produce yarns in 3 different systems (ring,
open end rotor and vortex).

Yarn properties

In this study, bamboo and cotton fibers with known
fiber properties were blended in 3 different blend
ratios and these blends were used in the production
of ring, rotor and vortex yarns. Various yarn tests
were carried out to determine the properties of the
yarns produced. The measurements were taken in
accordance with the following standards:

- TS EN ISO 2062 for strength and elongation
tests,

- ISO 16549 for unevenness and yarn faults, and
- TS 12863 for unevenness determination.

In order to evaluate the results and ascertain the
effects of the blend ratios of the fibers and the
spinning system in which the yarn is produced,
ANOVA tests were performed (Table 2). According to
the results of this test, the spinning system has a
statistically significant effect on all measured
properties of the yarn. When the effect of blend ratio
was analyzed, the effects of this parameter on yarn
faults, strength and elongation were found to be
significant.

When the yarn characteristics were analyzed (see Fig.
1), it was seen that ring-spun yarns have higher
strength and elongation, lower yarn faults and
unevenness values, and also the highest hairiness
values. The lowest hairiness values were observed in
vortex yarns for all blend ratios. Additionally, the
tensile strength and elongation values of the yarns
produced with the Vortex system are inferior to those
of ring yarns. Rotor yarns were found to have the
highest yarn faults, the highest unevenness values
and the lowest strength and elongation. The data
obtained in this study are similar to the literature [17]
[18].

Fiber Fineness [dtex] Staple Length [mm] Density [g/cm?] Strength [cN/tex]
Cotton 1.2 32 1,52 31,2
Bamboo 1.33 38 1.32 34
Table 2. Analysis of Variance Results of Yarn Properties.
Dependent Variables
Independent Variables . Elongation Tenacity
Unevenness [U%] Hairiness [Uster H]
[%0] [kgf*Nm]
Spinning system 0.022* 0.000* 0.000* 0.003* 0.008*
Blend Ratio 0.086 0.006* 0.262 0.002* 0.037*

*Statistically significant at 0.05 confidence level
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Figure 1. Interaction plots for different yarn characteristics.

When the yarn properties were evaluated within the
framework of the blend ratio, it was found that an
increase in the proportion of cotton in the blend
caused higher unevenness values and more yarn
faults. However, higher strength and elongation
values were obtained in yarns with high bamboo
content. It was an expected result that the increase in
the ratio of bamboo fiber, which has higher strength,
in the yarn positively affected the yarn strength.
Hairiness was not much affected by the blend ratio. It
was evident that hairiness was more influenced by
the spinning system than by the raw material.

Fabric properties

As mentioned in the methods, single jersey fabrics
were knitted using the same parameters. After fabric
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production all of these fabrics were dyed using acorn
natural dyestuff. A number of tests were carried out
to determine the properties of these dyed fabrics. The
test results of these fabrics are given in Table 3.

When the results given in Table 3 are analyzed, it is
seen that the highest air permeability is found in open
end fabrics. This is an expected result in view of the
low hairiness of rotor yarns. The difference in terms
of blend ratio and spinning system as independent
variables, is statistically significant according to
ANOVA tests (p=0.001<0.05 for spinning system and
p=0.031 for blend ratio). When pill grade values were
analyzed, it was determined that the highest pilling
resistance was achieved in fabrics produced with
vortex yarns.
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Table 3. Fabric properies.

Blend Ratio (B/C%) Yarn Type Thickness Air Permeability Pilling resistance
67/33 Ring 0.62 1358.68 2/3
50/50 Ring 0.59 1268.16 2/3
33/67 Ring 0.63 1415.42 2/3
67/33 Open End 0.53 1725.35 3/4
50/50 Open End 0.54 1866.49 3/4
33/67 Open End 0.57 1526.9 3/4
67/33 Vortex 0.62 1263.84 4/5
50/50 Vortex 0.62 1269.29 4/5
33/67 Vortex 0.65 1766.55 4/5
Table 4. Color Properties of acorn dyed fabrics.
. o Illuminant (D65 10 Deg)
Blend Ratio (B/C%) Spinning System
L* a* b* Cc* h*
67/33 Ring 77.97 3.27 18.87 19.15 80.16
50/50 Ring 77.94 3.39 19.62 19.91 80.19
33/67 Ring 74.86 3.88 20.34 20.71 79.79
67/33 Open End 86.87 3.28 19.08 19.36 80.24
50/50 Open End 72.89 5.57 19.67 20.45 74.2
33/67 Open End 75.7 3.75 19.37 19.73 79.03
67/33 Vortex 77.06 3.61 19.37 19.7 79.43
50/50 Vortex 75.25 4.37 19.09 19.59 77.11
33/67 Vortex 75.15 4.29 19.66 20.12 77.69
Table 5. Color fastness to washing results.
. N Staining
Blend Ratio (B/C%) Spinning System -
Acetate Cotton Nylon Polyester Acrylic Wool
67/33 Ring 4/5 4 4 4/5 4/5 4/5
50/50 Ring 4/5 4 4 4/5 4/5 4/5
33/67 Ring 4/5 4 4 4/5 4/5 4/5
67/33 Open End 4/5 4 4 4/5 4/5 4/5
50/50 Open End 4/5 4 4 4/5 4/5 4/5
33/67 Open End 4/5 4 4 4/5 4/5 4/5
67/33 Vortex 4/5 4 4 4/5 4/5 4/5
50/50 Vortex 4/5 4 4 4/5 4/5 4/5
33/67 Vortex 4/5 4 4 4/5 4/5 4/5
Table 6. Color fastness to rubbing results.
: . Rubbing
Blend Ratio (B/C%) Spinning System
Dry Wet
67/33 Ring 4 3/4
50/50 Ring 4 3/4
33/67 Ring 4 3/4
67/33 Open End 4 3/4
50/50 Open End 4 3/4
33/67 Open End 4 3/4
67/33 Vortex 4 3/4
50/50 Vortex 4 3/4
33/67 Vortex 4 3/4
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Fabrics were dyed with acorn dyestuff as mentioned
before. The color properties of these fabrics are given
in Table 4. L value results indicate that the lightness
of the fabrics increased with higher bamboo content.
According to the other parameters in Table 4, it can
be said that although there are some variations in the
color of these fabrics, similar dyeing results were
obtained.

Color fastness of these fabrics to water and rubbing
(wet and dry) were also tested. Results of the staining
on multifiber fabric after water treatment are given in
Table 5. It can be seen from the results that the
change in the spinning systems used for yarn
production and the change in blend ratio for bamboo
and cotton fibers did not affect these values.

Results of the staining on multifiber fabric after water
treatment are given in Table 6. These results also
indicate that there is no difference between the color
fastness to rubbing results in terms of blend ratio and
spinning system as independent variables.

CONCLUSIONS

In this study, acorn natural dyestuff was used in order
to dye nine different types of single jersey bamboo-
cotton blended knitted fabrics. Initially, yarns were
produced with 3 different spinning systems (ring, rotor
and vortex) with 3 different blend ratios
(67%Bamboo-33%cotton, 50%bamboo-50%cotton
and 33%bamboo-67%cotton). All these yarns were
produced using the same ae 3.6 twist coefficient.
After yarn productions single jersey fabrics were
knitted using the same knitting parameters. In the
end, fabrics were dyed, again, using the same dyeing
parameters.

All the tests carried out during this study were done
according to standards. These results were obtained
at the end:

Spinning system and blend ratio significantly
affected yarn properties.

Higher bamboo content in the blend resulted with
lighter shades in fabrics.

As both fibers are cellulosic and have similar
structures, fastness results we investigated were
similar (because of their interactions with the dye).
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ABSTRACT

Denim garment production demands efficient design processes to minimize waste, costs, and production
delays. Bleaching, among other finishing processes, holds paramount importance due to its numerous
variables and substantial impact on product value. Atrtificial neural networks have great potential to achieve
superior performance in anticipating various process outcomes. Their parameterized structure effectively
captures non-linear relationships between input features. This study aims to effectively predict fabric
outcomes by developing an artificial neural network (ANN) model supported by convolutional neural
networks (CNN) to provide additional features derived from raw and semi-processed fabric images. The
study represents a comparison of CNN powered models with a common predictive ANN as base model.
Competing models incorporate various process variables and fabric properties, such as dying number and
elasticity to predict changes in denim CIELab properties after bleaching. The process features of the model
are the number of bleaching cycles, total process time, and concentration of sodium hypochlorite
(representing the total amount of chemical used). The mean absolute percentage error is used as the
performance measure between predictions and desired outputs. This research plays a significant role in
enhancing agility in denim production by providing businesses with more efficient approaches to digitized

denim bleaching and Research and Development processes in the textile industry.

KEYWORDS

Denim; Bleaching; Effect; Artificial neural networks.

INTRODUCTION

Denim goes through various manufacturing
processes that involve many variables, from fabric
production to garment creation. The traditional denim
processing begins with cotton fiber selection and
dyeing the threads with indigo. Then, the denim fabric
is woven using specific techniques [5]. After the
garment is made, finishing processes are applied to
achieve the desired aesthetic and comfort. These
processes include techniques such as enzymatic
washing, which can be optimized for fading color,
comfort, and durability [6].

The bleaching effect is the process of removing or
lightening the indigo from the surface of denim fabric.
Typically, a strong oxidative bleach, such as sodium
hypochlorite (NaOCI), potassium permanganate
(KMnOQa4), or hydrogen peroxide (H20z2), is used, and
the bleaching process can be done with or without the
addition of stones [7]. This process is labor-intensive,
reliant on skilled workers, and considered as costly.
Given the significance of bleaching, the importance of

* Corresponding author: Kalkan I.E., e-mail: iekalkan@cu.edu.tr
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digitizing both bleaching-oriented production and

related processes becomes apparent. By
implementing decision support systems and
associated predictive models, digitizing these

processes will offer businesses a more agile and
efficient approach. Efficiency improvements are
crucially needed in the denim garment industry,
particularly for businesses where labor, waste, and
energy are significant costs.

The use of artificial neural networks (ANNS) in
predicting the effects of processes applied to fabrics
is encountered in studies. Farooq et al. employ an
ANN system to predict the phenomenon of color
change for different colors and shade percentages
[8]. Mandal et al. model the relationships between
measured fabric properties (such as thickness,
weight, fabric count) and thermal protective
performance and thermo-physiological comfort
performance using an ANN to analyze garment
performance [9]. Elkateb includes a study on
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predicting output properties of woven fabrics with
ANNSs across different characteristics [10].

Anomaly detection on textile textures using
“Variational Autoencoders” can be cited as an
example of the use of images in textiles. In this
application, the reconstructed images are compared
with the original images, and the calculated
reconstruction error is directly used to compute the
anomaly score [11]. Another study used deep
learning methods to approximately determine input
parameters in laser texturing. Different combinations
of laser parameters were selected to perform laser
fading experiments on denim fabrics using laser
technology in data generation, and denim image
datasets with various laser fading effects were
obtained. The trained convolutional neural network-
based (CNN) prediction model produced an
approximate parameter group based on the fading
image and showed good performance with low
prediction error according to the validation dataset
[12].

In this study, the proposed CNN prediction models
will equip businesses with an agile and thus more
efficient approach to digitized denim bleaching in the
denim garment industry. Proposed models have been
developed to forecast the color properties of denim
garments. To the best knowledge, this is the first
study to predict color values using fabric images on
deep learning models.

EXPERIMENTAL SETUP

This study aims to predict the possible changes in the
physical properties of the denim garment after the
sodium hypochlorite bleaching process, depending
on the process variables and fabric properties to
prevent production-related fabric defects. The basic
steps of this effort are outlined in the following
subsections: first, the material and its structure are
described. Second, the data collection process and
modeling  details are presented, including
explanations of the methods employed and the
evaluation techniques use.

Materials

Prediction models have been developed based on
collected data to forecast the “CIELab” color
properties of denim garments. The CIELab color
space, also known as L*a*b represents color using
three parameters: L* for perceived lightness, and a*
and b* for the four primary colors perceived by human
vision: red, green, blue, and yellow. The models are
built using 1,200 data points gathered from a full
factorial design involving 1,200 experiments. The
experiments focused on denim fabric type, process
time, sodium hypochlorite concentration, and the
replicate cycle of bleaching. The sodium hypochlorite
bleaching process was conducted with two replicates.
Three levels of process time were tested: 3, 5, and 7
minutes. Additionally, four concentration levels of
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bleach were selected: 2,000, 3,000, 4,000, and 5,000
ml. The bleaching cycle indicates how many times the
same bleaching process is replicated to reach the
desired visual effect.

50 different types of denim fabric are selected and
four variables that can affect the color in the bleaching
process have been included in the controlled
experimental design. In addition, the constructional
fabric properties as yarn count, weaving pattern and
density, the CIELab values of raw and semi-
processed fabric are accepted as inputs of the
models. The semi-processing stage refers to
intermediate steps in the bleaching process that
prepare the denim for a final, controlled whitening or
fading effect. In that stage a controlled amount of
hydrogen peroxide is applied to the denim fabric and
acts as a mild bleaching agent.

Methods

ANNSs, ranging from simple computational units to
complex architectures, are a heavily researched area
in deep learning. Known for their versatility, strength,
and scalability, ANNs excel at handling large-scale,
highly intricate machine learning challenges. Their
applications span from classifying billions of images
to enabling advanced speech recognition systems [1].
ANNSs also serve as powerful tools for predicting the
outcomes of the processes handled in this research.

With techniques like stochastic gradient descent,
ANNSs can converge, although the solution may not
necessarily reach the global optimum due to the
presence of multiple local minima [2]. Additionally,
while other machine learning methods require
manually engineered features to be fed into the model
as input, ANNs can extract useful features from the
data without requiring an additional effort, thanks to
the mechanism of weight updates [3]. However, when
dealing with non-structural data types like image data,
fully connected layers struggle to represent important
features effectively. For example, even a small
100x100-sized image contains 10,000 inputs, and
even if the first hidden layer has a high number of
neurons, like 1,000, it may not capture a significant
portion of the information [1]. As a result, a
specialized structure known as a convolutional layer,
commonly referred to as convolutional neural
networks (CNNs), is necessary and has consistently
delivered successful outcomes.

The convolution is the process of sliding filters of
certain sizes, such as 3x3 or 5x5, over the 3-
dimensional input data, stopping at every possible
position to extract the 3-dimensional patch of
environmental features. This patch corresponds to
the region covered by the filter at that position. The
process starts from the top-left corner of the data and
continues towards the bottom-right corner. The
weights of the filter are element-wise multiplied with
the values in the patch, and the results are summed
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Table 1. Input-Output configuration of models.

Fabric Properties Process Features

Attributes ANN CNN1 CNN2
Type of Dyeing v v v
Elasticity v v v
Onz/yd? v v v
Fabric Properties varn Count ol ol ol
Density v v v
Type of Weaving v v v
INPUTS CIELab (Raw Fabric) v v v
CIELab (Semi-processed Fabric) v v v
The Number of Bleaching v v v
Process Features The Bleaching Process Time v v v
Sodium Hypochlorite Concentration v v v
Image Features Raw Fabric Images v

Semi-processed Fabric Images v
CIELab L* v v v
OUTPUTS Color Properties of Processed Product CIELab a* v v v
CIELab b* v v v

Raw Fabric Semi-processed

Images Fabric Images

|

Convolutional
Blocks

~

Fully Connected Layers

l

I

Prediction

Actual Values

|| Loss Function H—)

Figure 1. Proposed modeling schema.

to produce a single value. This operation is applied to
all positions where the filter is placed [4].

The architectural design of models used in this study
is illustrated in Figure 1. Convolutional blocks
represent convolution operation over image data.
Other types of data are diffused multiple times in
following layers. An algorithm called backpropagation
will be used to update the weights backward based
on the values calculated forward for each neuron [3].
The backpropagation algorithm will search for the
parameter set that minimizes errors in this way.

55

Optimizer

Data diffusion in Figure 1 involves propagating image
data across convolutional layers to capture visual
features, while feature data (fabric features and
process features) are directly concatenated with
features extracted from images before passing
through fully connected layers. This integration allows
the model to leverage both types of information
(visual and non-visual) simultaneously for better
predictions.

The loss function measures the difference between
the predicted values and the actual values. This helps
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in quantifying how well the model is performing. The
optimizer updates the parameters of the model to
minimize the loss, iterating through the network to
improve predictions over time. It receives feedback
from the loss function and adjusts the weights in both
the convolutional and fully connected layers
accordingly.

RESULTS AND DISCUSSION

A straightforward cross-validation method was
employed to evaluate the approach. For each model,
the dataset was randomly split five times into a 90/10
ratio. In each split, the first portion (90%) was used for
training, while the second portion (10%) was used for
prediction. Models’ performance was assessed using
the mean absolute percentage error (MAPE) as the
evaluation metric. MAPE measures the average of
absolute percentage errors between actual values
and predicted values. It's especially useful for
understanding how far predictions deviate from actual
results on average, in terms of percentage.

The models were initially trained for 500 epochs.
Throughout the training, the loss values were
monitored to determine when the models reached a

relative plateau. Since the training loss of the ANN
model was observed to still be decreasing, it was
trained for an additional 500 epochs to allow for a
fairer comparison. At the end of each epoch, a
performance metric was calculated on the validation
dataset, which was kept separate from the training
process. Figure 2-4 shows the progression of training
and validation values over the first 500 epochs.show
a rapid decrease in training loss early on, which then
stabilizes, indicating effective initial learning.

Validation MAPE fluctuates more than training MAPE
in all models, which is typical due to validation data
variability. CNN2 seems to achieve the relatively
stable and consistent performance for prediction of
three properties.

Table 2 represents the average
performance of three model types.

CNN2 performs best overall, achieving the lowest
prediction values for all three color parameters (L*, a*,
and b*), suggesting it provides the most accurate
predictions. CNNL1 is the second-best model, with
relatively low prediction values, though slightly higher
than CNN2, indicating it still performs well across
parameters.

validation

ANN

Training Loss and Validation MAPE over epochs

CNN1

CNN2

50 4

40+

30 4

20

10+

—— Training MAPE
validation MAPE

—— Training Loss
Validation MAPE

—— Training Loss
Validation MAPE
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Figure 2. Tracking epochs for L* values.
Training Loss and Validation MAPE over epochs
ANN CNN1 CNN2
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Figure 3. Tracking epochs for a* values.

56




KALKAN IL.E., ET AL.: DEVELOPING CNN-AUGMENTED MODELS TO PREDICT CIELAB OUTCOMES POST-BLEACHING OF DENIM GARMENTS

Training Loss and Validation MAPE over epochs

ANN CNN1 CNN2
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Figure 4. Tracking epochs for b* values.
Table 2. Average prediction error for color parameters (Lower values indicate better performance).
Predicted Value ANN CNN1 CNN2
L* 2.04 1.04 1.05
a* 7.56 6.55 4.97
b* 2.78 2.60 2.26

CONCLUSIONS

In this research study, the prediction of outcomes of
bleaching process used in ground effecting of denim
garments was examined. It has been established that
both the dataset utilized and the augmented models
employed for predictions have a significant impact on
the accuracy of the forecasts. It is concluded that a
factory employing these models will be able to
forecast process outcomes effectively, minimizing the
risk of any losses.

The fact that images of semi-processed fabrics
perform better due to being closer to the final product
is an expected situation. The results have shown this
trend as well. Furthermore, it is an important finding
that including images in similar prediction models in
denim manufacturing could enhance prediction
performance.
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ABSTRACT

Denim fabrics are fabrics dyed with indigo dye. As the garments produced from denim fabrics are washed,
the indigo dye is easily removed from the product. The color of the product is bleached by the transfer of the
dye in the product to the washing environment, the solution. Since indigo dye is a dye that can be easily
eroded, especially by physical and chemical methods; it is also known as 'living dye'. In the conventional
washing processes of denim products, the solution is first contaminated when the indigo dye passes into the
solution. The return of this unbound dye found in the solution to the product is called 'back dyeing'. The most
contaminated parts in back dyed products are the white pockets, labels and potassium permanganate
(KMnOQa4) applied parts of the product. Back dyeing occurs in the process called 'stone washing', where
pumice stone is mostly used in wet processes. Pumice stone is a round and oval shaped stone with a rough
surface collected from volcanoes. In order to obtain the desired appearance, the products are rotated in a
wet environment in denim industrial washing machines with stones. Stones scrape off the dye particles from
the surface of the dyed yarn and give the desired result. Stones can damage the garment and washing
machine due to their high abrasion. They leave stone dust and residues on the garments and inside the
pockets. This causes the addition of extra rinsing and manual pocket cleaning processes. The stone used
as a physical abrasive melts after the abrasion effect and passes from the drain to the channel after a certain
number of washes and becomes solid waste. By extending the abrasion feature of the stone, the physical
waste rate left in the solution can be reduced. The dirt containing paint and stone waste coming out of the
products after abrasion is carried to other products in the machine with the water in the solution. It causes
the dirt to contaminate other products. For this purpose, physical abrasives that are not easy to melt and

foam are combined in a water-free environment in the machine.

