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Preface

We were very delighted to introduce the conference proceedings book of the Second
International Conference on Innovative Textiles and Developed Materials ITDM’2)
which had been held at the Royal Thalassa Hotel, Monastir, Tunisia from 5 to 6 Mai,
2023. We were grateful to all distinguished participants for their contribution to the
conference. There were participants from Europe, Asia and Africa to present and
discuss their works provided in areas of four main topics: Ecological textiles dyeing
and finishing, innovative materials and polymers, smart and technical textiles, and
4.0 industry and textile processes.

It was worth nothing to have an opportunity to welcome our invited keynote
speakers, Prof. Aref Meddeb (from ENISo, University of Sousse, Tunisia), Prof.
Mohamed Hassen V. Baouab (from IPEIM, University of Monastir, Tunisia) and Prof.
Raoui Mounir Maaroufi (ISBM, University of Monastir, Tunisia). Then, 58 accepted
communications were presented and discussed. After a rigorous peer review process,
only 30 full papers were selected and requested for publication in this volume.

The editors hope that this book will provide the reader a broad overview of the
latest research works and findings in innovative textiles and developed materials, and
that it will be a valuable reference source for further research.

We are optimistic and full of hope about getting the proceedings of the [TDM’2
Conference covered by Springer in due course and excellent quality.

The editors would like to express their sincere appreciations and thanks to all
the authors for their contributions to this publication. We would like to express our
gratitude and appreciation for all of the reviewers and scientific committee members
for their constructive comments on the papers. We would also like to extend our
thanks to the members of the steering team for their hard work.
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We highly believed that this conference was an engrossing and captivating
discussion for every participant.

Monastir, Tunisia Prof. Saber Ben Abdessalem
Conference Chairman

Prof. Mohamed Hamdaoui
Conference Co-chairman

Assoc. Prof. Ayda Baffoun
President of Steering Committee

Asst. Prof. Adel Elamri
Corresponding Editor
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Multiple Reuse of Residual Dyebaths )
for Cotton Dyeing with Reactive L
Dyestuffs: A Promising Technique

for Environmental Sustainability

Rania Moussa, Marwa Souissi, Sabrine Chaouch, and Ali Moussa

Abstract This research investigates the feasibility of reusing residual dyebaths for
cotton dyeing with reactive dyes. For this, three reactive dyestuffs, namely C.I. Reac-
tive Yellow 145, C.I. Reactive Red 238, and C.I. Reactive Blue 235, were used,
separately and in mixtures, for dyeing cotton fabrics. After each dyeing, exhausted
dyebaths were analyzed, reconstituted, and reused several times for various shades
and mixtures. To evaluate the obtained results, two criteria were evaluated and
analyzed such as dyebath exhaustion and color conformity of dyed samples. Analysis
of the results showed that, in spite of the multiple reuses of dyebaths, the color of
samples dyed with the reused dyebaths are comparable to those obtained from the
initial dyebath with acceptable values of dyebath exhaustion and color conformity.
As a result, this dyebath reuse method has then the potential to significantly reduce
the use of water, dyes, and auxiliary quantities while ensuring that the performance
of the dyeing process is maintained.

Keywords Dyeing - Dyebath reuse * Color - Reactive dyes
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1 Introduction

The textile industry is one of the most significant sources of pollution in the world. The
finishing process, in particular, is notorious for its significant environmental impact,
including high water and energy consumptions, chemical wastes, etc. To avoid these
problems, several methods have been developed such as wastewater treatment, green
chemistry, and process optimization [1-3]. However, these methods often require
high costs and complex implementation, making them challenging for many textile
companies to adopt.

One approach that could significantly reduce the environmental impact of textile
dyeing is the direct reuse of residual dyebaths. This method consists of reusing
the exhausted dyebaths obtained from previous dyeings through the addition of the
necessary amounts of water, dyes, and auxiliaries until the initial dyebath is recon-
stituted [4—6]. This reuse allows to reduce the amount of water, dyes, and chemicals
needed for each dyeing process. Consequently, this method offers several advantages,
including reduced water consumption, lower chemical waste, and lower operating
costs. In the literature, existing works have shown that the reconstitution and the
reuse of residual dyebaths can lead to similar colors and fastness as the initial dyeing
process [7, 8].