KEYWORDS

Denim; Foam; Stone; Back staining; Abrasion; Effecting.

INTRODUCTION

The most important element that adds value to denim
garments is the mechanical and chemical washing
processes performed after garment production.
Some of these processes are stone, enzyme, ozone,
softening, laser, sandpaper, laser, etc. washing.
Stone washing is the most common of these and
includes both mechanical and chemical interactions.
Denim stone washing is a technique applied to give
denim fabric a more worn and natural appearance. In
this process, denim fabric is washed with stones in
large drum machines. Rough stones such as pumice
stones are usually used. The fabric is worn by rubbing
with the stones, thus obtaining a more faded and
worn appearance. Stone washing creates a change

* Corresponding author: Uslu O., e-mail: onur.uslu@tayeks.com.tr
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in both the color and texture of the fabric, providing a
more comfortable and soft denim experience. As a
result, denim stone washing process adds a vintage
air to jeans, which is preferred in the fashion world,
while also providing comfort. However, this process
has negative aspects for both the fabric and the
environment due to both water consumption, its
effects on the fabric, and the pumice waste that is
formed. Denim stone washing literature includes
many academic studies and research related to
textile industry and fashion technology [1-8].

The basic titles and topics covered in the literature
regarding denim stone washing can be listed as stone
washing process, combinations with chemical
methods, environmental effects, effects on physical
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and chemical properties of the fabric, fashion and
consumer trends, alternative washing techniques.

Another topic to be examined in the study is foam
application technique. Foam application is a
technique generally used in the application of
finishing processes in the textile industry. Foam
finishing application has been developed as an
alternative to the traditional impregnation method and
offers advantages such as lower chemical
consumption, water saving and energy efficiency.
Foam finishing application is increasingly preferred in
the textile industry as a sustainable technology that
provides water and energy saving while also
improving the performance of fabrics.

In this study, it is aimed to reduce back-dyeing,
reduce the amount of water used in the cleaning
processes of the products, save energy, shorten the
production process, improve the physical strength
tests of the product and the service life of the washing
machine by eliminating the solid waste in the process
with the alternative washing agent and method
developed. The study includes innovations in terms of
the effecting agent and washing method.

EXPERIMENTAL

The project implementation consists of two stages.
The first of these is the development of an alternative
synthetic stone material to pumice, and the second is
related to the application of this stone to clothing. In
the study, a synthetic stone was developed and
examined in order to extend the wear life compared
to conventional pumice stone. In this context, material
development was carried out with 3 different recipes.
The stone washing process was carried out without
using water by injecting foam into the machine
simultaneously. As it is known, in the conventional
method, the washing process is carried out with water
using auxiliary chemicals in industrial drum washing
machines. Therefore, both water and chemicals are
used in the application. In the scope of the project, the
foam application technique was preferred instead of
this process. In the scope of the study, Yilmak brand
foam generator and Yilmak RF-60 brand drum
washing machine were used. The foam generator
and drum washing machine are seen in Figure 1.

Materials

The pumice stone is a natural, porous rock formed by
the rapid cooling and solidification of lava as a result
of volcanic eruptions. This stone creates many air
spaces (pores) because of the rapid escape of gases
in the lava, which creates the light and spongy
structure of pumice. Its density is very low, and it can
float on water. The use of pumice stone in the textile
industry has an important place, especially in the
processing of denim products. The main use of
pumice stone in textiles is to create an abrasive effect
on the surface of denim fabrics, giving them an old
appearance. It is known that this process is carried
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out with a technique called "stone wash". During the
grinding of denim fabrics, the fabrics are washed with
pumice stone in large industrial washing machines. In
this process, the pumice stone rubs on the surface of
the denim fabric, abrading the fibers of the fabric and
giving the fabric a soft, aged appearance.

Within the scope of the study, firstly a synthesis of
polypropylene (PP), calcite (CaCOs) mixture was
made, and it was named Recipe 1. Recipe 2 was
obtained by mixing glass fiber, broken stone,
polypropylene and calcite. Thus, it was tried to create
the advantage of increasing the impact resistance,
reusing the waste stone and increasing the abrasion
effect. Recipe 3 was obtained by mixing polyethylene,
polypropylene, glass fiber, broken stone, silicate and
calcite. Thus, it was tried to create the advantage of
increasing the impact resistance, reusing the waste
stone and increasing the abrasion effect. The
photographs of these materials pumice stone are
seen in Figure 2.

Within the scope of the study, clothes made from 3
different denim fabrics (Fabric A-B-C) were used. The
same amount of stone was used in the trials carried
out in conventional washings and newly developed
washings. A total of 4 washes were made, 1
reference (pumice stone) and 3 new.

Methods

The foam generator used is given in Figure 1. RUCO
FO 4010 was used as a foaming agent in the foam
recipe and liquid cellulase enzyme was used to
increase the effect. The stone materials obtained with
Recipe 1-2-3 were used as abrasives. The washing
process was carried out in a Yilmak RF-60 machine
with 10 kg capacity, with 10 kg trousers. Foaming
process was carried out using 9,6 liters of water each
time. The process lasted at cold temperature and 30
minutes. After foam application, drying was carried
out in the Yiilmak HMS 600 dryer machine, at 70 °C
temperature and for 40 minutes. Liquor ratio 1:1 at the
rate 1 kg/trousers were used in the processes from
the stones obtained with the newly developed
recipes.

Figure 1. Foam generator and washing machine used in the study.
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After the trials, photographs of the samples were
taken and their performances were compared with
the tensile and tear strength tests. The tests were
carried out according to Tensile Test; EN ISO 13934-
2-EQV method, Tear Test; EN I1SO 13937-1-EQV,

Recipe 1
Figure 2. The photograph of stone obtained by Recipe 1-2-3 and pumice stone.

RECIPE-1 CONVENTIONAL RECIPE-2

'FABRIC-A

Figure 3. Recipe 1-2-3 and conventional washing effect of Fabric A.

RECIPE-2

FABRIC-B
Figure 4. Recipe 1-2-3 and conventional washing effect of Fabric B.
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RECIPE-1 CONVENTIONAL RECIPE-2 CONVENTIONAL RES
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FABRIC-C FABRIC-C FABRIC-C
Figure 5. Recipe 1-2-3 and conventional washing effect of Fabric C.

Table 1. The physical performance of specimens from Fabric 1.

Test Methods E?:)erg Conventional Recipe 1 Recipe 2 Recipe 3
] Warp 35 69.3 67.9 65.0
Tensile Strength [kg]
Weft 29,7 43.9 42.5 39.7
] Warp 3937 5486 5207 4952
Tearing Strength [g]
Weft 2472 3909 3725 3480
Elasticity [%] - 31,4 35,7 331 38,4
Growth - 6,9 6,5 6,7 6,6
] Dry 3/4 4/5 4 3/4
Color Fastness to Crocking
Wet 1/2 1 1/2 1/2
Color Fastness to Rubbing Dry 4 4 3/4 3/4

Table 2. The color fastness to perspiration of specimens from Fabric 1.

Staining
Fabric Type Type C%c;lnore
9 Wool Acrylic Polyester Nylon Cotton Acetate
Acid 4/5 4/5 4 4/5 4/5 4/5 4
Conventional
Alkaline 4/5 4/5 4 4/5 4/5 4/5 4
Acid 4/5 4/5 4 4/5 4/5 4/5 4
Recipe 1
Alkaline 4/5 4/5 4 4/5 4/5 4/5 4
Acid 4/5 4 4/5 4/5 4/5 4/5 4/5
Recipe 2
Alkaline 4/5 4 4/5 4/5 4/5 4/5 4/5
Acid 4/5 4/5 4 4/5 4/5 4/5 4
Recipe 3
Alkaline 4/5 4/5 4 4/5 4/5 4/5 4
Table 3. The color fastness to water of specimens from Fabric 1.
Staining
Fabric Type Color Change
Wool Acrylic Polyester Nylon Cotton Acetate
Conventional 4/5 4/5 4/5 4/5 4/5 4/5 4/5
Recipe 1 4/5 4/5 4 4/5 4/5 4 4/5
Recipe 2 4/5 4/5 4/5 4 4/5 4 4
Recipe 3 4/5 4/5 4/5 4/5 4/5 4/5 4/5
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RESULTS AND DISCUSSION

Figure 3-4-5 shows the visual results of foam washing
done with Recipe 1-2-3 with Fabric A-B-C.

What is expected from this washing trial is that the
new recipes will give a similar bleaching effect with
the application of pumice stone. When Figure 3-4-5 is
examined, it can be seen that the effects are similar.
This similarity showed that the newly developed
synthetic stones (Recipe 1-2-3) worked successfully.

Table 1 shows the performance values of the Fabric
1 obtained from 3 recipes and conventional
applications.

The pumice stone is a material that affects the
physical properties of fabric. Because the pumice
stone and similar materials are based on friction,
abrasion and snatching of the fiber from the fabric
surface.

Thus, the part in the center of the yarn that does not
absorb indigo dye is revealed and the effect occurs.

When Table 1 is examined, it has been determined
that the stones and prescriptions that provide friction
cause positive difference in the physical properties.
When the strength results were examined, it was
determined that the samples made with Recipe 1-2-3
gave similar results among themselves, but the
results were higher compared to conventional
applications. While a similar effect is achieved with
Recipe 1-2-3 (Figure 3-4-5), this results in a lower
strength reduction. When the fabric elasticity and
growth results were examined, no significant
differences were detected.

When the fastness results in Table 1-Table 2 and
Table 3 are examined, it was determined that the
applications made with pumice stone and new
polymer mixtures showed similar performance, and
the type of the stone did not significantly affect the
fastness results.

CONCLUSIONS

At the end of the study, an alternative material and
washing method were developed. When compared to
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the conventional method, a total of 3 baths and 600
liters of water were saved. The processes were
carried out at room temperature and energy savings
were achieved in this respect. Accordingly, 20%
energy savings were achieved. Not using pumice
stone and repeated use of new materials reduced
waste generation. Since stone reduces the strength
of the fabric, clothes washed with the traditional
method carry the risk of wear. On the other hand, with
the proposed method, only half as much stone was
used compared to the traditional method and a
positive development was determined in terms of
fabric strength. Since the new method requires 15
minutes less machine operation time compared to the
traditional method and the foam process is applied at
room temperature, less energy will be consumed.
When the process is examined in terms of chemical
consumption, a 20% cost gain can be predicted. In
the proposed washing method, less back staining risk
was observed. No back staining was observed in the
proposed washing method.
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ABSTRACT

The main objective of this study was to create versatile and wearable electrically conductive electrodes for
Transcutaneous Electrical Nerve Stimulation (TENS) application, ensuring they are comfortable by
depositing silver particles directly onto the carbon particles imparted rubber electrodes. Scanning Electron
Microscopy (SEM) was used to analyze the shape of the deposited silver particles. To enhance the
electrode's performance during body movements, the conductive fabrics were stretched repeatedly, and
changes in resistivity were observed. The electrical resistance showed minimal variation with small
extensions, remaining relatively constant between 0-75% stretch. Resistance increased significantly after
80% stretch, but the fabric's resistivity remained stable even after over 100 stretching cycles. Additionally,
there was no significant change in resistivity over time at a constant current. The study also investigated the
antibacterial properties of the deposited particles against bacteria like Staphylococcus aureus and
Escherichia coli. The antifungal activity assessment using Aspergillus fumigatus further underscores the
benefits of the silver-plated elastomers in combating fungal growth. Finally, the durability of the coated
fabrics concerning comfort and electrical properties was evaluated through multiple pressure applied,

showing good particle retention and only a slight decrease in conductivity.
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INTRODUCTION
The design of electrically conductive, highly
stretchable, and hygienic  electrodes  for

electrotherapy is crucial in advancing therapeutic
effectiveness and patient comfort. Electrotherapy
relies on the precise delivery of electrical currents to
stimulate muscles, manage pain, and promote
healing, making the quality and functionality of
electrodes a key factor in treatment outcomes [1].
Traditional electrodes often face challenges in
maintaining conductivity and comfort during dynamic
movements, as they may lack flexibility or introduce
hygiene concerns with prolonged use. The use of
electrotherapy, specifically Transcutaneous Electrical
Nerve Stimulation (TENS), in physiotherapy and
rehabilitation to manage pain and improve mobility.
TENS therapy involves applying electric current to
stimulate body nerves, typically using conductive
hydrogel electrodes. While self-adhesive hydrogel
electrodes are commonly used for TENS, they have
drawbacks like discomfort, skin irritations, and
hygiene issues [2]. Other types of electrodes, such as
carbon rubber electrodes or metal plates covered with

* Corresponding author: Ali A., e-mail: azam.ali@tul.cz
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nonconductive fabric, have also been utilized but can
pose challenges. Despite these challenges, the use
of electrodes remains prevalent in TENS applications
[3]. To address these limitations, modern electrode
designs focus on creating materials that are both
electrically conductive and capable of enduring high
levels of stretch without compromising performance.
Additionally,  incorporating  antimicrobial and
biocompatible properties supports hygiene and skin
safety, especially in extended or repeated therapy
sessions. In this research, a unique substrate made
of cotton, nylon, and lycra was chosen, and a special
method for depositing silver nanoparticles onto fibers
and within fabric structures was developed. This
approach resulted in the creation of conductive fabric-
based electrodes with excellent conductivity,
flexibility, and stretchability to ensure comfort during
use. The study also explored changes in electrical
conductivity with repeated stretching to enhance the
adaptability of carbon embedded silver plated
electrodes for human body movements during
electrotherapy sessions [4]. Additionally, these
electrodes demonstrated good washing durability,
resistance to cracking when stretched, and exhibited
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qualities like drape, softness, and a comfortable feel.
The electrodes were engineered by directly plating of
very fine silver nanoparticles on them. These
electrodes significantly reduced the risk of contact
dermatitis and can be safely applied to wounded or
injured skin due to the antibacterial and hygienic
properties conferred by the silver nanoparticles in the
developed carbon embedded rubber electrodes [5].

EXPERIMENTAL AND
CHARACTERIZATIONS

Reagent grade chemicals were obtained from sigma
Aldrich. Silver nitrate (AgNO3s), methanol (99.8%),
and calcium carbonate (>99%) were pur-chased from
Sigma-Aldrich. Silicon based elastomers used as
matrix in present study weresupplied by R & G
Composite Materials (R&G Faserverbundwerkstoffe
GmbH), Waldenbuch, Germany. The highly
conductive carbonmicroparticles (100 pm) with trade
name carbiso mil were obtained from Easy com-
posites, UK. Firstly, 12 of carbon particles were
added into methanol solution and then ultrasonicated
for 30 min. After ultrasonics 100 mL of silicon
elastomer solution was added slowly to the reaction
mixture. Then the mixture further ultrasonicated for |
hour to produce a conductive elastomer. The
methanol was evaporated by placing the beaker in
the oven at 55°C. After the carbon filled elastomers
were formed. Subsequently, silver electroplating was
done at various time intervals over carbon embedded
polymeric rubber. The utilization of SEM and XRD for
surface morphology analysis, along with ASTM D257-
07 for electrical volume resistivity measurement,
indicates a comprehensive approach to
characterizing the material properties. Additionally,
the Zone of Inhibition test for qualitative
measurements and quantitively assessments using
AATCC 100-2004 standards, provide valuable
insights into the material's antimicrobial properties.
Behrens and Karber's technique were used to
calculate the virus titer reduction from the basic viral
titer of infectivity (107) titer. The plating time and
sample codes are given in Table 1 below.

Table 1. Design of experiment of developed samples.

Sr# Plating Time (min) Sample code
1 10 S1
2 20 S2
3 30 S3
4 40 S4
5 50 S5
6 60 S6
7 70 S7
8 80 S8
9 90 S9

10 100 S10
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RESULTS AND DISCUSSION
Electrical resistivity

Figure 1 is showing the effect of electroplating and
weight gain percentage against the electrical
resistivity. Increase in electroplating time tends to
increase in silver plating and eventually decrease in
electrical resistivity values. This trend indicates that
optimal electroplating time is essential to achieve low
resistivity, as it enhances conductivity by creating a
more continuous conductive layer. The weight gain
percentage serves as an indicator of the amount of
silver coating applied to the electrode, with higher
percentages corresponding to increased silver
deposition and improved conductivity. The evaluation
of the electrical resistivity of the silver-plated samples
and the analysis of resistivity at different stretch
percentages provide valuable insights into the
behavior of the electrodes. The data from Figure 2
showing the resistivity value graphs for each sample
is essential for understanding the variations among
the samples. The observations regarding resistivity
changes at different stretch levels, especially the
significant increase in resistivity beyond 75% stretch
up to approximately 51 K Q.mm at 100% stretch,
highlight the material's response to mechanical
stress. This data suggests that, while silver-plated
samples maintain low resistivity under moderate
stretch, their conductive performance diminishes
significantly under extreme stretching, emphasizing
the importance of balancing stretchability and
conductivity in electrode design. The durability testing
of sample S10, with resistivity measurements at
different stretch levels and the calculation of the mean
resistivity during one complete cycle, offers a
comprehensive assessment of the sample's
performance under repeated stretching and release
cycles. This detailed analysis is crucial for evaluating
the reliability and stability of the electrodes in practical
applications. The analysis is critical for applications
where electrodes are subject to continuous
movement, as it informs decisions about material
selection and design parameters that can ensure

long-term  performance and consistency in
electrotherapy applications.
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Figure 1. Electrical resistivity at normal stretch.
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Figure 3. Antibacterial properties with Zone of inhibition.
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Figure 4. Antifungal activity of silver coated textile.

Antipathogenic properties of developed
electrodes

Silver-plated  electrodes for  Transcutaneous
Electrical Nerve Stimulation (TENS) applications are
gaining attention not only for their excellent
conductivity but also for their inherent antipathogenic
properties. Silver is known for its strong antimicrobial
effects, which are particularly beneficial in medical
and therapeutic devices that come into direct contact
with the skin. These properties help reduce the risk of
bacterial and fungal contamination, enhancing the
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hygiene and safety of TENS electrodes used in
repeated sessions or extended wear. By
incorporating silver plating, TENS electrodes benefit
from both improved conductivity and enhanced
antipathogenic  properties, offering a dual-
functionality that aligns with the high standards
needed for medical and therapeutic applications. This
feature is particularly advantageous in clinical
environments and for individuals who use TENS
devices frequently, as it contributes to better skin
health, reduces maintenance, and extends the
electrode’s usable life. The Gram-negative E. coli and
Gram-positive S. aureus were used for testing the
antibacterial activity of silver-plated elastomers.
Figure 3 display the zones of inhibition around the
samples after one day of incubation in dark at
temperature 37 °C. The results clearly show that the
silver coating on the elastomers was effective in
creating zones of inhibition against both
Staphylococcus aureus and Escherichia coli. The
antimicrobial properties of the metal coating, with its
unique features like microparticles and biomolecules
such as polynuclear acids and proteins, contribute to
its effectiveness. This action makes silver-plated
electrodes a valuable option for TENS devices, as
they can reduce the likelihood of infections and skin
irritations often associated with prolonged electrode
use. The antibacterial behavior of the silver coating
may be due to chemical interactions, physical
interactions, or a combination of both, making the
prepared electrodes highly hygienic and ideal for
hospital environments.

The antifungal activity assessment of silver-plated
electrodes for electrotherapy, particularly against
Aspergillus fumigatus, is an important aspect of
ensuring the hygiene and safety of these devices.
Aspergillus fumigatus is a common fungal pathogen
associated with infections, especially on moist skin
areas where electrotherapy electrodes are often
applied. Silver, known for its broad-spectrum
antimicrobial and antifungal properties, releases
silver ions that interfere with fungal cell processes,
disrupting membrane integrity and inhibiting growth.
The antifungal activity assessment using Aspergillus
fumigatus further underscores the benefits of the
silver-plated elastomers in combating fungal growth.
Figure 4 display the percentage reduction of fungi
(Aspergillus fumigatus) with raw sample and samples
loaded with silver (87% reduction). Testing silver-
plated electrodes against Aspergillus fumigatus
involves evaluating the fungal inhibition zone or
measuring fungal colony counts in the presence of
the electrode. Effective antifungal performance would
manifest as significant inhibition of Aspergillus
fumigatus growth around the silver-plated electrode,
indicating that the silver ions released are actively
preventing fungal proliferation. The silver-plated
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Figure 5. Reduction in viral infectivity titer (a) and percentage reduction (b) calculated from viral infectivity for untreated and treated fabrics

at a contact time of 0 and 60 min.

sample exhibit maximum antifungal activity because
the metal particles coated elastomer having suitable
antibacterial properties. Hence, the percentage
reduction of silver nanopatrticles greater as compared
to phytochemicals. Incorporating silver-plated
electrodes with antifungal properties in electrotherapy
devices enhances their clinical safety, particularly for
patients with extended treatment sessions or
sensitive skin.

Figure 5(a) display a graph which shows the virus
infectivity titer log against contact time (0 h and 60
mins). Behrens and Karber’'s method was used for the
calculation of virus titers reduction from the starting
viral titter of infectivity (107) titer. The Figure 5(a)
describes the infectivity titer change of corona virus
(0 h and 60 mins) at 25°C for uncoated elastomer and
silver coated elastomer S10. It was examined that
there is a major decrease in infectivity titer for fabrics
coated sample after 60 mins instead of O hrs whereas
no reduction in virus activity titer was calculated in
vase of uncoated elastomer sample. While, Figure 5
(b) exhibit virus percent reduction for uncoated and
coated S10 sample. The elastomer treated with silver
reduces 84% in virus titer separately uncoated
elastomer remained ineffective against virus [6]. The
antiviral action exhibited through elastomer treated
with silver could be due to the binding of metallic
surface with glycoproteins at the viral surface working
as an inhibitory action for viruses.

The effect
electrode
electrotherapy

The applied pressure on electrodes during
electrotherapy  significantly impacts electrode
resistivity, which in turn affects the effectiveness of
current delivery to the targeted tissue. When
adequate pressure is applied, it improves the contact
between the electrode and skin, reducing resistivity

of applied pressure on
resistivity during
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and allowing for better current flow. This optimized
current distribution enhances the therapeutic benefits
of electrotherapy. However, too much or too little
pressure can alter resistivity unfavorably, either
causing patient discomfort or reducing treatment
efficacy. Therefore, controlling applied pressure is
essential for achieving consistent and effective
results in electrotherapy applications. The high
potential signals from the skin are captured using wet
and dry electrodes, even when the body is in motion.
In our current research, we explored the effects of
applying loads of 250g, 500g, and 750g on a 10cm x
10cm sample, which translates to pressures of 4
N/cm?2, 6 N/cm?, and 8 N/cm2.The trend line values of
electrical resistivities with respective applied pressure
are shown in Figure 6. The pressure applied had a
significant impact on the electrical resistivity of the
electrodes. An evident decrease in resistivity was
noted with increasing pressure. Initially, the
resistivities of samples S8, S9 and S10 were 62
Q.mm, 55 Q.mm, and 24 Q.mm, respectively. When
the pressure reached 6 N/cm?, the values decreased
to approximately 23 Q.mm, 17 Q.mm, 14 Q.mm, and
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Figure 6. Trend line values of electrical resistivity with respective
applied pressure.
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1 Q.mm. A similar approach was taken in a previous
study that explored the effect of pressure on dry
textile electrodes for obtaining ECG signals. They
observed that increased pressure led to lower
impedance. Specifically, the impedance decreased
as the contact area between the conductive network
and skin increased. Since polymers and textiles are
soft materials, squeezing them improves the contact
interface, resulting in better signal acquisition.

CONCLUSION

The development of those electrically conductive and
highly stretchable electrodes for TENS machines
sounds really impressive! Achieving a minimum
resistivity of 1183 Q.mm at 12% carbon particles and
a volume resistivity of 23 Q.mm in the conductive
elastomer samples is quite remarkable. The fact that
these electrodes also demonstrated significant
effectiveness against various pathogens in
antipathogenic testing is a great advantage. The
silver electroplating over the carbon-embedded
electrodes seems to have enhanced their properties
further. The potential applications of these electrodes
in electrostimulation and electrotherapy fields hold a
lot of promise for future use. Silver-plated elastomers
demonstrated robust antibacterial and antifungal
effects, inhibiting bacterial growth (e.g., E. coliand S.
aureus) and fungal pathogens like Aspergillus
fumigatus. Antiviral tests showed an 84% reduction in
viral infectivity after 60 minutes of contact time,
making these materials ideal for applications in
medical environments. Applying pressure to the
electrodes during electrotherapy improved
conductivity by reducing resistivity due to enhanced
contact with the skin. Increased pressure (up to 8
N/cm?) led to significant resistivity reductions,
indicating the importance of optimized contact
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pressure for effective electrotherapy. These silver-
plated elastomers are particularly suited for
Transcutaneous Electrical Nerve Stimulation (TENS)
devices, offering dual benefits of low resistivity and
antimicrobial protection. Their performance under
mechanical stress and repeated usage cycles,
coupled with their hygienic properties, make them
valuable for clinical and home-based therapeutic
applications. They are useful for clinical and home-
based therapeutic applications because of their ability
to withstand mechanical stress and numerous usage
cycles as well as their hygienic properties.
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Czech Science foundation (GACR).

REFERENCES

1. AliA, etal.: Silver-plated stretchable elastomeric electrodes
for electrotherapy applications. Journal of Industrial Textiles,
54, 2024.

https://doi.org/10.1177/15280837241287561

Kim S.H, Oh KMW., Bahk JH.: Electrochemically
synthesized polypyrrole and Cu-plated nylon/spandex for
electrotherapeutic pad electrode. J Appl Polym Sci, 91(6),
2004, pp. 4064-4071.

https://doi.org/10.1002/app.13625

Johnson M.l.: Does transcutaneouselectrical nerve
stimulation (TENS) work? Clin Eff Nurs, 2(3), 1998, pp. 111—
120.

https://doi.org/10.1016/S1361-9004(98)80002-2

Melzack R., Wall P.D.: Pain mechanisms: a new theory. In
Psychosocial Processes and Health, Cambridge University
Press, 1994, pp. 112-131.
https://doi.org/10.1017/CBO9780511759048.009

Akglin D.E., Yesilpinar S., Senol Y., et al.: Design of a TENS
Knee Pad with Integrated Textile Electrodes, 2018, online:
https://www.researchgate.net/publication/328283140

Ali A., et al.: Flexible Electrically Conductive Elastomers.
2023, pp. 1-25.
https://doi.org/10.1007/978-981-99-6002-6_1



https://doi.org/10.1117/12.44417
https://doi.org/10.1007/978-981-4560-32-0_2

Fibres and Textiles 32(1), 2025, 68-71

DOI: 10.15240/tul/008/2025-1-013

ADSORPTION OF METHYLENE BLUE DYE FROM AQUEOUS
SOLUTION USING BIO-WASTE POPLAR FIBER

UsTA, CANAN"; SEYHAN, AYBENIZ AND GURARSLAN, ALPER

Istanbul Technical University, Textile Engineering Department, Istanbul, Turkey

ABSTRACT

Poplar fiber corresponds to the seed hairs of the Populus genus trees and is a naturally abundant
lignocellulosic fiber with the features of thin-walled large lumen, lightweight and hydrophobic properties.
Based on the structure and properties exhibited by poplar fiber nominate it as a highly favored adsorbent
material for cationic dyes. This study aims to determine the adsorption efficiency for methylene blue (MB)
dye with chemically enhanced poplar fibers and compare its capacity with milkweed fibers. Prior to
adsorption experiments, the fibers were treated with NaOH solution to remove the wax coating attached on
the fiber surface. Adsorption studies were performed in a batch system using dye solution with initial dye
concentration of 50 mg L. The adsorbent dosage was evaluated at 10 g L't amount, with contact time of 3
h and without pH adjustment. After the experiments, the remaining dye concentration in liquid was quantified
in UV-Vis spectrophotometry. The results revealed that poplar fiber exhibited higher adsorption capacity
compared with milkweed fiber. Poplar fibers were efficient to decolorize MB dye solution, reaching a higher
color removal percentage than milkweed fibers. It can be concluded that poplar fibers were alternative

adsorbents for removing cationic dyes due to their hollow structure.
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INTRODUCTION

Waste generation during industrial processes
significantly contributes to various environmental
pollution problems. Particularly, textile processes
consume large amounts of water and synthetic dyes,
leading to the generation of colored effluents. The
presence of dye contaminants in wastewater is a
major concern for both human health and the
environment, as even trace amounts of dye are
noticeable in water [1]. Among the common dyes,
methylene blue (MB), the structure shown in Figure 1,
is widely used in textile processing due to its water
solubility. While not highly toxic to humans, MB can
cause eye and skin irritation and has systemic effects.
Hence, the removal of the dye from wastewater is
critical in addressing water pollution.

Several methods are widely used for the removal of
dye from wastewater, including membrane filtration,
ion exchange, reverse osmosis, coagulation and
adsorption [2] [3]. Among these, adsorption stands
out as one of the simplest and most cost-effective
physico-chemical treatment process for removing dye
molecules from aqueous solutions. This study
focuses on adsorption due to its practicality and
efficiency.

* Corresponding author: Usta C., e-mail: cananusta@itu.edu.tr
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There is an increasing demand for cost-effective
alternative technologies or adsorbents for dye
removal. Natural agricultural materials, which are
readily available in large quantities, may serve as low-
cost and effective adsorbents.

Poplar fibers are a type of trichome fiber and grow as
seed hair fibers on the branches of poplar trees. The
variation in poplar species over time can be attributed
to factors such as human activities, biological
processes and genetic pollution from hybrid poplars
[4]. Each poplar tree is capable of generating
approximately 25 kg of poplar seed fibers [5]. The
length of these fibers depends on the specific tree
and the region where they are harvested, and lengths
ranging from 3 to 16 mm have been reported in the
literature [6] [7]. Poplar fibers typically have a
diameter between 5 and 10 ym. These fibers have
large hollow lumen, allowing them to float in the air
and facilitating their dispersal. The internal diameter
of the fibers accounts for approximately 90% of the
total fiber diameter, resulting in an extremely low
density of around 0.3 g/cm?® [7]. Poplar fibers have
similar properties to milkweed and kapok fibers due
to their hollow structure. While extensive studies were
conducted on these fibers, the potential of poplar
fibers have not been thoroughly investigated about
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Figure 1. Chemical structure of Methylene Blue.

water treatment capacity. Therefore, this study aims
to investigate the potential of poplar fiber as a viable
solution for the adsorption of cationic dye from
wastewater and provide an environmentally friendly
and efficient approach to water purification.

EXPERIMENTAL
Materials

Poplar fibers were directly collected during the
blooming period in mid-May in the Kirklareli region of
Turkiye. Milkweed fibers were obtained in partnership
with Pangai Materials Science, Italy. Both of the fibers
were mechanically cleaned to remove contaminants
such as seeds, leaves, dust etc. Sodium hydroxide,
99% (Merck) and methylene blue were used as
received without further purification.

Methods

Pretreatment of poplar and milkweed fibers

Aqueous NaOH solution was prepared and cooled to
room temperature in a glass bottle. Then, 1.0 g of
fiber was added immediately into this solution.
Subsequently, the generated fiber/solution mixture
was placed into the Gyrowash vessels to be
processed at 70 °C for 1 hour. Then, fiber sample was
washed with distilled water at ambient room
temperature until no residual chemicals could be
detected on the fiber surface. The wet pretreated
fibers were dried at 40 °C for 24 h.

Measurement of the adsorption capacity

The adsorption capacity was measured by calculation
of methylene blue dye concentration in the aqueous
solution after adsorption. The adsorption process was
conducted in 50 mg L of methylene blue solution. A
glass flask containing 1 g of the modified fibers and
50 ml of the MB solution was shaken for 3 h at room
temperature. Then, fibers were filtered and the
residual solution was analyzed at Amax of 660 nm
using UV-Vis Spectrophotometer.

Scanning electron microscopy (SEM)

The morphology of milkweed and poplar fibers was
examined by scanning electron microscopy using
TESCAN VEGAS instrument with 10 kV accelerated
voltage and 2.08-6.92 mm working distance. Surface
images were taken at 5 kX magnification. Before
analysis, fiber samples were coated with Au/Pd
under vacuum conditions for 3 min.
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RESULTS AND DISCUSSION

Hollow fibers have become widely adopted across
numerous industries, with wastewater treatment
being one of the primary applications. Their unique
structure, featuring a high surface area-to-volume
ratio, enables efficient separation and filtration
processes, making them ideal for removing
contaminants from wastewater [8]. Characterizing the
structural morphologies of hollow milkweed and
poplar fibers is essential for advancing adsorption
technologies.

Scanning electron microscope (SEM) analysis of the
fibers revealed a smooth surface, free from rough
structures. This smoothness is likely due to a natural
wax coating adhered to the fiber surface, as
previously reported [9]. Structurally, each fiber
resembles a cylindrical microtube with nano-scale
surface wrinkles, as seen in Figure 2. Poplar and
milkweed fibers exhibit a hollow tubular shape, with
diameters around 10 ym and 25 um, respectively.
The presence of a large air-filled lumen in both fibers
makes them highly suitable for applications requiring
lightweight materials with high absorbency [10].

Chemical treatment, particularly using NaOH,
effectively removed the waxy surface of poplar and
milkweed fibers. This treatment also facilitated
deesterification, breaking down the ester bonds
attached to the aromatic rings of lignin [11].
Delignification resulted in an increased proportion of
amorphous  cellulose, which  reduced the
hydrophobicity of the fiber (as evidenced by the
decrease in the static water contact angle) as
reported in the literature [12] [13]. NaOH treatment
altered the naturally smooth surface of both fibers,
causing the surface to become rougher and
increasing the overall surface area [14]. Hence, the
adsorption capacity of treated fibers is affected by
their chemical reactivity and the porosity of the
functional groups present on their surfaces. The
structural changes after treatment improved the
adhesion of the dye to the outer surface of the fiber
and improved its penetration into the inner lumen,
thus increasing the dye removal in the chemically
treated fiber compared to the untreated fiber.

In this study, an oxidation pretreatment using sodium
hydroxide (NaOH) was performed to remove wax, oil,
pectin, lignin, and hemicellulose from poplar and
milkweed fibers. Then, the increased hydrophilic
properties of the treated fibers were used for organic
pollutant removal application. Usage of natural
milkweed and poplar fibers in removal of methylene
blue from wastewater was studied and the
decolorization effect was observed. Figure 3 shows
the absorbance spectra of methylene blue (MB) at
initial and post-adsorption concentrations. The
maximum absorbance peak for all concentrations
appears consistently at 660 nm in the visible light
waveband, which is in agreement with other studies
reporting that the absorbance peak of MB occurs at
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Figure 2. SEM images of raw (a) poplar and (b) milkweed fiber.
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Figure 3. Absorbance curve of MB solution before and after the
treatment with milkweed and poplar fibers.

Table 1. The percent value of MB concentration after the
adsorption process.

Milkweed Fiber
~67%

Poplar Fiber
~72%

MB Concentration (%)

660 nm in UV-Vis spectrophotometric analysis [15]. In
our study, this peak was used to analyze the removal
efficiency of methylene blue. As seen from Figure 3,
it is clearly observed that the MB concentration
decreases with adsorption by NaOH-treated
milkweed and poplar fibers, leading to a
corresponding decrease in the peak absorbance
values. This behavior follows the Lambert-Beer law,
which describes the quantitative analysis by UV-VIS
spectrophotometry based on measuring the
absorbance of MB solution at 660 nm due to equation
(1) as follows [16]:

A= ecl. (1)
where A represents absorbance, ¢ is the molar
absorption coefficient, c is the concentration, and | is
the optical path length. Thus, the absorbance peak
trend in the MB solutions can be effectively used to
determine  MB concentrations based on this
relationship.

In Figure 3, the changes in the absorbance curve of
MB around 660 nm wavelength before and after
treatment with milkweed and poplar fibers were
presented. It is seen that the absorbance peak
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decreases when treated with both fibers and reaches
a minimum value with poplar fiber. According to the
Lambert-Beer law in Equation (1), this indicates that
the MB concentration in the solution will decrease
when treated with poplar fiber.

Using the relationship between the absorbance value
at 660 nm and the concentration of MB as given in
Equation (1), the degree of decolorization (%
decolorization) can be calculated using the formula:

)

where cinitiaigvs) IS the initial absorbance value (before
decolorization), and Createqavs) is the absorbance value
after treatment with poplar and milkweed fibers [17].
This calculation provides a quantitative measure of
the effectiveness of the decolorization process with
different fiber types.

The results for MB concentration percentages in this
study are presented in Table 1, demonstrating that
both treated fibers enhanced adsorption capacity
effectively, showcasing the efficiency of these fibers
for color removal. Particularly, poplar fiber presented
slightly better performance compared to milkweed
fiber. This improvement can be attributed to the
structural differences between the fibers; specifically,
poplar fiber's shorter length and smaller diameter
increase its surface area, a critical factor since
adsorption occurs on the fiber surface [18]. This
increased surface area of poplar fiber facilitates
greater adsorption capacity, emphasizing its
suitability for efficient color removal.

CONCLUSIONS

This study investigated the potential of poplar fiber as
an adsorbent for the decolorization of methylene blue
(MB) dye in wastewater. The base modified milkweed
and poplar fibers can be used as an effective
alternative low-cost adsorbent for the removal of MB
from its aqueous solutions. The amount of MB dye
uptake on modified poplar fiber was found to be
higher than milkweed fiber. Experimental results
indicated that NaOH-treated poplar fiber facilitates a
higher percentage of MB removal, showing its
effectiveness as a decolorizing agent. It was found
that the absorbance value of 0.8435 occurred for the
initial dye concentration of 50 g L* by modified poplar

Cinitial(MB)~ Ctreated(MB) % 100

%Decolorization = c
initial(MB)
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fiber, whereas for modified milkweed fiber it was
0.9985 for the same experiment conditions. When
compared to milkweed fiber, poplar fiber
demonstrates slightly better performance due to its
structural characteristics, such as fine short length
and fiber diameter which enhance its adsorption
capabilities. The successful application of poplar fiber
in this process suggests it as a promising, eco-
friendly alternative for treating dye-contaminated
wastewater, providing a sustainable solution for water
purification.
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ABSTRACT

Vascular grafts are synthetic tubular structures that play an important role in replacing damaged vessels in
the treatment of cardiovascular diseases. Existing grafts, especially in small-diameter vessels, face
persistent issues such as thrombosis, immune rejection, and mechanical limitations. Vascular grafts
designed with an innovative perspective to overcome these deficiencies are tubular scaffolds with a
biodegradable structure and a layered design that mimics the native artery structure. This study focuses on
the development of biodegradable and biocompatible tubular scaffolds with randomly distributed and radially
oriented fibers in different layers to replicate the native structure of artery, utilizing neat polycaprolactone
(PCL) and PCL/polylactic acid (PLA) blend with 4/1 polymer blend ratio. Electrospinning technique is
employed to fabricate tubular fibrous structures. The biodegradation profiles of these scaffolds are assessed
at 3, 6, and 9 months, with comparative analyses conducted to explore how polymer type and orientation
level influence degradation rates and the structural integrity of the materials over time. The findings reveal
that scaffolds with randomly distributed fibers exhibit higher biodegradation rates compared to those with
oriented fibers, particularly in the PCL/PLA blends. Specifically, the study identifies PCL_R as having the
highest degradation rate at 61% weight loss by the 9th month. Importantly, while PCL is known for its slow
degradation, the high molecular weight of PLA leads to a slower degradation profile in the PCL/PLA samples.
These insights underscore the critical role of scaffold morphology and composition in optimizing the
performance and functionality of vascular grafts, highlighting the need for scaffolds that support cellular

activities while effectively degrading to facilitate tissue regeneration without toxic effects.
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INTRODUCTION

Tissue engineering aims to develop scaffolds that
serve as effective substitutes for damaged tissues by
facilitating biological activities and controlled
biodegradation during tissue regeneration, while
maintaining mechanical integrity [1]. The design of
advanced biomaterials and the integration of implants
with tissues are intricately linked to cell-scaffold
interactions.  Three-dimensional (3D) fibrous
scaffolds that mimic the extracellular matrix (ECM)
are essential, as they support critical cellular activities
such as attachment, migration, proliferation, and
differentiation necessary for tissue regeneration [2]
[3]. On the other hand, cardiovascular diseases have
become a major health problem, causing high rates
of death and disability worldwide. The inadequacy of
autologous vessels and the problems such as
mismatch, thrombosis and occlusion in small-
diameter replacements of existing commercial grafts
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have triggered the need for tissue-engineered
vascular grafts [4-6].