The aim of this work is to assess the viability of reusing residual dyebaths for cotton
dyeing with reactive dyes. Three different reactive dyestuffs were used, separately
and in mixtures, for dyeing cotton fabrics. Exhausted dyebaths will be analyzed,
reconstituted, and reused multiple times to produce various shades and mixtures.
After each reuse, the dyebath exhaustion and the color conformity of dyed samples
are evaluated and discussed compared to the results obtained using initial dye baths.

2 Material and Methods

2.1 Material

Pre-bleached woven 100% cotton samples were used for dyeing. Their main char-
acteristics are as follows: 2/2 twill weave pattern, fabric weight of 206.25 g/m?,
fabric thickness of 0.59 mm, and warp and weft densities of 25 and 19 threads/cm,
respectively. For dyeing, three cold bifunctional reactive dyestuffs were used and
studied in this work: C.I. Reactive Yellow 145 (An.x = 433 nm), C.I. Reactive Red
238 (Amax = 543 nm), and C.I. Reactive Blue 235 (Apax = 610 nm). These dyes
stuffs were provided by Huntsman Company (Switzerland). Other chemical auxil-
iaries were added in dye baths including CHTT MRS as a wetting agent, NaCl as an
electrolyte, and NaOH as an alkali.
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2.2 Dyebath Reuse Procedure

Dyeing. Dyeing recipe and process used in this study are presented in Table 1 and
Fig. 1, respectively. All dyeings were carried out using an “Ahiba Nuance Top Speed
II-B” machine (Datacolor Company, USA). The liquor-to-fiber ratio was maintained
at 10:1. After each dyeing, a finishing treatment is conducted in order to eliminate
unfixed dyes from the sample. This finishing treatment contains the following steps:
hot rinsing at 50 °C for 10 min, neutralization at 50 °C for 10 min using acetic acid
to adjust the pH to 6, soaping at 95 °C for 10 min using 2 g/L of detergent and 2 g/L.
of sodium carbonate, second hot rinsing at 50 °C for 10 min, and finally cold rinsing
for 10 min. All these post-treatments were carried out with a liquor-to-fiber ratio
of 40:1. After each dyeing, residual dyebaths were analyzed in order to deduce the
required quantities of dyes, auxiliaries, and water to add in order to reconstitute the
initial dyebath.

Readjustment of the Dye Concentration. To restore the exhaustion dyebaths, it is
necessary to know their composition, in particular their dye concentrations. In this
study, the residual dye concentration (Cy) of the exhausted dyebath was determined
using a spectrophotometer HACH-DR-3900 (HACH, USA) at the wavelength Aax

Table 1 Dyeing recipe Levels Products Values
A Reactive dye X%"
Wetting agent (CHTT MRS) 3mL/L
B Electrolyte (NaCl) Y%™*
C Caustic soda (NaOH) Z%**

* X%: color shade
* Y% and Z% are the concentration of electrolyte and caustic
soda, determined according to the manufacturer’s instructions

Temperature (°C)
L

10 [ 10 I 40
60 °C

5\
1°C/min 3C/10 7C/10 Hot rinsing
Neutralization
Soaping
Hot rinsing
Cold rinsing

A Bfs 4B/5

» Time (min)

Fig. 1 Dyeing process
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corresponding to the maximum absorbance of each studied dye. The added concen-
tration of the dye (C,q) required to reconstitute the original dyebath was determined
as follows:

Caa = Cp — Cres (1)

where Cp (mg.L™") is the initial dye concentration specified in the recipe.

Readjustment of the Bath Volume. After each dyeing process, the decrease in water
volume due to fiber retention and evaporation was compensated by adding approx-
imately 10 mL of fresh water, which was necessary to restore the initial dyebath
volume of 50 mL.

Readjustment of Auxiliary Quantities. After readjusting the pH of the residual dye
bath to its initial value, the residual dye bath was also reconstituted to the desired
quantities of auxiliaries. In this study, we have used three auxiliaries: CHTT MRS as
a wetting agent, NaCl as an electrolyte, and NaOH as an alkali. The added amount
of each auxiliary was calculated based on the desired shade of dye.

2.3 Determination of Dyebath Exhaustion

After each dyeing, residual dyebath was cooled at ambient temperature and analyzed
with a spectrophotometer HACH-DR-3900 at the Anax for each dye. The dyebath
exhaustion is determined using Eq. 2:

Co—C
E(%) = % x 100 2)
0

where Cy (mg.L’l) is the initial dye concentration and Cie (mg.L’l) is the residual
concentration of the dye after dyeing.