Biodegradable  polymers  offer  considerable
advantages over non-biodegradable materials by
minimizing the need for surgical removal and
reducing the necessity for long-term
immunosuppressive treatments [7]. The design of
biodegradable vascular grafts focuses on fostering
the development of an autologous vessel
concurrently with scaffold degradation. In particular,
the formation of a regenerated structure that will
replace the damaged vessel and the realization of
endothelialization require a long-term process, and at
this point the importance of biodegradability in
vascular graft structures emerges. The
biodegradability period of the vascular graft should be
slow enough to allow time for new tissue formation,
but it should not cause a toxic effect during this
process [8]. This approach aims to address issues
related to immunogenicity and thrombus formation by
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ensuring that the scaffold's degradation rate is
synchronized with the rate of neovascularization [9].
The degradation kinetics of the scaffold are
influenced by several factors, including the choice of
polymer, production techniques, and scaffold
architecture. Thus, achieving a balance between
degradation and tissue regeneration is critical for
maintaining the scaffold's mechanical properties and
functional performance throughout the regenerative
process. In this context, the choice of material
becomes pivotal. Although synthetic polymers such
as polyurethane (PU), poly(ethylene glycol) (PEG),
poly(glycolic acid) (PGA), poly(lactic acid-co-glycolic
acid) (PLGA), poly(vinyl alcohol) (PVA), PLA, poly(L-
lactic acid-co-¢e-caprolactone) (PLCL), and PCL
exhibit varying biodegradation times, they are
frequently  preferred in tissue engineering
applications due to their high strength and
comparatively slow degradation rates relative to
natural polymers [10]. Among these materials, PCL
and PLA are particularly noteworthy for their
biocompatibility, adjustable degradation rates, and
mechanical properties, making them highly cited in
the literature as preferred polymers in various
vascular graft applications [11-14].

On the other hand, using layered structures in
vascular grafts and designing each layer to mimic the
native artery structure is important in terms of
obtaining the desired physical, mechanical and
biological properties [15]. In this context, at least a
two-layer graft design is envisaged and the inner
layer is produced with random fiber distribution to
mimic the tunica intima, the inner most layer of an
artery that is in contact with blood, while the outer
layer contains fibers with radial orientation to mimic
the tunica media, the middle layer of an artery
responsible for mechanical features [16]. This
structural property, in addition to the material type,
has an impact on the biodegradable values of the
grafts [17].

This study investigates the biodegradation behavior
of biocompatible scaffolds designed for vascular graft
application. Utilizing electrospinning techniques,
tubular scaffolds with randomly distributed and
radially oriented fibers made from both neat PCL and
PCL/PLA blend are developed. The biodegradation of
these scaffolds is assessed over 3, 6, and 9 months.
The biodegradability rates of the developed scaffolds
are discussed comparatively, taking into account PLA
addition and fiber orientation.

EXPERIMENTAL

Materials

PCL (Mn 80,000), PLA (Mn 230,000; Ingeo 2003 D
with 4.3 mol% D-lactide content), and the
components of solvent systems (chloroform (CHL),
ethanol (ETH), and acetic acid (AA)) are supplied
from Sigma Aldrich.
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Methods
Scaffold fabrication

Neat PCL and PCL/PLA blend are dissolved in
CHL/ETH/AA (8/1/1 wt.) solvent system, and polymer
concentrations are kept constant at 8%. Blend ratio is
selected as 4/1 by weight for PCL/PLA. Each polymer
solution system is stirred for 2 hours at room
temperature. Tubular structures with 6 mm diameter
are fabricated using electrospinning set-up with a
custom designed rotating feeding unit (Nanospinner,
Basic System, Inovenso, Turkey). Scaffolds are
produced at 200 rpm for randomly distributed fibers
and 10,000 rpm for randomly oriented fibers.
Randomly distributed fibers are indicated with the
suffix _R, whereas surfaces with oriented fibers are
denoted with the suffix _O.

Scaffold Sterilization

Samples are sterilized by washing once in 70%
ethanol, followed by three rinses in sterile phosphate
buffered saline (PBS). The fibrous webs are then
exposed to UV light for 30 minutes on both sides. All
UV sterilization processes are conducted in a laminar
flow cabinet.

Biodegradation Analysis

Sterilized surfaces are cut into 1x1 cm pieces, with
measurements taken at 3", 6™, and 9" months. Initial
weights are recorded using a precision balance. The
samples are placed in 24-well plates with 300 pl of
PBS and incubated at 37°C in a 5% CO2 humidified
incubator (Panasonic, Osaka, Japan). Degradation
rates are determined by measuring the mass loss of
the samples over the 9-month period.

RESULTS

The biodegradation results of fibrous samples
featuring randomly distributed and oriented fibers are
presented in Figures 1 and 2. It is observed that
scaffolds with randomly distributed fibers degrade
more rapidly than samples with aligned fibers, owing
to their loosely packed structure. The densely packed
arrangement of the scaffolds, together with aligned
fibers, establishes a barrier that impedes PBS
penetration, thereby effectively decelerating the
degradation process [18]. In the present study, it is
noted that in both sample groups—PCL and
PCL/PLA—the surfaces with randomly distributed
fibers exhibited higher degradation rates, especially
at the 6" and 9" months, compared to samples with
radially orientated fibers. In a 12-month
biodegradation assessment, Oztemur et al. (2024)
observed that electrospun PCL surfaces with
randomly distributed fibers displayed a relatively
higher degree of degradation than their aligned fiber
counterparts [16]. Similarly, Mirzaei et al. (2020), in a
study utilizing blends of polyethylene oxide (PEO)
and PCL, found that by the 7" day, surfaces with
randomly distributed fibers demonstrated a slightly
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Figure 1. Biodegradation rates of PCL_R and PCL/PLA_R scaffolds.
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Figure 2. Biodegradation rates of PCL_O and PCL/PLA_O scaffolds.

higher degradation rate, independent of the blending
ratio [19].

From a material-centered perspective, when the
sample groups are compared, it is observed that both
the scaffolds with randomly distributed fibers and
those with radial orientation exhibit similar
degradation rates within the initial 3 months. PCL
degradation primarily occurs through the hydrolytic
cleavage of ester bonds, which is generally a slow
process taking approximately two to three years [20];
however, in the present study, PCL_R displays a
more rapid degradation trend by the 6% and 9t
months. This accelerated degradation rate in the PCL
sample may be attributed to its substantially lower
molecular weight in comparison to PLA. Molecular
weight is a crucial factor in the hydrolytic degradation
rate of polymers; higher molecular weights are known
to correspond to a more stable degradation rate.
Conversely, when molecular weight decreases below
a specific threshold, degradation accelerates due to
increased molecular mobility, a greater presence of
hydrophilic groups, and enhanced water diffusion
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[19]. Additionally, among the radially oriented
samples, while PCL_O exhibits a significant increase
in degradation rate from the 3" to the 6" month in
comparison to PCL/PLA_O, by the end of the 9t
month, both PCL_O and PCL/PLA_O have reached
comparable values, with degradation rates of 47%
and 46%, respectively.

CONCLUSION

In this study, the influence of fiber orientation and
material type on the biodegradation profiles of
electrospun scaffolds is evaluated to refine scaffold
design for enhanced control over degradation kinetics
in tissue engineering applications specifically, in
vascular grafts. Through an analysis of fiber
alignment and molecular weight variations, the study
offers critical insights for optimizing scaffold
composition to achieve precise biocompatibility and
functional longevity in targeted biomedical
applications. In this context, it is necessary to
emphasize the following points as the key outcomes
of the study:
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Fiber orientation significantly influences
biodegradation behavior, with PCL_R and
PCL/PLA_ R, which possess randomly

distributed fibers, exhibiting greater degradation
compared to the oriented fiber counterparts,
PCL_O and PCL/PLA_O, by the end of the 9-
month period.

Among all samples, PCL_R demonstrated the
highest degradation rate at 61% weight loss by
the end of the 9t month.

Although PCL is generally recognized as a
relatively slow-degrading biopolymer, the high
molecular weight of PLA utilized in the PCL/PLA
sample groups resulted in slower degradation
rates in this study.
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ABSTRACT

The mechanical characteristics of small-diameter vascular grafts, including factors like modulus, elasticity,
compliance, burst strength, and suture retention strength, need to be in line with those of native blood
vessels. Even a slight mismatch in mechanical properties between the graft and the native vessel can lead
to graft failure. Suture retention strength, a critical mechanical aspect, represents the force needed to remove
a stitch from the graft or cause the graft wall to rupture. This property is vital for preventing leaks, maintaining
proper blood flow, aiding tissue healing, ensuring long-term durability, and reducing complications in
vascular grafts. In this study, bilayered vascular grafts are fabricated by electrospinning using
polycaprolactone (PCL), poly (lactic acid) (PLA), and poly(l-lactide-co-caprolactone) (PLCL) polymers. The
actual suturing conditions of vascular scaffolds are simulated and how the choice of polymer for the inner
layer affects suture retention strength is assessed. At the post-mechanical stage, the morphologies of the
scaffolds are investigated to gain a clearer understanding of how the material reacts to applied forces. The
findings reveal that all the fabricated bilayer vascular scaffolds exhibit excellent suture performance, with
strength values exceeding 10 N, and that polymer selection for the inner layer for the grafts significantly
influences the results. Blending PCL and PLA in the inner layer is found to reduce suture retention strength,
while using neat polymers results in better retention strength. This experiment offers a more precise
assessment of suture retention strength for bilayer vascular grafts, facilitating further optimization of tissue-
engineered grafts to meet specific mechanical requirements.

KEYWORDS

Suture retention strength; Vascular grafts; Blood vessels; Tissue engineering.

INTRODUCTION

Currently, due to global aging, cardiovascular disease
(CVD) causes 17.3 million deaths each year, and this
number is projected to rise to over 23.6 million by
2030 [1]. One of the most preferred treatments for
cardiovascular diseases is graft bypass surgery using
autologous blood vessels, allogenic blood vessels, or
artificial blood vessels [2]. At present, various
commercial artificial blood vessels made from
synthetic materials like Dacron and e-PTFE are
widely used for vascular replacement. However,
these artificial grafts are nondegradable and often
elicit long-term foreign-body responses [3]. In recent
years, due to the collaborative efforts of researchers
worldwide, tissue engineering vascular grafts
(TEVGs) have made significant advancements.
Large-diameter artificial blood vessels (greater than 6
mm) have shown considerable therapeutic success in
clinical settings. However, it is unfortunate that small-
diameter artificial vascular grafts (less than 6 mm),
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such as those used for inguinal and coronary artery
transplants, have not yet achieved satisfactory
outcomes [4]. Electrospinning is a well-established
technique for creating customized vascular grafts.
This process enables the fine-tuning of the
mechanical properties of the final product. By using
various materials, making micro- and macrostructural
modifications, incorporating additives, and altering
the electrospinning process, the mechanical
properties can be adjusted and optimized [5].
Designing  multi-layered  electrospun  vascular
scaffolds is regarded as an effective method to
replicate the structure and function of natural blood
vessels [6].

Researchers have emphasized that the graft must be
resilient and possess mechanical strength
comparable to that of native vessels [7]. An ideal
TEVG should have properties similar to those of the
native artery and integrate seamlessly with it, as any
disparity in mechanical properties between the TEVG
and adjacent blood vessels can lead to graft rupture



Fibres and Textiles 32(1), 2025, 76-79

or blood leakage. TEVGs must withstand distortion
and compression, possess adequate tensile and
shear strength to endure the forces exerted during
suturing  and implantation, and maintain
circumferential strength to resist hemodynamic
pressure. This ensures the prosthesis avoids rupture,
scattering, edge wear, seam tearing, and retains
structural integrity [8]. The mechanical properties of
electrospun fibers are heavily influenced by the raw
materials used [1]. Recently, researchers have shown
significant interest in synthetic biomaterials like PCL,
PLA, and their copolymers to address the mechanical
limitations observed in natural biopolymers [9].
Because of its exceptional biocompatibility, moderate
degradation rate, and demonstrated tensile strength
and elongation capabilities, PCL is highly
recommended as a biodegradable polymer for
developing vascular grafts. Additionally, PLA is
favored in biomedical applications for its excellent
mechanical strength and modulus, biocompatibility,
rapid biodegradation, lack of toxicity, and composition
derived from aliphatic bio-based sources [10].

In clinical applications, the suture retention strength
typically determines the reliability of the anastomosis
[11]. The suture retention strength assessment
measures the force needed to tear a suture from a
scaffold or cause rupture of the scaffold wall. It is
noted that the human saphenous vein has a suture
retention strength of 1.81 £ 0.02 N [12]. Thus, there
have been many research attempts to examine the
suture retention strength of vascular grafts along with
other mechanical features. The study by Kim et al.
(2013) focused on fabricating a tubular double-
layered scaffold using the PLCL gel spinning method
and salt leaching. Suture retention strength tests
were conducted on PLCL scaffolds with different
thicknesses (ranging from 1 mm to 1.5 mm) and
compared to ePTFE grafts. The results showed no
significant difference in suture retention strength
between the PLCL scaffolds and ePTFE grafts.
Suture retention strength values for PLCL scaffolds
with varying thicknesses ranged from 5.89 N to 10.28
N [13]. In another study, Meng et al. (2019)
investigated the suture retention strength of P(LLA-
CL) tissue-engineered vascular grafts. The results
demonstrated that P(LLA-CL) tissue-engineered
vascular scaffolds exhibited excellent suture
performance. The study also emphasized the
influence of fiber direction and number of stitches on
suture retention strength. Specifically, the highest
suture retention strength, ranging between 2 and 2.5
N, was observed when the suture was perpendicular
to the fibers (in the circumferential direction) [8].

This study aims to create bilayered vascular grafts
through electrospinning with different polymers (PCL,
PLA, PLCL), simulate suturing conditions, and
evaluate how the choice of inner layer polymer affects
suture retention strength. Post-mechanical testing
examines scaffold morphologies under stress.
Results indicate that all grafts exhibit strong suture
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performance (>10 N), with significant variation
depending on inner layer polymer. Blending PCL and
PLA lowers retention strength compared to using neat
PCL.

EXPERIMENTAL

Materials

PCL (Mw 80,000), PLA (Mw 230,000), and PLCL are
utilized as the polymers. The solvent system includes
chloroform (CH), acetic acid (AA), and ethanol (ETH).
All polymers and solvents are procured from Sigma
Aldrich.

Methods

Bilayer scaffold fabrication

To create bilayer tubular scaffolds with fibers that are
either randomly distributed or radially oriented, PCL,
PLA, and PLCL polymers are dissolved in a
CHL/ETH/AA mixture (with a weight ratio of 8/1/1).
The samples codes and blending ratios are provided
in Table 1. PCL and PLA solutions are prepared in
both pure and blended forms, while PLCL is used in
its pure form. The blending ratio is adjusted in 10%
increments, ranging from 80% to 100%. The polymer
concentration for pure PCL, as well as PCL-PLA
blends, is maintained at 8%, whereas PLCL solutions
are at 10%. PLCL is utilized for the outer layers of all
scaffolds, while the inner layer employs both neat and
blended fibrous surfaces to examine their impact on
suture retention strength.

A custom-built electrospinning unit, equipped with a
vertical feeding direction and a closed chamber from
Inovenso, Turkey (Nanospinner, Ne100+), is used to
fabricate the tubular scaffolds from PCL, PLA, and
PLCL polymers. The neat and blended polymer
solutions are delivered using a 10 ml plastic syringe
pump at a controlled flow rate of 3 + 1 ml/h. They are
subjected to an electric potential of 11 + 1 kV over a
distance from the needle tip, with an inner diameter
of 0.6 mm, to a collector positioned 20 cm away.
Tubular vascular grafts are produced using rotating
rod collectors with a 5 mm diameter. The rotation
speeds applied are 200 rpm for randomly distributed
fibers (inner layer) and 10,000 rpm for radially
oriented fibers (outer layer). The production time is
set at 20 minutes for the inner layer and 55 minutes
for the outer layer.

Table 1. Sample codes and blending ratios.

Samples PCL/PLA blending ratio
PCL_R+PLCL_O 100/0
PCLPLA90_R+PLCL_O 90/10
PCLPLA8O_R+PLCL_O 80/20
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Figure 1. Images of the polypropylene thread used for stitching and
the surfaces sewn with continuous stitching.

Table 2. Suture retention strength results of bilayer samples.

Samples Suture retention strength (N)
PCL_R+PLCL_O 15.81 £ 4.06
PCLPLA90_R+PLCL_O 14.00 £ 3.47
PCLPLA80_R+PLCL_O 11.50 £ 0.63

Scanning Electron Microscope (SEM) Analysis

The morphology of the scaffolds is examined using
FEI Quanta FEG 250 SEM after conducting suture
retention tests. The samples are coated with a gold-
palladium (Au-Pd) alloy in a sputter coating machine
(Quorum SC7620) for observation.

Suture retention strength

To test the suture strength of the developed bilayer
grafts, the grafts are cut into tubular pieces 1 cm in
length, and two graft pieces are joined using
continuous  stitching, with  7/0 monofilament
polypropylene thread applied to a standard vessel
during surgery (Figure 1). The strength of the sutures
in the scaffolds is evaluated by employing a Zwick-
Roell Z005 universal testing machine fitted with a
200N load cell. The tubular segments, after being
sewn, undergo testing in longitudinal direction. This
examination is conducted at a cross-head speed of
10 mm/min and a gauge distance of 5 mm.

RESULTS AND DISCUSSION
SEM Analysis

SEM images of bilayer samples after suture retention
strength can be seen in Fig. 2. When the suture areas
are examined, it is seen that although the samples
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are damaged, they are not completely torn and are
only opened from the seam areas.

Suture retention strength

Suture retention strength results are presented in
Table 2. Upon examination, it is observed that the
suture strength values of all samples fell within the
range of approximately 11-16 N. This indicates
superior results compared to the human saphenous
vein, which typically exhibits suture retention strength
between 2-3 N, known as the gold standard [14].
Furthermore, the highest suture retention strength is
observed in the sample using neat PCL in the inner
layer. In samples where PCL and PLA are blended, a
decrease in results is noted with increasing PLA ratio.
This decrease can be attributed to reduced
mechanical integrity of the grafts, stemming from the
immiscibility of PCL and PLA polymers, as well as
increased incompatibility between the inner and outer
layers due to blending polymers in the inner layer
[10]. Phase separation results from the weak
adhesion forces between the polymer chains in these
scaffolds during the electrospinning process, which
prevents the blending from being adequately
achieved [15].

CONCLUSIONS

Based on the findings of this study, it is evident that
the suture retention strength of bilayered vascular
grafts is critically influenced by the choice of polymers

used in the inner layer. The experiments
demonstrated that grafts utilizing neat PCL in the
inner layer exhibited superior suture retention

strength compared to those incorporating PCL-PLA
blends. The observed decrease in strength with
increasing PLA content highlights the challenges
posed by polymer immiscibility and phase separation
during fabrication. SEM analysis further supported
these findings, revealing structural integrity despite
damage at suture sites. These insights underscore
the importance of careful polymer selection and
processing methods in optimizing the mechanical
properties of vascular grafts for enhanced durability
and clinical efficacy. Future research should focus on
refining polymer blending and graft construction to
better align with the demanding mechanical
requirements of vascular applications.

Acknowledgement: This study is funded by TUBITAK
Project (Grant no: 121M309).
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Figure 2. SEM

PCLPLA8O_R+PLCL_O.
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This study focuses on producing monodisperse nanocapsules with a triclosan/chitosan core-shell structure
using the coaxial electrospray method. The coaxial electrospraying method enables the production of
core/shell structured nanocapsules in a single step. The effects of flow rate, core-to-shell flow rate ratio, and
needle size on the coaxial electrospray process were systematically analyzed. The resulting nanocapsule
structures were characterized using scanning electron microscope (SEM), transmission electron microscope
(TEM) and size measurements. The experiments demonstrated that fibrillation more likely occurred when

the chitosan content was highest.
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INTRODUCTION

Chitosan (CS), a natural polysaccharide-based
biopolymer derived from chitin deacetylation. It has
diverse applications in drug delivery, tissue
engineering, encapsulation, nano- and microparticle
formation, plant protection thanks to its
biocompatibility, biodegradability, low toxicity, and
antibacterial properties [1-4]. Triclosan (Irgasan),
another widely used antibacterial agent, is often
applied on synthetic fibers like polyester,
polypropylene, nylon, cellulose acetate, and acrylic,
and is valued for its durability during washing [5] [6].
It can be applied on textile material by several
application methods, exhaustion during or after
dyeing, pad-dry-cure and melt mixing [7].
Electrospraying is increasingly recognized as an
advanced method for encapsulating sensitive
bioactives with minimal damage or structural loss [1]
[8]. Coaxial electrospraying is also a one-stage
process given in multiple studies to capsulate varied
materials [9-11]. Nano- and microparticles provide
larger surface area and consequently allows greater
bioavailability of the encapsulated substances.
Several studies reported that both solution
parameters as well as process parameters directly
affect particle size and formation [1].

Because of chitosan’s cost-effectiveness, non-
toxicity, antibacterial properties, and compatibility

with biological systems, it is viewed as an ideal
encapsulating agent for textile applications [12].
Several methods can be used for the formation of
chitosan micro- and nanospheres, including solvent
evaporation, coacervation/precipitation, ionic gelation
and spray drying [13]. For microencapsulation
process, technigues such as emulsification, spray
drying, coaxial electrospray systems, freeze-drying,
coacervation, in situ polymerization, extrusion,
fluidized-bed coating, and supercritical fluid
technology can be utilized [12]. Cotton fabric was
treated with antimicrobial peptides encapsulated in
alginate-chitosan microcapsules, for potential textile
applications [14]. O. sanctum leaf extract was
encapsulated in chitosan and applied to cotton
garments, showed exceptional antibacterial activity
and wash durability [15]. Hui et al. [16]
microencapsulated Traditional Chinese Herbs in
chitosan—sodium alginate blend matrix and grafted
onto the cotton fabric’s surface for the clinical
treatment of atopic dermatitis. Another study reported
excellent antimicrobial efficacy of electrosprayed
chitosan onto wool surface [17].

Triclosan loaded chitosan and alginate-based
microcapsules have been wused for coating
applications in surfaces such as textiles or plastics
[18]. Santos Alves de Lima [5] investigated these
microcapsules using 2.5 wt% to 3 wt% of triclosan in
both shell and core structures produced through
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emulsification method. These microcapsules were
aimed for future applications in antibacterial textiles
and other materials such as medical device materials
and plastics [18-21]. For antibacterial purposes,
triclosan, silver and chitosan were used via pad-dry-
cure method and showed significant performance
against Gram-positive and Gram-negative bacteria
[22]. Ouerghemmi et al. [23] focused on the
manufacture of core-sheath nanofibers (NFs) based
on chitosan (CHT) as sheath and cyclodextrin
polymer (PCD)/triclosan as core triclosan using
coaxial electrospinning method. They investigated
the nanofibrous structure. This study, differing from
previous researches, aims to produce monodisperse
distributed nanocapsules with a triclosan/chitosan
core/shell structure using the coaxial electrospray
method. The influences of flow rate, core/shell flow
rate ratio, and needle size on the coaxial electrospray
process, which facilitates single-step production,
were systematically investigated. The resulting
nanocapsule structures were characterized through
SEM images, TEM images and size measurements.

EXPERIMENTAL
Materials

Chitosan polymer was purchased from Sigma Aldrich
(448869, low molecular weight; DDA <75.0%). Acetic
acid (Merck & Co., Inc.) was used as solvent for
chitosan. Chitosan solutions were prepared
according to weight/volume percent (wt/v%) which
was the ratio of solute quantity as volume in 100 unit
of solution. Chitosan solutions were prepared by
dissolving chitosan polymer (2 wt/v%) in acetic acid,
90/10 v/Iv% acetic acid/distilled water. Triclosan was
purchased from Sigma Aldrich (72779, >97.0%).
Ethanol (Merck & Co., Inc.) was used as solvent for
triclosan. Triclosan solutions were prepared by (1
wt/v%) in 50/50 v/v% ethanol/distilled water.

Methods

The coaxial electrospraying process was carried out
using a vertically arranged electrospraying setup
which consists of a high voltage power supply
(Gamma High Voltage Series ES100P), a syringe
pump (New Era NE-1000X), a nozzle, and a
grounded collector. Chitosan solution is fed from the
outer needle tip while the triclosan solution is fed from
inner needle tip through dual syringe pumps via micro
pumps. The resulting samples were collected on
aluminum foil (200x200 mm) placed over the
grounded plate. The coaxial electrospraying
application is carried out at 2.5 kV.cm electrical field,
8 cm distance between the needle and collector for 5
min. Different co-fluids flow rates are studied
throughout the study. First, total flow rates are
arranged as 5 pl.min-1, 10 pyl.min-1, 20 yl.min-t, and 40
pl.min-l, Different coaxial needle sizes were also
investigated. Moreover, varied core/shell flow rates
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are studied as 25/75%, 50/50% and 75/25% for 10
pl.min-! total flow rate.

Co-axial electrosprayed nanocapsules  were
examined with SEM (JEOL JSM 6390) for
determining morphology. Before SEM investigation,
samples were coated with Au/Pd in SC 7620 Sputter
Coater. SEM pictures were taken at 5-20 kV
accelerating voltage and 12-15 mm working distance
with magnifications between 100 and 5000.
MALVERN Zetasizer Nano ZS was also used to
determine the dimension of nanocapsules.
Transmission electron microscopy (TEM, FEI Tecnai
G2 F30) was used to reach a high-level resolution for
identification of nanocapsules' formation.
Electrosprayed nanocapsules were collected onto Cu
grids during co-electrospraying.

RESULTS AND DISCUSSION

Effects of Total Flow Rates on Chitosan
Nanocapsule Formation

To investigate the effect of total flow rate on the
formation of chitosan/triclosan nanocapsules, four
different total flow rates were determined; 5 pl.min-t
(2.75/2.25), 10 pl.mint (5.5/4.5), 20 pl.mint (11/9)
and 40 pl.min (22/18). Core/shell flow rate ratios
were calculated as 55/45%. In Figure 1, it is seen
clearly flow rate of the solution has a major impact on
the particle formation. At higher flow rates (20 pl.min-
1 and 40 pl.min't), the nanocapsules began to lose
their spherical morphology and exhibited a tendency
to aggregate. Higher flow rates lead to the formation
of larger particles as the increased supply of polymer
solution causes the droplets from the needle to
exceed the rate of solvent evaporation, resulting in
the production of these larger particles [1,24].
Particles generated at higher flow rates exhibited a
tendency to agglomerate or adhere to one another,
leading to the absence of distinct independent
particles [9,25]. Irregular morphology may observe
due to insufficient drying time. Conversely, reducing
the flow rate leads to smaller droplet formation at the
needle and enhances solvent evaporation, resulting
in the production of smaller particles [1]. At 5 pl.min-t
total flow rate, even though the smaller particles were
seen, fibrillation was also observed which may occur
at low total flow rates due to the rapid drying of
nanocapsules, without sufficient time to separate
from each other. At 10 ul.min! total flow rate, no
fibrillation was observed, and the particle size was
smaller compared to those at higher flow rates.

In the size distribution graph, all flow rate conditions,
with the exception of 10 pl.min-1, exhibit a measurable
percentage of larger particles within the distribution.
At a flow rate of 10 pyl.min-t, monodisperse distribution
is observed (Figure 1). Both the SEM analysis and the
particle size distributions indicated that the 10 pl.min-
1 flow rate was optimal.
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Figure 1. SEM images and size distributions (intensity) of nanocapsules at various total flow rates.
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Figure 3. Size distributions (intensity) of nanocapsules at various
core/shell flow rate ratios.

Effects of Core/Shell Flow Rate Ratios on
Chitosan Nanosphere Formation

A specific flow ratio between the core and shell
solutions must be maintained to achieve a stable
cone-jet mode during electrospraying [26]. To
investigate the effects of core/shell flow rate ratios on
nanocapsule formation, three different ratios were
selected; 75/25%, 50/50%, 25/75%, respectively.
Total flow rate was kept constant at 10 pl.min-t. SEM
images and size distributions of electrosprayed
nanocapsules at various core/shell flow rate ratios are
presented in Figure 2 and Figure 3, respectively.
Since the core solution, triclosan, is water-based and
has a low concentration, a higher core flow rate
promoted film formation. Conversely, reducing the
core flow rate while increasing the shell flow rate—
and thus the chitosan concentration—enhanced
nanocapsule formation. As concentration rises,
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interactions between chains lead to intermolecular
entanglement, which limits the mobility of individual
chains [27]. The lowest shell flow rate resulted in
fewer particles being formed, as a low shell flow rate
may lead to inadequate encapsulation of the core
[28]. As the shell flow rate increased, particle
formation correspondingly increased. However, at
higher shell flow rate ratios, particles tended to
agglomerate and fibrillate. Higher flow rates hindered
complete solvent evaporation, leading to adhesion
and clumping, which reduced the formation of
individual particles [25].

Even though the sizes of the nanocapsules were
similar at different ratios, higher chitosan content led
to fibril formation between the nanocapsules.
Although the 2.5/7.5 pl.mint core/shell flow rate ratio
yielded the most uniform size distribution (Figure 3),
because of the fibrillation, the 5/5 pl.min-1 core/shell
flow rate ratio represented the most optimal
configuration. Wang et al. [29] was reported smaller
particle sizes at higher shell flow rate too.

Effects of Needle Size on Chitosan
Nanosphere Formation

Modifying the needle characteristics in electrospray
processing directly affects the operating conditions
and the outcomes of the process [30]. Different
needles with varied gauge were employed to assess
the impact of needle size on nanocapsule formation
and size. Nanocapsule formation was examined
using 26/22 gauge, 26/21 gauge, and 24/21 gauge
needles for core/shell solutions, respectively. SEM



Fibres and Textiles 32(1), 2025, 80-84

26/22 Gauge 26/21 Gauge

GANTEP

1pm

20kV _X10,000 20kV  X10,000

Figure 4. SEM images of nanocapsules at various needle size.

22/26 gauge
21/26 gauge
e 21/24 gauge

20

10

Rel. Amount %

0 1000 2000 3000

Diameter nm

Figure 5. Size distributions of nanocapsules at various needle size
(intensity).

I

Figure 6. TEM image of nanocapsules at 5/5 pl.min-1 flow rate
ratio and 26/22 G needle.

images of nanocapsules produced with different
needles are presented in Figure 4. Nanocapsules
were successfully formed with all needle
configurations. However, significant fibrillation was
observed with 24/21 gauge needles. Larger needle
diameter leads unseparated particles. A smaller
needle diameter results in reduced droplet size at the
nozzle tip due to a smaller meniscus and increased
surface tension. This requires a greater Coulombic
force to initiate the jet, which slows down jet
acceleration and extends flight time, providing more
opportunity for Rayleigh disintegration and further
breakdown into smaller droplets [9]. The use of 26-
gauge needle for the core solution yielded more
uniform spherical structures.

The size distribution of the nanocapsules is illustrated
in Figure 5. Among the configurations with
comparable SEM image appearances, the 26/22
gauge needle combination demonstrated a more
monodisperse distribution than 26/21 gauge.

1pm
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Consequently, the 26/22 gauge needle configuration
was selected to achieve better distribution.

The TEM image of the nanocapsule at a 5/5 pl.min-t
flow rate ratio and a 26/22 G needle, shown in Figure
6, clearly displays both the core and the shell in
spherical structure, indicating successful
encapsulation.

CONCLUSIONS

The objective of this study is to produce chitosan-
based nanocapsules with a spherical structure and
monodisperse  distribution. To achieve this,
experiments were conducted with various process
parameters, including total flow rates, flow rate ratios
for core/shell solutions, and core/shell needle sizes.
When the total flow rate was reduced, fibrillation was
observed between the capsules, while at higher rates,
the capsules tended to aggregate, leading to
deformation of their shapes. In the experiments
focused on core/shell flow rate ratios, fibrillation was
noted when the chitosan content as shell material
was at its highest. In comparison with other flow rate
ratios, the study with an equal core/shell ratio
demonstrated the most promising size distribution.
Smaller needle diameters produced smaller particles,
while larger needles resulted in poorly separated
capsules. The optimal results were achieved using
the smallest needle gauge.
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ABSTRACT
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We created antibacterial stretchable medicated textiles. Initially, we used a versatile one-pot green synthesis
method to produce a concentrated and stable colloidal solution of silver nanoparticles (Ag-NPs) by self-
assembling tannic acid, avoiding any harmful chemicals. The silver particles were later deposited on the
cotton fabrics. The surface morphologies were analyzed by SEM and the presence of metals was inspected
by dynamic light scattering and XRD. In second step, the natural antibacterial dye from the pomegranate
peel was prepared and the fabrics of silver coated cotton were treated by the exhaust dyeing method. We
assessed the CILAB (L*, a*, b*, C, h, and K/S) and color fastness properties of the dyed fabric samples.
Additionally, we evaluated the antipathogenic properties (antibacterial, antiviral, and antifungal) of all coated

fabrics.
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INTRODUCTION

Silver nanoparticles (AgNPs) are identified as
nanomaterials with sizes ranging from 1 to 100 nm.
They have a higher surface area (area-to-volume
ratio) and a greater volume capacity than bulk silver.
Due to the distinct electrical, optical, and catalytic
characteristics of AgNPs at the nanoscale, research
and development has been directed toward uses in
targeted drug delivery, imaging, diagnosis and
detection [1] [2]. The impressive antibacterial
properties of AgNPs have garnered significant
attention from both researchers and industries. They
have demonstrated effectiveness against multidrug-
resistant bacterial populations and various infectious
and pathogenic microorganisms, showcasing their
antimicrobial activity. The enhanced antibacterial
action of silver at the nanoscale is beneficial in the
medical and healthcare fields. AgNPs have been
integrated into numerous products, including food
contact materials, cosmetics, surgical instruments,
wound dressings, catheters, textiles and dental
products [3]. Research has shown that AgNPs can
function as antibiotics through multiple mechanisms
of action that impact various microbial structures
simultaneously, allowing them to effectively target
different bacterial strains [4]. Because of their potent

antibacterial qualities, AgQNPs are frequently utilized
in a variety of commercial products, especially in the
textile industry, to avoid microbial contamination.
Many researchers have identified AgNPs as ideal
antibacterials, ensuring that fabrics remain free from
microorganisms such as viruses, bacteria and fungi.
The incorporation of AgNPs significantly enhances
the antimicrobial effectiveness of wound dressings
when sprayed onto fabrics. Most antimicrobial
composites containing AgNPs have shown high
efficacy against nearly 650 different bacterial strains.
The methods used to prepare these nanoparticles
can lead to variations in their physical and chemical
properties [5]. Traditional synthesis methods often
involve toxic substances, which can endanger both
the environment and human health. Currently, fabrics
are coated with nanoparticles using various
technigues such as screen spraying, painting,
padding, dip coating, and sonochemical methods.
These coating techniques aim to improve the
nanoparticles' stability and adsorption on the fabric. It
is crucial that the resulting nanoparticles maintain a
stable structure, whether in colloidal or metallic form.
These factors are important considerations for the
coating process to ensure optimal performance [6].
Researchers have concentrated on producing stable
Ag NPs while controlling their size and minimizing the
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use of harmful chemicals. In this context, green-
synthesized nanoparticles were employed, which
eliminates the need for cryogenically synthesized
nanoparticles and their associated adverse effects.
The green synthesis method ensures that the
nanoparticles do not contain toxic substances,
leading to formation of colloidal Ag NPs [7]. In this
study, the synthesis of Ag NPs used Peltophorum
pterocarpum flower extract as a non-toxic reducing
and binding agent. Additionally, the dip and
sonication methods did not require any adhesive, as
the green-synthesized Ag NPs were directly applied
directly to cotton textiles. Medical products that
contain silver compounds are utilized for treating
burns, wounds, and various infectious diseases. The
growing issue of antibiotic resistance poses a
significant challenge in treating certain infections,
which raises concerns in the fight against contagious
diseases. If not properly regulated, the excessive use
of antibiotics could diminish the effectiveness of many
bacterial pathogens. As a response to this,
antimicrobial dressings have been increasingly
developed using biological polymers that are
integrated with antimicrobial components [8]. Each
type of wound dressing aids in the healing process,
but scientists are striving to deepen their
understanding to create wound dressings that are
free from toxins, have longer durability, offer stronger
resistance, and gain clinical acceptance. Among the
available materials, cotton is often considered a
suitable candidate for modified dressings.
Traditionally, cotton has been used in many countries
for dressing wound sites to prevent contamination.
Wounds such as cuts or grazes tend to heal faster
when treated with cotton, and it is generally non-
irritating to sensitive skin. However, using cotton pads
for wound treatment presents several challenges.
When immersed in wound fluids, cotton fibers can
adhere strongly, similar to glue. As a result, when the
cotton is pulled away, it can unintentionally remove
healing cells from the wound site, leading to side
effects such as prolonged healing times and pain
during dressing changes, especially since the wound
area is often sensitive [9]. This issue can be
effectively addressed by using chitosan, a structural
biopolymer known for its ability to form hydrogels and
its anti-pathogenic properties, which facilitate easier
wound management. Additionally, glycogen, a safe
and nontoxic animal polysaccharide, can help
mitigate these problems. It not only aids in healing but
also prevents tissue scarring when the injury areas
form albumin and are dressed, thereby promoting a
more effective healing process [10]. Clinical textiles,
often referred to as 'hospital textiles,” must meet
specific standards, including being non-toxic, anti-
allergic, antimicrobial, and anti-inflammatory. Various
agents, such as metal particles and specific
treatments, are applied to textile materials to impart
antibacterial properties. Recently, the use of metallic
compounds as nanoparticles has gained traction for
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integrating beneficial properties into fabrics, thereby
reducing the spread of diseases and microbial
growth. Commonly used compounds include Ag
(silver), TiO2 (titanium dioxide), Cu (copper), CuO
(copper (Il) oxide), Cu20 (copper(l) oxide), ZnO (zinc
oxide), and MgO (magnesium oxide) polycrystalline.
Among these, silver and its compounds stand out due
to their exceptional surface disinfectant properties,
which include antiviral, antibacterial, and antifungal
effects against various pathogens. Research by Ali et
al. demonstrated that cotton fabric coated with silver
nanoparticles exhibits significant effectiveness
against harmful microbes, leading to the designation
of this material as a multifunctional textile. In light of
these findings, the article proposes a novel approach
to producing antimicrobial cotton fabrics coated with
silver, aiming to enhance both aesthetic and
functional properties. The objective is to explore how
these fabrics can benefit commercial and medical
applications, particularly as they are expected to
exhibit improved antibacterial activity post-dyeing.
Beyond medical uses, these antimicrobial fabrics
could find applications in pillow covers, bedsheets,
and even clothing for patients, as well as in
compression bandages [11]. The cotton fabric is
indeed a remarkable achievement in textile
engineering, known for its comfort, absorbance, and
breathability. While it may not always match the
strength of some synthetic materials, its unique
characteristics keep it in high demand globally.
Nowadays, consumers are increasingly focused on
aesthetics, leading to a growing need for cotton
fabrics that are not only stylish but also convenient
and comfortable [12]. Nanotechnology has opened
up exciting possibilities for modifying cotton textiles to
fulfil these modern requirements. In textile
manufacturing, there is now a greater emphasis on
achieving multifunctional properties through specific
finishes. These finishes, which have become
standard, include antistatic, durability, antimicrobial,
dirt repellent, flame resistance, water repellent, easy
crease recovery, self-cleaning, and UV protection
[13]. Enhancing the surface of textiles is a key
method  for augmenting these  functional
characteristics. The use of noble metal nanoparticles
has emerged as an effective strategy for creating
fabrics with multiple useful functions. Different types
of nanoparticles offer distinct advantages for textile
surfaces. For instance, zinc oxide nanopatrticles are
known for providing UV protection in garments, silver
nanoparticles are recognized for their antibacterial
properties, and titanium dioxide is utilized in self-
cleaning fabrics. This innovative approach allows for
the development of cotton fabrics that not only meet
but exceed modern consumer expectations [14].
These nanoparticles are indeed applied to the
surfaces of cotton fabrics, making them suitable for
various applications, including casual clothing,
sportswear, and medical settings such as bandages,
absorbent pads, gowns, gauzes, and padding



RASHID S., ET AL.: IMPROVE THE ANTIBACTERIAL PROPERTIES OF COTTON BANDAGES COATED WITH SILVER PARTICLES AND FINISHED WITH A

NATURALLY EXTRACTED DYE

materials. The moisture-rich nature of cellulose-
containing cotton fibers does make them vulnerable
to microbial invasion, creating a conducive
environment for bacterial and fungal growth [15].
Silver nanoparticles are particularly noteworthy due to
their excellent antimicrobial properties when applied
to textile materials. The effectiveness of these
antibacterial characteristics increases as the particle
size decreases. Anisotropic silver nanoparticles can
also be used to dye cotton fabrics in a variety of colors
while imparting those antibacterial properties [16].
Most research efforts have focused on assessing the
antimicrobial properties of these nanoparticles, but
there has been limited investigation into their wash
durability. Factors such as shape, particle size,
concentration, and surface treatment both before and
after application can significantly influence the levels
of antimicrobial activity observed. Interestingly, this
research indicates that wash durability can be
improved. However, to date, there has been no study
specifically evaluating color uniformity in cotton
materials coated with silver nanoparticles [17].