2.4 Color Measurement

Colors of dyed samples were evaluated using a spectrophotometer Spectraflash
500 (Datacolor Company, USA). Measurements were conducted under specific
measuring conditions, including an illuminant of D65 and a 10° standard observer.
To perform the evaluation, textile fabrics were folded twice (four layers of thickness)
to achieve maximum opacity.
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3 Results and Discussion

3.1 Dyeing with a Single Reactive Dye

Analysis of Exhaustions of Various Reused Dyebaths. Figure 2 illustrates the
dyebath exhaustions obtained for the studied dyes during the reuse cycles of the
dyebath. It can be observed that the exhaustions of the dyebaths remained rela-
tively high even after five multiple reuses, with mean values ranging from 58.98%
to 93.85%. Among the studied dyes, the C.I. Reactive Yellow 145 dye presented the
highest initial exhaustion percentage of 93.85%, followed by C.I. Reactive Blue 235
and C.I. Reactive Red 238 dyes with initial exhaustion values of 90.73% and 77.68%,
respectively. During the five reuse cycles, the evolution of the dyebath exhaustion is
different according to the dye; it remained relatively stable for the blue dye with a
mean exhaustion value of 92.16%, exhibited a small decrease from reuse 1 (90.12%)
to reuse 5 (79.5%) for the yellow dye, and a high decrease from reuse 1 (70.6%) to
reuse 5 (58.98%) for the red dye with the lowest overall mean exhaustion percentage
of 67.56%.

In addition, it should be noted that there are some differences in exhaustion values
across the dyebath reuse cycles, indicating some degree of variability, but they remain
relatively small with coefficients of variation below the threshold of 5% (for blue and
yellow dyes). These results suggest that while the reuse of residual dyebath could
potentially be useful in reducing the amount of dye required for cotton dyeing, the
effectiveness of this technique could vary depending on the dye type and its affinity
to the cotton fiber. The dyebath reuse technique economizes about 10% of the used

I Reactive Yellow 145 W Reactive Red 238 ® Reactive Blue 235
100 -

T . -

%0 -
80 —
1+
60
50 1

40 -

Exhaustion E (%)

30 +—

20 +

10 +—

&
<& B ES

A?Q% :

Number of dyebath reuse

Fig. 2 Dye exhaustions E(%) for the initial and the 5 reused dye baths
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quantity of dye. It was also observed that the volume of water added to the residual
baths between reuses did not exceed 10 mL versus an initial volume of 50 mL; so, a
water saves of 80% compared to conventional dyeing. Moreover, this reuse method
allows to avoid the rejection of residual dyebaths and their treatment.

Analysis of the Color Conformity Color measurements were conducted on the
dyed samples during the five reuse cycles. For each reuse, corresponding values of
CIELAB coordinates are the mean values of two different samples dyed separately.
Table 2 shows the colorimetric coordinates and the color differences (in D65/10°)
between samples dyed with the initial dyebath and those dyed with reused baths (case
of 0.5% of dye) for the three studied dyes. As can be observed, the majority of the
AE mc2:1y values are lower than 1.5 with average values of 1.054, 0.926, and 1.536
for yellow, red, and blue dyes, respectively. These mean values can be considered
acceptable for yellow and red dyes but high for blue dye.

3.2 Dyeing with a Binary Mixture of Reactive Dyes

In this section, we examined the dyeing of cotton fabrics with binary mixtures of
reactive dyes, in particular mixtures containing both yellow and blue dyes (C.I.
Reactive Yellow 145 and C.I. Reactive Blue 235). Yellow and blue dyes were chosen
because they have distant values of A,,x and obviously compatible, making it possible
to use them in mixture without any adverse effects on the color or quality of dyed
samples. The principle of reconstruction of residual dyebaths used in this case was
the same as that for single dyes, where the dye mixture was added to the dyebath and
allowed to react with the cotton fabric. Figure 3 shows an example of the absorbance
spectra measured in the case of the mixture containing 0.25% of yellow dye and
0.25% of blue dye. Absorbance values measured at A of each dye were used to
deduce the exhaustion values of dye baths for these dyes.

So, the residual bath from the dyeing process was also reused in subsequent
dyeing cycles to economize the quantities of dye and water used. Overall, the use
of binary mixtures of reactive dyes in combination with the reuse of residual baths
presents a promising approach to achieving sustainable and cost-effective cotton
dyeing processes.

Analysis of the Dyebath Exhaustions. Figure 4 shows the exhaustion percentages
for a series of dyebath reuse cycles for the mixture “0.25% Reactive Yellow 145
+ 0.25% Reactive Blue 235 dyes.” The initial exhaustion percentages for Reactive
Blue 235 and Reactive Yellow 145 were 93.03% and 91.21%, respectively. The
exhaustion percentages for both dyes decreased gradually after each reuse cycle.
After five reuses, the exhaustion percentage for Reactive Blue 235 was 89.42%,
while that for Reactive Yellow 145 was 80.94%. It is worth noting that the exhaustion
percentages for both dyes exhibited some variation from one reuse to another. These
results suggest that the reuse of residual dyebath containing mixtures of dyes could
potentially be useful in reducing the amount of dyes required for cotton dyeing, but
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Yellow (0.25%) Blue (0.25%) Mixture (0.25% Yellow + 0.25% Blue)
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Fig. 3 Absorbance spectra of the studied mixture (solutions with 500 mg/L of dyes)

the effectiveness of this technique may vary depending on the dye type and its affinity
to the cotton fiber.

Analysis of the Color Conformity. Same as the previous section, a series of color
measurements were carried out on the samples dyed using the studied mixture
throughout the five cycles of reuse. Table 3 shows the CIELAB coordinates and
the color differences between samples dyed with the initial dyebath and those dyed

LI Reactive Yellow 145 @ Reactive Blue 235

Exhaustion E (%)

Number of dyebath reuse

Fig. 4 Dye exhaustion E (%) for the initial and the 5 reused dyebaths (case of the mixture “0.25%
Reactive Yellow 145 + 0.25% Reactive Blue 235)
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with reused baths (case of the mixture “0.25% Reactive Yellow 145 + 0.25% Reac-
tive Blue 235). As can be observed, the AEcwmc(2:1) values obtained after the different
reuses were relatively high, ranging from 1.6 to 3.287. These high values of color
differences could be attributed to some errors in measurements, in particular when
measuring absorbance values at A, of each dye. Further studies are then neces-
sary to improve the accuracy and the conformity of the dyed samples and to better
understand the factors that influence the results obtained with mixtures.

4 Conclusions

The objective of this study was to evaluate the potential of reusing residual dyebath for
the economical and sustainable use of reactive dyes for cotton dyeing. Three reactive
dyes such as C.I. Reactive Blue 235, C.I. Reactive Red 238, and C.I. Reactive Yellow
145, as well as a binary mixture of C.I. Reactive Blue 235 and C.I. Reactive Yellow
145, were studied. The exhaustion percentages of the dyebaths were evaluated over
five reuse cycles to determine the effectiveness of the reuse technique. The results
showed that the exhaustion percentages remained relatively high for all dyes even
after multiple reuses, with mean values ranging from 58.98% to 93.89%. The study
also found that the volume of water added to the residual baths between reuses did
not exceed 10 mL vs an initial volume of 50 mL, resulting in a water save of 80%
compared to conventional dyeing. Overall, these findings suggest that the reuse of
residual dyebath could potentially be useful in reducing the amount of dyes required
for cotton dyeing, as well as for saving water and avoiding the costs of treating and
disposing of residual dyebath. Further research is necessary to evaluate the uniformity
and the color fastness of the dyed samples, which are crucial aspects to determine
the overall quality of the final product. Other areas for investigation could include
the performance of other shades and mixtures, as well as the economic feasibility
of this method on a larger scale. Additionally, efforts could be made to encourage
more textile companies to adopt this approach. By continuing to develop and refine
sustainable solutions like the reuse of residual dyebaths, the textile industry can work
toward a more environmentally responsible future.
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and Faten Fayala

Abstract The drying capacity of fabrics is an important feature for sportswear.
Furthermore, the environmental impact of these products is crucial for the sustain-
ability of the humankind. Combining the eco-friendly feature with clothing comfort
is the golden solution. Claims have been made on the comfort level of COCONA®
new biodegradable polyester yarn. This study is dedicated for investigating these
claims. Six knitted fabrics were made in this work, three were made with COCONA®
polyester yarn and three others were made with its biodegradable version. A compar-
ison between the drying time, as a clothing comfort property, of these two groups of
fabrics was done on finished and domestically washed fabrics. Results indicate that
after finishing and washing, knits made with the biodegradable COCONA® yarn have
a superior capacity for drying than knits made with the conventional COCONA®
polyester yarn. After the domestic washing cycles, drying times of biodegradable
fabrics show a slight improvement compared to the regular ones.