EXPERIMENTAL
Materials and Methodes

In this Method, silver nanoparticles are synthesized
and deposited onto cotton stretch fabric. The
chemicals used for this process were of 99.99% purity
and sourced from Sigma-Aldrich. The pretreated
fibers were first treated with a 12 wt% aqueous
sodium hydroxide solution at room temperature for 10
minutes, followed by rinsing with distilled water. This
treatment likely aimed to enhance the surface
properties of the fibers for better nanoparticle
adhesion. Three different concentrations of silver
nitrate (AgNO3s) solution were prepared: 1M, 0.5M,
and 0.25M. Agqua ammonia (28 wt%) was gradually
added to these solutions and stirred continuously until
a clear [Ag (NHs)2]* solution formed. The alkali-
treated textiles were then immersed in each solution
for 10 minutes and dried at 90°C for another 10
minutes. This immersion and drying process was
repeated for a total of 10 cycles to maximize the
deposition of [Ag (NHs3)2]* and Ag+ ions onto the
textiles. Finally, the treated fabrics were immersed in
a 0.3M glucose stock solution, along with any
remaining [Ag (NHs)2]* solution [18].

Application of dye on fabric

The fabric was dyed using a material-to-liquid (M: L)
ratio of 1:40. This means that for everyl part of fabric,
there are 40 parts of the dyeing liquid. The dyeing
process began with the addition of alkali sodium
hydroxide (NaOH) at a concentration of 1 g/L. This
helps to increase the pH of dye bath, which can
improve the dye uptake by the fabric. Next, 40 g/L of
sodium sulfate (Na2SO4) was added to the dye bath.
Sodium sulfate acts as an electrolyte, helping to
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maintain the ionic strength of the dye bath and
improving the leveling of the dye on the fabric. After
that, the fabric was soaked in the dye bath to allow it
to absorb the color. The exhaust dyeing method
typically involves heating the dye bath to help the dye
penetrate the fabric more effectively. After the desired
dyeing time, the stained fabric was taken out of the
dye bath and washed with tap water. This washing
step is crucial to remove any excess dye that did not
bond to the fabric, ensuring that the final product has
a clean and even color.

RESULTS AND DISCUSSION

Colorimetric data measurement

The CIELAB values of silver coated dyed and undyed
fabrics differs considerably. The K/S values for dyed
sample was relatively high (11.31) than for undyed
fabric (7.47), indicating that dyeing has altered the
light-colored silver coated fabric to a relatively dark-
colored fabric. The variation in L* values among both
fabrics confirmed the dark shade of the colored fabric.
The L* value of the dyed fabric was relatively low
(37.15) than the differences in color characteristics
between silver-coated dyed and undyed fabrics,
using CIELAB color space values. The KI/S
(absorbance/scattering) values indicate how much
light is absorbed and scattered by the fabric. The
dyed sample has a K/S value of 11.31, which is
significantly higher than the undyed fabric's K/S value
of 7.47. This suggests that dyeing has resulted in a
darker appearance for the silver-coated fabrics. The
L* value measures lightness, where lower values
indicate darker shades. The dyed fabric has an L*
value of 37.15, compared to 55.35 for the undyed
fabric. This confirms that the dyed fabric is indeed
darker than the undyed fabric. Chroma represents the
intensity or saturation of the color. The dyed fabric
has a C* value of 34.98, which is lower than the
undyed fabric's C* value of 37.79. This indicates that
the undyed fabric has a more vibrant and sharper
shade, while the dyed fabric appears darker and
duller. Both dyed and undyed fabrics have positive a*
and b* values, indicating the presence of yellowish
and reddish hues. This suggests that both fabrics
share some color characteristics, but the differences
in K/S, L*, and C* values highlight the impact of
dyeing on the overall color perception. In summary,
the dyeing process significantly alters the color
properties of the silver-coated fabric, resulting in a
darker, less vibrant appearance compared to the
undyed fabric the L* value of the undyed fabric
(55.35), indicating that the dyed sample is darker in
color than the undyed sample. The chroma (C*) for
the dyed fabric was relatively low (34.98) than for the
undyed sample (37.79), indicating that the undyed
samples had a sharper shade and the dyed sample
had a darkened and duller shade. The a* and b*
values were positive for both undyed and dyed fabric,
representing a yellowish and reddish color.
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Levelness of silver treated dyed and
undyed fabric

The dye levelness provides valuable insights into the
uniformity of dye application on silver-coated fabrics.
Spectrophotometer Measurements: The use of a
spectrophotometer to measure the reflectance at 12
different points on both dyed and undyed fabrics
allowed for a comprehensive evaluation of dye
levelness. K/S Values and Standard Error: The K/S
values were accompanied by standard error
measurements, which indicate the consistency of the
dye application. The standard error was 0.12 which is
quite low for dyed silver-coated fabric. This suggests
that the dye is distributed evenly across the fabric,
leading to excellent levelness. Comparison with
Undyed Fabric: In contrast, the standard error for the
silver-coated undyed fabric was significantly higher at
2.21. This indicates a highly uneven appearance,
suggesting that the undyed fabric does not have a
consistent look. Visual Assessment Ratings: The
visual assessment further supports these findings,
with dyed fabrics rated as grade 5 (excellent
levelness) and undyed fabrics rated as grade 2 (poor
levelness). This visual confirmation aligns with the
guantitative =~ measurements,  reinforcing  the
conclusion that dyeing silver-treated fabrics results in
a smoother and more even appearance.ln summary,
the dyed silver-coated fabrics demonstrate superior
levelness and uniformity compared to their undyed
counterparts, both in terms of statistical analysis and
visual assessment [19].

Morphology of silver coated knitted dyed
cotton fabrics

Visuals in Figure 1 (a) displayed nanometer-scale
images of silver particles pre-application on fabric,
showing spherical features without aggregations. The
claim was supported by Zeta potential and
polydispersity index (PDI) values of -51.63 + 5.19 mV
and approximately 0.292, respectively. These values
indicated even particle distribution and high
polydispersity. Scanning electron microscopy (SEM)
revealed structural morphologies of silver particles on
fabrics pre and post dyeing in Figures 1 (b,), showing

a more consistent and denser silver coating.
Moreover, Figures 1 (c) and Table 2 are showing the
elemental composition of silver gained. Figures 1 (d)
The average particle size distribution for silver
nanoparticles was found to be approximately 13.23
1.6 nm. The phase composition of silver
nanoparticles was determined by XRD. Figure 1 (e)
presented XRD spectra in the range of 20 to 80 ° with
a 0.02-degree step, showing ideal indexing to the
silver structure, confirming the phase purity of the
synthesized silver nanoparticles.

Antibacterial activity, and

antiviral activity

antifungal

The antibacterial efficacy of both undyed and dyed
silver treated textile substrates was assessed through
qualitative and quantitative standard testing
protocols.

The qualitative evaluation of all treated samples was
conducted using the AATCC-147 (disc-diffusion
method) protocol, which tested the samples for
antibacterial efficacy against both Gram-positive (S.
aureus) and Gram-negative (E. coli) pathogens. The
antibacterial efficacy of both undyed and dyed silver-
treated textile substrates was assessed using the
AATCC-147 (disc-diffusion method) protocol (Figure
3). The Zone of Inhibition (ZOl) for the dyed fabrics
was found to be higher than that for the undyed
fabrics. The higher ZOI values for the dyed fabrics
indicate that the antibacterial qualities of the silver
nanoparticles were unaffected by the antibacterial
dye. Antibacterial dye did not negate the antibacterial
properties of silver nanoparticles, as seen by the
higher ZOl values for textiles colored with silver
coatings. The antifungal activity of all treated fabric
samples (both dyed and undyed) was evaluated
using the AATCC-100 method against A. niger fungal
species. In Figure 2(a), the results show the
percentage reduction in fungal spore germination for
all samples. All of the fabric samples that were treated
showed strong antifungal activity against the A. niger
fungus. The antifungal activity of the dyed samples
was enhanced, indicating that the dye used has
excellent antifungal properties. Among the undyed

Table 1. Reflectance measurement data for the dyed and undyed silver coated fabrics.

Number of Scans K/S Values Standard deviation (S.D) K/S Values Standard deviation

dyed sample undyed sample (S.D)

Reading 1 11.32 13.75

Reading 2 11.56 16.56

Reading 3 11.21 7.34

Reading 4 11.98 12.56

Reading 5 11.65 0.12 6.45 221

Reading 6 11.45 11.35

Reading 7 11.99 14.67

Reading 8 11.56 7.65

Reading 9 11.25 12.34

Reading 10 11.42 8.45
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Figure 1. SEM images of (a) silver particles, (b) silver particles coated cotton fibers, (c) silver particles coated and dyed cotton fibers, (d)
EDX analysis, (e) Size analysis and (f) XRD of silver particles.

Table 2. Elemental percentage of Silver.

Element Line Type Wit% Wit% Sigma Atomic %
C K series 13.73 0.26 42.61
(0] K series 13.71 0.31 31.94
Si K series 0.12 0.03 0.15
Fe K series 0.37 0.07 0.25
Cu K series 0.60 0.10 0.35
Ag L series 71.48 0.35 24.70
Total: 100.00 100.00
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Figure 2. (a) antifungal activity (b) Antiviral reduction in percentage.
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E. Coli

Figure 3. Antibacterial activity against gram positive and gram negative bacteria.

samples, with antifungal actions and 91%. The
untreated fabric did not exhibit any inhibitory effect on
the test microbe, confirming that the antifungal
properties in all treated samples (dyed and undyed)
were attributed to the presence of antimicrobial dye
and silver nanoparticles. Overall, the study
demonstrated superior antifungal properties of silver-
coated dyed fabric. The reduction in the percentage
of fungus seen in green-synthesized silver particles is
consistent with this result and a previous study [20].
The present study showed better antifungal
properties of silver-coated dyed fabric is justified by
the results and comparison with related studies. The
sample S3 (among all undyed fabrics) and S3D
(among all dyed fabrics) showed the highest
reduction in antiviral activity, with 80% and 84%
effectiveness, respectively. The antiviral effect of
silver-treated undyed and dyed fabrics can be
explained by the binding of metallic nanoparticles and
the phenolic part of the polyphenols to glycoproteins
on the viral surface, which inhibits the viruses. In a
recent study, fabric coated with silver particles using
the photo deposition method exhibited a 97%
reduction in the specific viral load of SARS-CoV-2.
The antiviral activity of silver-treated undyed and
dyed fabrics is due to the presence of silver
nanoparticles and natural antimicrobial dye, which
inhibit viruses by binding to glycoproteins on the viral
surface [21].

CONCLUSION

Antibacterial properties of silver-coated fabrics are
quite interesting and highlight the effectiveness of
dyeing in enhancing antibacterial activity. A hygienic
samples were created, consisting dyed and undyed
fabrics, all treated with silver nanoparticles. This
setup allows for a direct comparison of the
antibacterial effects between dyed and undyed
sample. X-Ray diffraction (XRD) and scanning
electron microscopy (SEM) are used to determine the
presence of silver nanoparticles on the fabric as well
as their surface shape. These techniques are
essential for understanding how the silver interacts
with the fabric and how it might contribute to
antibacterial properties The antibacterial efficacy
against dyed silver-coated samples is higher than that
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of undyed samples, which indicates that the dyed
materials are more effective at preventing the
development of bacteria. This suggests that the
dyeing process may enhance the antibacterial
properties of the silver coating. Dyed fabric sample
exhibited the strongest antibacterial effect, which is
significant for applications where hygiene is critical.
Overall, the findings suggest that dyeing silver-coated
fabrics not only enhances their aesthetic appeal but

also significantly improves their antibacterial
properties, making them suitable for hygienic
applications.
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ABSTRACT

The rapid growth of the ready-to-wear industry has created a need for continuous improvement, along with
the necessity to shorten production times and increase quality. The processes in this industry comprise a
series of sequential activities carried out by machines and workers in a specific order. Particularly before
cutting, checking model information is critically important. However, the various document formats used in
the industry and the software employed to manage this data can complicate the work for personnel. In this
context, there is a need for user-friendly software to enhance operational efficiency and minimize errors.
This research aims to develop software focused on cutting processes. The developed software allows users
to quickly and effectively access model and fabric information, measurement charts, and warehouse data,
while simplifying complex processes. Additionally, its simple interface enables use without the need for
special training and allows for the remote management of processes. As a result, the software aims to
increase operational efficiency while reducing errors and workload.

KEYWORDS
Software; Cut Order Plan; Wastage; Depot.

INTRODUCTION

The rapid growth in the apparel industry has created
a need for manufacturers to increase production
speed, ensure product quality [4] [10], and reduce
material waste [7] [17], particularly in the cutting
process, leading to a demand for advanced
approaches aimed at operational efficiency [20]. In
this context, cutting, as a fundamental phase of the
clothing production process, has a decisive impact on
direct material usage, labor costs, and the quality of
finished products [6] [24] [25].

Efficient cutting operations require the accurate and
integrated management of technical drawings, model
specifications, fabric details, measurement charts,
and cut order plans (COP). However, this data is
often stored in disconnected formats such as Excel
sheets, PDFs, and JPEGs, and is delivered to the
cutting room as physical files, which complicates
efficient data sharing among departments.

These traditional methods can lead to inefficiencies,
fabric waste, increased labor demands, and cost-
increasing delays that jeopardize product standards,
often relying on manual measurements, basic
planning tools, and isolated data storage [18]. To
overcome these issues, automation has emerged as
a key solution for enhancing accuracy and efficiency
[5] [12].

* Corresponding author: Arsoy R., e-mail: rasit.arsoy@kafkas.edu.tr
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In particular, the use of computer-aided software in
garment production allows for the optimization of
sewing room operations, machinists, cycle times, and
the order of processes. These software solutions
have the capacity to identify potential problems and
test various scenarios to enhance production
efficiency [2]. Moreover, cutting optimization systems
supported by advanced algorithms create automatic
cutting plans that reduce costs, minimize errors, and
increase overall management efficiency [22].

However, while some manufacturers prefer to use
comprehensive production management software [3]
[16], these systems often contain dense data and
require extensive training for operators [1]. This
complexity limits the ability to access and modify task-
specific data quickly, particularly considering the
needs of the cutting room. The lack of software
specifically tailored for cutting rooms has further
highlighted the need for automation solutions that
cater to the unique requirements of this department.

Software designed exclusively for cutting room
operations resolves these issues by enabling
operators to quickly access technical data, fabric
information, measurement and layout details,
inventory updates, and order changes. Such a
system not only reduces the likelihood of human error
but also allows the cutting department to rapidly adapt
to changing production demands. The software
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contributes to an integrated structure of business
processes by facilitating information connections
among different departments. This enables rapid and
effective communication of data across departments,
allowing them to work in coordination rather than in
isolation.  This structural integrity enhances
communication efficiency while simplifying access for
all employees in every department.

This user-friendly, centrally managed data interface,
accessible from any internet-connected device,
reduces  workforce  requirements, increases
productivity, and helps operators make timely,
informed, and effective decisions. The use of
software systems in cutting rooms not only provides
better control over the production process but also
contributes to significant improvements in quality and
efficiency in the apparel industry by ensuring
consistency and coherence in production.

MATERIAL AND METHOD

In this study, a system has been developed to model
the use of software before and after the cutting
process in the ready-to-wear industry. Through this
system, technical information about models and
fabrics, measurement charts, and COP can be
viewed, warehouse data can be entered, and
calculations for fabric waste can be made. The
information conveyed to the cutting room is organized
by the production planning department, and access to
this data is provided through a touch monitor located
in the cutting room via the developed software. This
integrated data/information system supports cutting
room management processes by strengthening
interdepartmental coordination and contributes to the
effective management of resource utilization in
production processes. The necessary operations in
the study were performed using the Microsoft Visual
Studio C# programming language. The reason for
selecting this language is its widespread use and
compatibility with Windows.

Main Interface

The program named Ready- to-Wear Cutting Room
Plan (RWCOPIlan), shown in Figure 1, consists of
three main sections: New, Open Folder, and Quit.
The program provides access to product model and
fabric information, measurement charts, and COP,
allowing for the entry and tracking of warehouse data.
Additionally, the program has the capability to
perform calculations for fabric waste.

When the "New" section in the interface is clicked, a
window opens for adding and calculating new product
data, consisting of six stages: general model, fabric
sample, COP, measurement chart, waste, and
warehouse. In this section, product data entered by
the user is calculated by the software. The "Open
Folder" section is for loading previous data, while
"Quit" is used to close the software.
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Model Interface Section

In the Model section of the program, model
information is entered into the system in the first step.
At this stage, technical drawing information is also
included in the system. The technical drawing of the
garment is typically defined as a projection reflecting
the correct proportions, lines, and silhouette details,
often presented in a frontal or isometric view. These
critical drawings convey the silhouette, structure, and
design elements of the garment with clear and
precise lines [15]. The cutting room staff can access
the technical report of the model to be sewn,
accurately understanding the product’s proportions,
stitching layout, finishing lines, and model details. A
schematic of a new product model is shown in Figure
2.

85 RWCOPlan

OPEN FOLDER

QuIT

Figure 1. RWCOPIan programme’s splash screen.
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Figure 2. Technical drawing information interface page.
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Figure 3. Fabric sample section of the interface.
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Fabric Sample Interface Section

At this stage, information regarding fabric visuals
related to the product is entered into the system. The
pattern information page is shown in Figure 3.

Cut Order Plan Interface Section

The spreading length, ply and layer counts, and size
distribution for each layer can be tracked from the
COP created in the software. This report includes
information such as the amount of fabric in the
warehouse, total usage needs, and consumption
values. This allows the operator to make the correct
fabric selection, check the cutting quantities for ply,
and conduct pre-cut pattern checks. COP is one of
the challenging aspects of garment production and
can be significantly improved through automation.
The primary goal of COP is to optimize fabric usage,
which generally constitutes 50% of production costs
[23]. COP involves the layout design of garment parts
and is carried out considering variables such as fabric
properties and production volume. The intuitive
algorithms used in this process provide optimized
cutting plans that reduce material waste, cutting time,
and cost [14] [19]. Traditional COP methods are
labor-intensive and prone to errors, potentially
leading to unnecessary fabric waste. It is vital for the
cutting room operator to verify COP data and
compare it with the patterns on the fabric to minimize
waste.

Measurement Chart Interface Section

In the next stage, measurement data is entered into
the system. The measurement information from the
technical file is shown in Figure 5. The creation of
ready-to-wear products requires the formation of
patterns according to standard sizing, measurement
charts, and grading guidelines based on body
measurements of the model [21]. The cutting room
operator needs this data to verify pattern
measurements on the fabric when necessary.

Fabric Info and Loss Interface Section

At this stage, fabric information is entered, and the
weight information obtained from the rested fabric
rolls is recorded in the system. The difference in
meterage indicated on the technical documents of
fabric rolls and the meterage after resting is identified
by the cutting room staff [8]. After the data is entered,
the system automatically calculates the actual
meterage. The values of waste such as fabric errors
during spreading and cutting, excess fabric pieces,
roll ends, and scraps are entered by the operator,
allowing the total fabric loss to be calculated [9] [11]
[13].

Warehouse Interface Section

In the final stage, warehouse codes and numbers are
entered to easily locate the fabric's position in the
warehouse. Efficient use of the workspace is
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essential for successful production. Organizing the
shelves allows for easy access to fabric rolls and
other materials, providing quick access during
production. Software systems regulate inventory
management by tracking the usage of fabric rolls in
cutting rooms and ensure a workflow compatible with
all production stages.

CONCLUSION

In this study, it is aimed to create a software that
enables the management of the information of the
ready-to-wear enterprise with the support of an
integrated data / information system within the scope
of cutting room management and at the same time
provides inter-departmental control.

The cutting room management software developed in
the study stands out as a powerful tool that enables
the effective fulfilment of critical functions such as
planning, raw material selection, waste management
and monitoring of production activities in garment
production.  Unlike complex general-purpose
production software, this software responds to the
specific needs of cutting departments by offering a
user-friendly and comprehensive interface. In
particular, it allows operators to make quick
adjustments by providing easy access to basic data
such as cutting orders, fabric specifications and
warehouse management. The simplicity and clarity of
the interface is expected to not only increase
productivity but also contribute to the operators to be
more agile and responsive in the production process
by minimising errors.
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ABSTRACT

Technical textiles are functional fabrics that have applications across including both construction (BuildTech)
and architecture (ArchiTech). This technical textile is developed for high-tech and high-performance
applications. In modern architecture, high-performance textile materials are highly valued and widely used
in various applications, including self-cleaning, low-maintenance structures, fabric canopies, and energy-
efficient buildings. They are also utilized for high-performance fagades, energy-harvesting curtains, flexible
mega-structures, responsive phase-change materials, air-supported fabric constructions, thermal regulation,
green roofs, smart living spaces, acoustic solutions, advanced building materials, and creating habitable
spaces in extreme weather conditions.

In this study, the types of textiles used in the facade and roofing systems of stadium facilities in Turkiye have
been examined. The advantageous properties of textiles employed in stadium structures characterized by
substantial roof and facade openings at the structural scale have been critically analyzed in relation to other
conventional building materials. The technical textile material summary demonstrates the tremendous

diversity of today's membrane materials using stadium facilities in Turkey.

KEYWORDS
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INTRODUCTION

Technology-driven materials, designs, and
construction techniques play a major role in fagades
and roofing systems, becoming essential elements of
modern architecture (Goppert and Paech,2015).

Technical textile provide limitless opportunities for
architectural expression, allowing for free-form and
complex geometries that are both structurally viable
and economically appealing in stadium building.

In Architextile composite structures, the use of glass,
ceramic, carbon fibers, aramids, liquid crystal
polymers, and high-modulus polyethylenes provides
textile materials with high performance and quality
(Gezer, 2008).

In a building, facade cladding materials serve
different  functions based on their various
applications. When assessing the potential demands
for each cladding material, the following can be
highlighted as the most important.

That are protection from external environmental
conditions (wind, rain, temperature, sun, etc.),
creation of private interiors, cladding to withstand
outer loads (wind, temperature,maintenance loads,

etc.), thermal performance, solar/light performance,
fire behaviour, durability, acoustic performance,
aesthetic surface appearance (translucency, colour,
etc.), possible complex architectural geometries,
material weight for substructure design, material cost,
installation cost/time and modularity, maintenance
requirements, and/or replacement methods,
recyclability, sustainability (Goppert and
Paech,2015., Hernandez, 2006).

According to the literature, it can be observed that
studies on the performance of textile materials used
in the facades and roof coverings of stadium
structures have focused on topics a, b, and c.

The relationship between early textile architecture in
history and in modern period textile fagcade and
roofing systems differs from a period where materials
were applied in layer by layer to a more
technologically advanced approach that integrates
these layers together.

A wide variety of fabric materials are used in
architecture. These are evaluated as PVC Fabric
(PVC-Coated Polyester), PVDF, PVF, PTFE Fabric
(PTFE Coated Fiberglass), Fabric options — PVC and

* Corresponding author: Sahin Y.D., e-mail: ydurgunsahin@atu.edu.tr
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PTFE, PVC / Polyester fabric, and PTFE / Fiberglass
fabric (Gandi, 2020., Kamal, 2020).

In stadium structures, a wide variety of textile
membrane composite materials are used in fagade
systems. Based on the expected demand
requirements from these materials, combinations of
various materials are utilized for textile membrane
composites. Architectural fabrics are commonly
woven from polyester (PES) yarns coated with
polyvinyl chloride (PVC) or from glass fiber yarns
coated with either polytetrafluoroethylene (PTFE) or
silicone. The purpose of the coating is to shield the
yarn fibers from environmental factors while also
enabling individual membrane segments to be
welded together. Uncoated fabrics are typically
composed of PTFE or polyvinylidene fluoride (PVDF).

Uncoated fabrics are typically made from PTFE or
polyvinylidene fluoride (PVDF). Textile membranes
can either be fully coated to create a water- and wind-
proof fabric with translucencies of approximately 0—
40%, or woven with gaps between the yarns to form
an open mesh membrane with localized yarn
coatings. These mesh membranes are commonly
used for sunscreens and architectural envelopes that
provide views in two directions. Various mesh
patterns are available, differing in size and
arrangement of open areas. Both glass/PTFE and
PES/PVC membranes come in multiple colors, with
some being printable for a customized appearance.
Depending on structural requirements, different
strength classes are offered. Recently, laminated
open mesh membranes have been developed,
featuring a continuous lamination of transparent
fluoropolymers, offering high transparency (>50%)
and material strengths up to 60 kN/m (Goppert and
Paech,2015).

Different fibrous materials shaped by knitting and
weaving technigues in textile technology are also
used in architectural fagades (Gezer, 2007/a; Garcia,
2006). Woven and knitted fabrics made from metal
fibers, as well as steel wire meshes, are examples of
materials used in stadium fagades.

The performance of fabric structures is significantly
influenced by the environment in which they are
located. Key factors affecting fabric performance
include geographic latitude and temperature, UV
radiation,  humidity,  pollution levels, dust
accumulation, cleaning frequency, deposition of plant
matter, staining from rainwater runoff, and exposure
to rainfall that helps remove dirt and dust (Tolani,
2016., Kamal, 2020). The characteristics of textile
materials used in stadium structures built in Turkiye
have been grouped according to these factors. The
grouping has been evaluated based on regions,
taking into account the differing seasonal
characteristics.
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THE ROOFING MATERIALS USED
STADIUM STRUCTURES

Factors determining the selection of roofing materials
include climate, architectural and structural design,
and cost estimation. The roof surface is a layer
exposed to external elements. The roofing material
must be resistant to atmospheric conditions.
Therefore, the covering material should have water
and thermal insulation properties, a long service life,
and be lightweight while also conforming to the shape
of the roof (Durgut, 2019).

MATERIAL PROPERTIES

Materials should be selected and designed according
to the function of the structure. The materials used for
the facade and covering systems of stadium
structures directly affect user comfort. Therefore, the
compatibility between structure and covering
materials in stadium buildings is a crucial issue that
must be addressed (Durgut, 2019). Materials have a
directimpact on visual, acoustic, and climatic comfort.
Technological advancements and innovations in
facade and covering materials have brought criteria
such as long-term durability, fire resistance, ease of
replacement and repair, material permeability,
sustainability, and user comfort to the forefront. With
a material selected for its permeability feature,
daylight can easily enter the field, ensuring the
healthy growth of the field grass (Seg¢gin, 2023).

With advancing technology, newly developed
materials are frequently preferred due to
characteristics such as their lightness, strength,
flexibility, and load-bearing capacity. Today, a wide
variety of materials are predominantly used in
stadium structures, including steel, concrete, new-
generation plastics (ETFE, PTFE, PVC, etc.),
aluminum, galvanized sheet metal, and smart
materials.

PVC (Polyvinyl
(Polyvinylidene
Covering

While the lifespan of PVC is between 10 and 15
years, it can extend up to 25 years with a PVDF
(Polyvinylidene Fluoride) coating. It offers a variety of
colors and is more cost-effective than other building
materials. PVC is waterproof and, with its light-
transmitting property, allows natural light to enter the
space, reducing the need for artificial lighting. It has
strong UV resistance, high fire resistance, and is a
lightweight, recyclable material (Alioglu, 2018;
Ugurlu, 2021).

IN

Chloride) and PVDF
Fluoride) Membrane

PTFE (Polytetrafluoroethylene) Textile
Membrane
PTFE is a textile material used in fagade and covering

systems, consisting of fiberglass fabric coated with
Teflon resin. Commercially known as Teflon, it has a
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lifespan of approximately 30-50 years and starts to
degrade above 250 degrees Celsius. It offers strong
UV resistance, high fire resistance, and reflects about
60% of light. It does not mold or yellow under
atmospheric conditions and is waterproof. PTFE
withstands temperatures ranging from -73°C to
+232°C. Single-layer membrane structures made
with PTFE reflect 75% of sunlight and absorb 10% of
it (Kriiger, 2009; Durgut, 2019).

ETFE (Ethylene
Membrane Covering

Tetrafluoroethylene)

ETFE is a fluorine-based plastic material used in air-
supported covering systems, with a thickness
between 0.05 and 0.20 mm. It has high light and UV
transmittance, an approximate lifespan of 100 years,
and is recyclable (Compagno et al., 2004; Durgut,
2019). ETFE allows 90-97% of light to pass through.
Thanks to the air between the foil layers in ETFE
cushions, it provides better insulation than glass
panels. ETFE foils are flame-resistant and can
withstand temperatures up to 270°C (Durgut, 2019).
ETFE material can also be integrated with textile
materials in facade and covering systems.

Carbon Fiber (CF)

Carbon fiber is a technologically advanced material
with a fibrous structure composed of tar, nylon, and
orlon, known for being rigid, lightweight, and durable.
It offers high strength, is resistant to corrosion and
fire, and is non-flammable. Although it is costly, its
application requires specialized experience and
equipment (Bajpai, 2013).

REVIEW OF STADIUMS IN TURKIYE
ACCORDING TO ROOF AND FACADE
MATERIAL SELECTIONS

In the literature, due to the direct impact of materials
on comfort, Tlrkiye's 7 climate zones have been
examined, and facade and roof covering material
selections for stadium structures have been analyzed
according to these regions. Table 1 provides an
overview of technical textiles used in stadium
architecture applications in Turkiye.

The use of textiles as fagade and roofing materials is
achieved through one of the textile types: plain PVC,
perforated (mesh), PTFE (Teflon), and ETFE
materials. When grouping these textile types
according to regions, eight stadium structures built in
the Marmara Region were examined. Of these, one
stadium uses only PVC membrane covering, while
three use a combination of PVYC membrane covering
and other cladding materials. One stadium uses both
PVC membrane and PTFE textile covering along with
other cladding materials. Another uses PTFE textile
covering, one employs aluminum roofing, and
another combines PVC membrane and PTFE textile
coverings. Overall, a mixed covering system has
been applied in five of the stadiums.
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In the Aegean Region, four stadium structures were
examined. Of these, two use only PVC membrane
covering, one uses a combination of PYC membrane
and other (composite cladding) covering systems,
and one utlizes an alternative (polycarbonate
cladding) system. In the Central Anatolia Region, five
stadiums were studied; two of these use a mixed
system of PVC membrane and other covering
materials, while another two use a combination of
PVC membrane and PTFE textile covering. Lastly,
one uses an aluminum roof covering. In the Black Sea
Region, three stadiums were analyzed, all of which
share PVC membrane covering as a common
feature. Among these, one employs a combination of
PVC membrane and PTFE textile covering, one
combines PVC membrane and other covering
materials (PVC mesh), and one uses PVC membrane
alone. In the Mediterranean Region, of the five
stadiums constructed, two use PVC membrane
alone, two combine PVC membrane with other
covering systems (PVC mesh and standing seam
roof), and one uses a combination of PVC membrane,
ETFE membrane, and other (standing seam roof)
systems. In Southeastern Anatolia, three stadiums
were examined: one uses a mixed system of PVC
membrane, PTFE textile, and other (GFRC, GRC
precast) covering systems, one uses ETFE
membrane, and one employs other (composite
cladding). In Eastern Anatolia, two stadium coverings
were analyzed: one uses PVC membrane, while the
other combines polycarbonate and standing seam
roofing systems.

In Figure 1, the distribution of materials used in
stadiums by region can be seen. In Figure 2, the
usage rates of materials used in stadiums across
Tilrkiye are shown.

In Tirkiye, regarding the roofing material usage in
stadiums, a single roof material using is utilized in
43,3% of cases, while 56.7% prefer composite
material usage. A stadium roof design plays a critical
role in determining the amount of light that penetrates
the field, thereby affecting the growth of the turf. If the
roof design is not covered with an appropriate light-
transmitting material, artificial lighting has to be used
to sustain grass growth. This practice contradicts the
principle of sustainability and results in significant
energy costs. In line with the UN (United Nations)'s
SDG 7 and SDG 11 principles, itis recommended that
the design of the southern facade and roof sections
of stadium structures incorporate a light-transmitting
textile material to promote low-energy, sustainable
living environments

RESULT

Technological advancements playing a role in
architectural textile interactions are influencing the
shaping of architectural structures. As a sustainable
material, the high-performance textile group stands
out and diversifies into new composite forms through
technological advancements. This diversity not only
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Table 1. Material Selections and Stadium Facilities in Turkiye.
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Construction Capacity Greiizi (A:\I:::rﬂlng t: Facade and
Region Photo Stadium Name City Year Construction Site (s ors) ::::rrgl;;e!:' Stadium Tribune  C ng System Materials
Covering System
Atatiirkc Oyrmplc: Stadium istanbul 2002 240,920 o (Land 77563 Semi-Covered  Semi-Covered Steel, Concrete 1. PVC Membrane Covering
1.2 Area)
Ali Sami Yen Sports z
i 1. PVC Membrane Covering,
Comp(|1ex3|§a3n1\? Park Istanbul 2011 82.000 m* 52600 Semi-Covered Covered Steel, Membrane 4.Other(Compact Laminate Panel)
Fenerbahge Sukri ; : Steel, Membrane ve 1. PVC Membrane Covering,
Saragoglu Stadium (1,5,6) istanbul Renewal: 2006 55.000 m* 50530 Semi-Covered Covered it 4.0ther(Composite)
<
2 i i .
S Begiklas Park Stadium istanbul 2016 50.000 m* 42500  Semi-Covered Covered Steel, Concrele. 2. PTFE Textie Membrane Covering
4 7.8,
®©
s Yiziinciyil Atatiirk Stadium o
E (Bursa Timsah Arena) Bursa 2015 179611 m? 43361 Semi-Covered Covered Steel, Membrane | 'Pvfemfem;f;:rg:;eggfefﬁmﬁ
= (1,7,10,11,64) g
Kocaeli Stadium (7,12) Kocaeli 2018 90.700 m* 34829 Semi-Covered Covered Steel, Aluminum 4.Other (Aluminum Roof Covering)
" 1. PVC Membrane Covering,2.PTFE
Sakarya Stadium " - 5
Sakarya 2017 128.000 m* 28154 Semi-Covered Covered Steel, Membrane Textile Membrane Covering ,4.0ther
(7,14,15,16.69)
(PVC Mesh)
Bagaksehir Fatih Terim ; 1. PVC Membrane Covering, 4.Other
Stadium (34,35,36,37) Istanbul 2014 160.000 m* 17300 Semi-Covered Covered Steel, Aluminum (Glass, Composite)
i B 216.330 m?* (Land , Steel, Concrete,
Izmir Ataturk Stadium (17) Izmir Renewal:2005 Area) 51337 Uncovered Semi-Covered Membrane 1. PVC Membrane Covering
s Girsel Aksel Stadi
‘;‘-; urs 38 3; 40‘: lum izmir 2020 94.541 m? 25000 Semi-Covered Covered Steel, Aluminum 4.Other (Precast, Polycarbonate)
3 ,39;
§
§> fzmir A'Sg’gg:‘f‘a"'”m zmir 2021 22,500 15000  Semi-Covered  Semi-Covered  Steel, 1.PVC Covering
3 . 52.137 m? (Land 5 1. PVC Membrane Covering, 4.0ther
Akhisar Stadium (67) Manisa 2018 Area) 12139 Semi-Covered Covered Steel, Membrane (Composite)
Konya Metropolitan .
hiatilis 3 ’ 1. PVC Membrane Covering, 4. Other
Mum(c;p:llg gv;dlurn Konya 2014 90.000 m? 42000 Semi-Covered Covered Steel, Membrane (Transparent Membrane)
< R . .
S Yeni Eskisehir Stadium " 1. PVC Membrane Covering, 4.0Other
g (4142) Eskigehir 2016 86.783 m* 34930 Semi-Covered Covered Steel, Aluminum (Aluminum Panel)
2 Kayssf",Kad" Has Clly Kayseri 2009 80.000 m? 32864  Semi-Covered Covered Steel, Aluminum 4. Other (Aluminum Roof Covering)
E adium (32,33)
®
E Sivas 4 Eylul Stadium " 1- PVC Membrane Covering ,2.PTFE
8 (43.44,45) Sivas 2016 58.700 m* 27532 Semi-Covered Covered Steel, Aluminum Textile Membrane Covering
2 s B 1. PVC Membrane Covering,2. PTFE
Eryaman Stadium (46,47) Ankara 2016 37.462 m* 20672 Semi-Covered Covered Steel, Aluminum Textile Membrane Covering
$enol Gnes Sports 1. PVC Membrane Coverin
5 25 X 9.2 PTFE
§ Complex (Akyazi Stadium) Trabzon 2016 170.000 m? 41131 Semi-Covered Covered Steel, Membrane Textile Membrane Covering
) (7,20,21,63)
4
@© Samsun 19 Mayis Stadium - 1. PVC Membrane Covering, 4.Other
3 (22,2366) Samsun 2017 140.000 m? 33919 Semi-Covered Covered Steel, Membrane (PVC Mesh)
x
3
S
o Giresun Cotanak Sports : s ¥ -
Complex (24.62) Giresun 2022 89.673 m? 21500 Semi-Covered Covered Steel, 1.PVC Covering
Yeni Adana Stadium i 1. PVC Membrane Covering, 4.Other
(28.2930) Adana 2021 78.012m? 33543 Semi-Covered Covered Steel, Membrane (PVC Mesh)
5 " 5 . 1. PVC Membrane Covering, 4.Other
5 _ g
3 Antalya Stadium (48.49,50) Antalya 2015 87.331 m? 29307 Semi-Covered Covered Steel, Aluminum (Standing Seam Roof)
©
<
S Mersin Stadium " " "
3 ¥ A
§ (1,7,25.68,70) Mersin 2013 55.000 m? 25534 Semi-Covered Covered Steel, 1. PVC Covering
g
3 " " " Steel, Aluminum, .
o » , 3
2 Yeni Hatay Stadium (58,59) Hatay 2021 55.395 m? 25000 Semi-Covered Covered Standing Seam 1. PVC Membrane Covering
1. PVC Membrane Covering, 3.ETFE
Alanya Oba Stadium (57) Alanya 2011 23.000 m? 9789 Semi-Covered Covered Steel, Composite  Membrane Covering, 4.Other (Standing
Seam Roof)
= g 1. PVC Membrane Covering.2. PTFE
g Gaz'ag‘fg f‘sad'”"‘ Gaziantep 2017 61.215m 33502 Semi-Covered Covered Steel, Aluminum  Textile Membrane Covering, 4.Other
s (7.13.26) (PTFE Mesh, GFRC, GRC Precast)
< c
=]
g 'qa"' Diyarbakir Stadium (27) Diyarbakir 2018 50.000 m? 33000 Semi-Covered Covered Steel Membrane 4. Other (Composite)
§ ['4
§ 11 Nisan Stadium (55,56) Sanlurfa 2009 36.400 m? 28965 Semi-Covered Covered Steel, 3ETFE Covering
s
2. Yeni ’f';z'a%a;'f‘"“m Malatya 2017 93.000 m? 25745  Semi-Covered Covered Steel, 1.PVC Covering
2 .53,
3]
£
s Elazig Ataturk Stadium . " Concrete, Steel, 4. Other ( Polycarbonate, Standing
é (5160) Elazig Renewal: 2023 55.395 m? 17600 Semi-Covered Covered Standing Seam Seam Roof)
(1): Arslan,2016. , ri-2, (4): Uri-3, (5): Url-4, (6): Url-5, (7): Biilbail, 2017, (8): Ugurlu,2021, (9): Url-6, (10): Kara,2020, (11): Url-7, (12): Uri-8, (13): Url-9, (14): Url-10, (15): Url-11, (16): Url-12, (17): Uri-13, (18): Ur-14, (19):
Kurumak,2019, (20): Url-15, (21): Url-16, (22): Url-17, (23): Url-18, (24): Url-19, (25): Url-20, (26). Url-21, (27): Url-22, (28): Url-23, (29): Sirguld, 2023, (30): Url-24, (31): Gozitok, 2019, (32): Url-25, (33): Url-26, (34): Url-27, (35): Url-28,
(36): Urk-29, (37): Ceylan, 2020, (38): Url-30, (39): Url-31, (40): Url-32, (41): Url-33, (42): Url-34, (43): Url-35, (44): Url-36, (45): Url-37, (46): Url-38, (47): Url-39, (48): Url-40, (49): Url-41, (50): Url-42, (51): Url-43, (52): Url-44, (53): Url-45,
(54):Urk46, (55): Url-47, (56): Url-48, (57): Url-49, (58): Url-50, (59): Url-51, (60):Url-52, (61): Url-53, (62): Url-54, (63): Url-55, (64): Url-56, (85): Url-57, (66): Url-58, (67): Url-59, (68): Uri-60, (69):Url-61, (70): Uri-62
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Figure 1. Materials Used in Stadiums by Region.
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Figure 2. The Use of Materials in Stadiums in Tirkiye.

makes  significant  contributions to  stadium
architectural design but also alters the symbolic
values of the structure on an urban scale. Among the
examined examples, regional differences have been
observed in the textile materials used for stadium
facades and roofing. Facade and roofing materials
selected in harmony with the covering system and
structural characteristics play a key role in the formal
shaping of stadium structures, enhancing their
visibility within the city. Material choices become the
focal point of stadium designs, and the way the
selected material is used gives the structure an iconic
quality. This study has presented that PVC
membrane coverings are the most commonly used in
stadiums in Turkiye. The study has shown that the
use of composite materials is also prevalent as a
secondary choice in facade and covering systems.

The findings of the study have shown that in Turkiye,
covering materials used in stadiums were not
selected in accordance with the climate
characteristics of the regions, nor was light
permeability taken into consideration. This lack of
alignment could lead to issues in the development of
grass in stadiums, supporting the hypothesis that this
relational mismatch may contribute to such problems.

Black Sea Region

100

20,0%

Mediterranean Region Southeastern Anatolia Eastern Anatolia Region
Region

m4. Other (PVC Mesh, Polycarbonate, Standing Seam Roof, Composite, GFRC, GRC, Precast, Aluminum Roofing)

In this context, the study serves as a foundation for
further research.
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ABSTRACT

This paper presents the results of numerical simulations conducted on inflated panels made from 3D
distance fabrics. 3D distance fabrics constitute a subset of 3D woven fabrics. If coated, the structure of the
fabric permits the formation of a panel with parallel layers through the process of air inflation. The pressurised
air creates a stiff, lightweight and fail-safe structure that can be utilised in a multitude of applications. The
mechanical behaviour of these panels can be described analytically by appropriate mathematical theory;
however, this approach remains limited to common loading cases. This paper presents computational
method for numerical simulations of inflated panels, including determination of the deflections of skins and
the distribution of stress. The simulations are based on the results of material property tests and a nonlinear
geometric model. The results are then compared with the mathematical theory and experimental data. The
results demonstrate the efficacy of this approach and illustrate its advantages. Furthermore, an illustrative
example of a specific loading case is presented to demonstrate the versatility of this approach for predicting

the behaviour and conducting structural analysis of loaded 3D fabric panels.

KEYWORDS

Simulations; FEM; Distance fabric; 3D fabric.

INTRODUCTION

3D distance fabric is composed of two distinct skins,
the upper and lower fabrics, which are simultaneously
woven and connected by pile (drop) yarns (Figure 1).
The pile yarns serve to lock the two skins together,
thereby creating a robust connection. The base
fabrics are separated from one another by a distance
equal to the length of the pile yarns. This length
constitutes a fundamental parameter of the fabric, as
it defines its shape and stiffness, and is contingent
upon the properties of the weaving machine. This is
typically maintained at a constant length, ensuring
that the inflated panel exhibits parallel and uniform
surfaces. It is likewise feasible to weave distance
fabrics with varying lengths of pile yarns; however,
the primary advantage of this structure lies in its
parallelism of skins. The skins are rendered
impermeable through the application of an additional
coating material (e.g. PVC, polychloroprene, etc.).
The stability and load capacity of inflatable panels
depend on their material properties, air pressure,
fabric parameters, and shape. During inflation, the air
pressure causes biaxial pretensioning of fabric layers
and elongation of pile yarns, thereby enabling the
panel to achieve the requisite shape and stiffness. 3D
distance fabrics, also known as drop-stitched fabrics
or space fabrics, offer numerous advantages,
including a lightweight structure, portability in a non-

inflated state, and a fail-safe mechanism during
overload conditions.

The research of 3D fabrics is primarily concerned with
woven and knitted fabrics in general where yarns in
the third axis are present and the thickness of the
fabric is negligible. A survey of 3D woven fabrics can
be found in references [1-3]. Earlier research on the
mechanics of inflatable fabric structures was limited,
with only a few studies conducted on distance fabric
panels [4]. Cavallaro [5] described the mechanics of
a panel subjected to a four-point bending load,
utilising experimental data from material tests to
inform his analytical model. Additionally, he
conducted an experiment on a bent panel for
comparison. Hou [6] employed the finite element
method to model knitted spacer fabric. A notable area
of development has been the utilisation of these
fabrics as reinforced composites [7].

The paper outlines the creation of an appropriate
material model and the requisite tests for it (section
Material model). It then describes the general rules
for building FEM model of the panels and presents
the building of a specific FEM model of a panel based
on real-world testing (section FEM model). It then
presents the results of the simulations and discusses
the comparison with the theoretical and experimental
results (section Simulation results). Finally, it
presents the simulation of an overloaded panel as an
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illustrative example of the indispensable role of
numerical simulations in the design and analysis of
distance fabric panels (section A comparison
between the experimental and theoretical results).

MATERIAL MODEL

A comprehensive understanding of the material data
is essential for the successful development of a
model. In order to serve as a point of reference, real
coated 3D distance fabric was selected for the
purposes of experimental and simulation validation.
The fabric is composed of a primary fabric woven on
a weaving machine DIFA produced by VUTS, a.s. All
yarns (warp, weft and pile) are made of polyester
(PES) with a fineness of 55 tex. The outer surfaces of
the fabric skins were coated with polychloroprene on
a nylon fabric substrate. The coating does not
typically impact the mechanical properties of the
material; however, it does ensure airtightness. Figure
2 illustrates the structure of the fabric and its basic
textile properties, as produced by the Taiwan Textile
Research Institute.

Textile materials, including yarns and fabrics, typically
exhibit nonlinear tensile properties. However, the
deviation from linearity is typically minor, with a
constant young modulus. Fabrics are composed of
two types of yarns: warp and weft. These are woven
with varying densities, and warp and weft yarns may
also differ in material and fineness. Consequently,
fabrics are orthotropic materials, exhibiting nonlinear
properties in both the warp and weft directions.

The tensile curves of the fabric were measured on a
universal testing machine (Instron) in accordance
with the standard 1SO 13934-1, which outlines a
procedure for determining the maximum force and
elongation at maximum force using a strip method.
Furthermore, the specimens were modified to a dog-
bone shape, thereby ensuring that rupture occurred
in the centre of the specimen, rather than in the jaws
(Figure 3 on the left). The specimens were marked
with white dots on the coated surface in order to
facilitate the measurement of strain with an optical
extensometer. The pile yarns were measured in
accordance with the standard ISO 2062 on the same
testing machine with pneumatic textile jaws (Figure 3
on the right). For the purpose of measuring strain,
small balls with a through hole were placed and glued
on the yarns. A tensile test was conducted on fabric
skins and pile yarns using a universal testing
machine.

The tensile curves are presented in Figure 4. It is
evident that there is a notable distinction between the
warp and weft tensile properties, as well as a
nonlinear character. However, the divergence from
the linear course is not substantial, and for the
purposes of simulations, it can be approximated by a
line. Notably, in the initial portion of the tensile curve,
the variance is minimal. In the textile industry, it is
customary to relate the tensile properties, strength of

the fabric, and young modulus to the unit width of a
fabric. Similarly, this approach is also employed in
this case.

It should be noted, however, that FEM software
requires the input of a material model in stress/strain
guantities. Therefore, both tensile curves of fabric and
pile yarns are recalculated in order to obtain the
stress-strain dependence, despite the fact that the
absolute values lack practical significance.

Figure 2. The 3D distance fabric made by Taiwan Textile Research
Institute. Total warp pile is 64 650 with different density after warp
(150 ends/10 cm) and weft (4.31 ends/ 10 cm). The length of pile
yarns is 180 mm.

Figure 3. Tensile test of fabric skin and pile yarns using a universal
testing machine.
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Figure 4. The tensile curves of the fabric skin for both the warp and
weft directions. The units are related to the 1 mm width of the fabric.
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Figure 5. A section of the simulation model of the 3D distance
panel. The mesh on the skins is created in such a way that four
elements are placed after warp, which ensures an accurate
representation of skin deflection. The green lines represent pile

yarns, while the blue crosses represent suppressed
displacements.

The combination of a nonlinear tensile curves and an
orthotropic material presents a significant challenge
for modelling. The nonlinear solver in the Siemens NX
software is designed to work with isotropic nonlinear
materials or orthotropic linear materials. However, it
has been observed that using linear and orthotropic
materials results in a smaller error. The calculated
Young modulus of fabric is 428 MPa for the warp and
299 MPa for the weft.

FEM MODEL

The FEM model was built in a manner analogous to
that of the tested panel. The dimensions of the panel
used for experiments are identical to those of the
modelled panel, namely 94 x 94 mm in area, 180 mm
in thickness and subjected to a loading pressure of
100 kPa. The tested panel differs in that the edges
were affixed by adhering the ends of the fabric and
clamping them together with steel bars. The common
application of a glued belt necessitates the replication
of this panel in the same manner.

It is essential to prepare the geometry of the fabric
panel in an inflated state. There is no relevant reason
for simulating the panel in its undeveloped state, as
this would entail significant difficulties. The model's
geometry corresponds to the state, wherein the pile
yarns are extended but the axial force is still zero, and
the fabric skin between the binding points is not
deflected. The side belt of the panel is affixed to the

upper and lower skins, and thus is modelled and
simulated. However, the model lacks a glue layer, the
fabrics (and meshes) are connected directly. This is a
reasonable simplification, as the stress distribution is
analysed with precision and the computation is
considerably more straightforward. Furthermore,
potential sources of computational errors in corners
are eliminated.

A further significant issue pertains to the question of
bending stiffness. The actual bending stiffness of a
fabric can be considered to fall between the values of
a membrane, which exhibits no bending stiffness, and
a solid sheet, which demonstrates full bending
stiffness and is dependent on the thickness of the
fabric. The modelling of fabric as an aerial body can
be achieved through the use of shell elements. These
elements permit the setting of arbitrary bending
stiffness, although this is limited to a linear solver.
Consequently, the bending stiffness cannot be
adjusted. The behaviour of coated fabric is further
complicated by the fact that the coating is situated on
only one side of the fabric. This results in a
dependence of the bending stiffness on the direction
of bending loading, as the coated side of the fabric
exhibits a greater bending stiffness than the uncoated
side.

Pile yarns are represented as one-dimensional
continuous rod (CROD) elements. The
aforementioned elements are responsible for
connecting the upper and lower skins, which have
been prepared in accordance with the specified
nodes, in a regular pattern. Non-linear material is
assigned to these elements, thereby allowing for
compression without stiffness. The young modulus of
the tensile part of the curve is calculated from the
measured tensile curve, while the young modulus of
the compression part of the curve is set to be almost
zero (zero is not a viable option). The inflation of the
panel results in significant displacement of the side
belt, causing the edgings of the skins to move
towards the centre plane of symmetry. Here, the pile
yarns undergo a reduction in length with no
resistance, while in the middle of the panel, the pile
yarns experience an increase in length.

The boundary conditions include the pressure loading
on the inner walls and the suppressed displacements
at specific nodes. The pressure value was set to 100
kPa, which is typical for common applications. All
lower binding points (nodes for pile yarns) were
disabled to enable vertical movement, thereby
simulating the free inflation of the panel. To suppress
displacement of the panel in both horizontal axes, one
line of lower nodes in each direction was disabled to
move.

SIMULATION RESULTS

The simulation results, namely the fabric deflections
(Figures 6 and 7), are in accordance with the
observed experimental outcomes. The greatest

104



Fibres and Textiles 32(1), 2025, 102-106

deflection is observed in the panel sides, which lack
the fixation provided by pile yarns in the upper and
lower skins. However, from the perspective of
mechanics and real-world applications, the
displacement of the fabric in the vertical direction (z-
axis) is of greater significance. It is expected that the
elongation of the pile yarns (measured in distance)
will correspond to the results obtained from the
experimental and analytical studies. A closer
examination of the fabric surface reveals a series of
undulations, indicative of a pronounced deflection of
the fabric between pile yarns following the warp
direction. Conversely, the deflection of the fabric
between pile yarns after weft is nearly negligible. The
discrepancy can be attributed to the notable disparity
in the density of the pile yarns following the warp and
weft processes. The height of the "wave" (the
distance between the binding point and the peak
value) is another crucial parameter in panel
mechanics. It is also employed for the validation of
simulations, with a value of 0.8 mm for a 100 kPa
pressure within the panel.

The values of strain and displacement demonstrate
that the stresses are minimal, falling below the
ultimate strength of the fabric and pile yarns. The
concentration of stress is observed to be located
around the mesh connections in corners where the
simulation consistently produces slight distortions in
the results. Another location of concentration of stress
is in binding points, where the material exhibits non-
standard behaviour. Nevertheless, the stress is
consistently below the ultimate strength.

A COMPARISON BETWEEN THE
EXPERIMENTAL AND THEORETICAL
RESULTS

The deflection of skin u between binding points after
warp is described by the following relation:

D1 (ek(D_x)+ek x

u(x) =- T

ek D+1) (D—-x)?
Hk

ekD—1 H

+§(D—x)

where D represents the distance between the binding
points after warp, H denotes the length of the pile
yarns, and k incorporates the bending stiffness. This
equation integrates the theories of thin plates and
membrane theory. If the bending stiffness is
disregarded (first bracket), the deflection shape
transforms into a parabolic function. The maximum
deflection occurs at the midpoint of the arc, where x
=DJ/2.

The objective of the experiment was to measure the
height of the profile (deflection of the skin) by means
of a laser scanner and to compare the experimental
data with theoretical predictions and then the
simulation results (Figure 8). The vertical distance
from the scanner was recorded for an increasing level
of pressure. The test was concluded at the level of
120 kPa of air pressure inside the panel. Both the
experimental and theoretical aspects were described

in detail in paper [8], and thus no further details are
provided here.

The data presented in Figure 9 comprises measured
data, calculated data derived from aforementioned
equation, and data obtained from the simulation. The
data demonstrate a high degree of correlation. The
displacements calculated from the FEM simulations
exhibit discrepancies from the experimental data,
particularly in the mid-arc region where the curve
intersects with the theoretical curve, which does not
account for bending stiffness. Closer to the margins

Figure 7. A detail of the displacements of the vertical axis of the
bent fabric skin between the pile yarns.

Figure 8. The 3D distance fabric panel during the safety test. In the
center there are visible deflections of the skin between binding
points that were measured by a laser scanner.
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Figure 9. A comparison of the measured deflection of the fabric
skin, loaded by 100 kPa (blue dots). The theoretical curve, derived
from the equation, is shown in red. The interpolated simulation data
is represented in black and a theoretical curve, which neglects the
bending stiffness, is illustrated in blue.

Figure 10. A case study of an overloaded fabric panel. Large
displacements occur in the place of loading.

of the arc the simulation curve is getting nearer to the
experimental data. However, due to the inherent
limitations of the FEM model, as previously
discussed, the agreement between the simulation
and experimental data is still fine. When considering
the absolute values of displacement along the arc, it
is evident that the exact value is not a crucial
parameter for practical applications. Instead, it serves
primarily to validate the mathematical theory and
ensure the accuracy of the simulations.

A CASE STUDY OF AN OVERLOADED
PANEL

The advantages of this methodology are readily
apparent when considering the example of the
overloaded fabric panel. The panel is typically loaded
by its working pressure, as illustrated in the preceding
example. Additionally, it is subjected to a force 15 kN
acting on an area of approximately 120 x 150 mm.
This force causes significant deflection of the upper
skin, with a maximum value of 78 mm. The
depression almost reaches approximately half of the
panel thickness, which is clearly unacceptable in
practical terms. The maximum values of stress and
strain are considerably higher than the typical range,
yet they remain within the third of the tensile curve,
indicating that the structure remains safe.
Nevertheless, a discernible decline in stability is

evident, attributable to the  considerable
displacements. The fabric between the depression
and the panel edge exhibits slight warping, which
presents numerical challenge. A larger load would
result in computational collapse, which is not viable
state for the panel. While the expansion of the panel
can be well described analytically using the
elongation of pile yarns, the external compression of
the panel must be computed numerically. As with
loading of panel sides, combined loading or
complicated boundary conditions require the use of a
numerical simulation via the finite element method is
irreplaceable.

CONCLUSIONS

In many cases, numerical simulations are an
invaluable tool for the analysis and design of air
inflated 3D distance fabric structures. These
simulations are based on precise material testing and
the nonlinear computation of appropriate FEM
software. The correlation between the outcomes of
these simulations and the mathematical theory, as
well as the results of physical experimentation, is
highly satisfactory, thereby substantiating the efficacy
of this approach. The benefits of simulation are most
evident in the context of structures subjected to
challenging boundary conditions, as illustrated by the
example of an overloaded panel.
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AIMS AND SCOPES

“Vlakna a Textil” is a peer-reviewed scientific journal serving the fields of fibers, textile structures and fiber-based pro-
ducts including research, production, processing, and applications.

The birth of this journal is connected with three institutions, Research Institute for Man-Made Fibers, Svit (VUCHV),
Research Institute of Chemistry of Textiles (VUTCH) in Zilina and Department of Fibers and Textiles at the Faculty of
Chemical Technology, Slovak Technical University in Bratislava, having a joint intention to provide, utilize and depo-

sit results obtained through the research, development and production activities dealing with the aforementioned
scopes. ,Vlakna a Textil* journal has been launched as a consequence of a joing of existing magazines ,Chemicke
viddkna* (VUCHV) and , Textil a chémia® (VUTCH). Their tradition should provide a good framework for the new journal
with the main aim to create a closer link between the basic element of the product - fibre and its fabric - textile.

Since its founding in 1994, the journal introduces new concepts, innovative technologies and better understanding of
textile materials (physics and chemistry of fiber forming polymers), processes (technological, chemical and finishing),
garment technology and its evaluation (analysis, testing and quality control) including non-traditional applications,
such as technical textiles, composites, smart textiles or garment, and nano applications among others. The journal
publishes original research papers and reviews. Original papers should present a significant advance in the under-
standing or application of materials and/or textile structures made of them.
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