Keywords Clothing comfort + Drying behavior - Sustainability + Biodegradable
polyester

1 Introduction

Global warming and climate change are the most environmental hazards that attracted
the world’s attention regarding the integrity of the overall ecosystem. The textile
industry is one of the highest polluted manufacturing sectors. The pesticides used
in farming and chemicals used in textile processing harm the environment and can
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contribute to the air and water contamination. The overuse of natural resources in the
entire supply chain of a textile product depletes or disturbs the ecological balance.
After use and old clothes are thrown away to landfill sites and they take up precious
space in these sites [1]. Due to polymers’ slow rate of degradation, the majority of
discarded clothing stays in the ecosystem for years [2, 3]. The major focus of the
apparel industry was the fashionable design and advanced functionalities of some
type of clothes. The textile industry is attempting to provide ecologically friendly
and sustainable goods that need to be supported by the general public as consumer
awareness of this environmental threat grows.

The United Nations World Commission defines sustainability as “the continuous
development that satisfies the present without compromising the capacity of future
generations to meet their own needs” [1, 4]. Reduced negative effects on the quality
of the air, water, and other natural resources are a key component of sustainable
development [1]. Brands are using sustainability labels on their products to persuade
customers in a competitive marketing environment.

The sportswear manufacturing field has a major part in the ecosystem menace,
considering its great use of synthetic fibers like polyester and polyamide. Man-
made fibers are dominant over natural ones in sportswear products owing to their
low cost and inexpensive treatment in one hand and on the other hand, to their
superior properties such as wicking capacity, high drying rate, and resistance to
microorganisms [ 1, 2]. With some finishing treatments, synthetic fibers provide better
clothing comfort than natural fibers. Unfortunately, most of them are generated from
petrochemical raw materials which are non-biodegradable and responsible for the
emission of CO; during their product life cycle. Therefore, the great challenge for
sportswear manufacturers is to provide an eco-friendly product with a satisfying level
of comfort to the wearer.

The amount of comfort provided by a piece of clothing while engaging in physical
activity is an important factor in performance, well-being, and health of the user.
Physiological comfort refers to the thermal and wet state of the clothing—human
body system. The effectiveness of heat and moisture exchange processes between
the human body and the environment via the layer(s) of clothing is connected to
these states. A body temperature of 37 °C and an average skin temperature of 33 °C
without sweat are considered physiologically comfortable for a human body [5-7].
The layer(s) of the clothing must maintain the body and skin temperatures in their
suitable states and ensure the thermal balance of the body with its environment. The
physiological clothing comfort of sportswear can be evaluated through subjective
wear trials or by assessing some properties like the water vapor and air permeability,
the wetting and wicking capacity, and the drying behavior.

Investments are made in making innovative eco-friendly fibers with sustainable
practices that provide a high level of comfort. Eco-friendly fibers can be considered
recyclable or biodegradable. Recyclability refers to the recovery of useful mate-
rials from waste through chemical or mechanical decomposition [4]. Nowadays,
the most prominent fibers for sportswear are polyester, followed by polyamide.
Polyester fiber recycling offers a more environmentally friendly production method
by reducing landfill volume and plastic waste. A comparison done by Hatamlou
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et al. [8] between the moisture transfer behavior of knitted fabrics made from recy-
cled and regular polyester fibers showed that the recycled polyester fabric had better
absorbency, wettability, drying speed, and capillary rise than regular polyester fabric.
The moisture management tester evaluation gave both fabrics a good grade.

Biodegradable materials are defined as their ability to naturally break down
into simpler materials. Substances ingested by organisms (bacteria, fungi) must
be harmful to decomposers and must decompose within a relatively short period
of time on human timescales [3, 4]. Despite being synthetic, PLA fibers are made
from raw materials that are both natural and regenerative. It is made by separating
and fermenting sugars from annually renewable crops like maize, sugar beet, or
wheat starch. As a result, it is a biodegradable and bioabsorbable polymer. During
its lifetime, Earth’s carbon dioxide levels might decrease [2, 9, 10].

The heat and moisture transmission characteristics of cotton/PLA mixed knitted
textiles were studied by Guruprasad et al. [9]. They discovered that adding PLA
fibers to cotton fibers improves the comfort of knitted garments, with 65/35 being
the ideal mix ratio for materials with enhanced moisture transport capacity.

Demanding the advocacy of their product, “go green” manufacturers promote
the excellent functionalities and the sustainability offered. The intention of this
study is investigating the claims of 37.5® technology producers, and they state that
enhancing the intrinsic biodegradable characteristic of initially non-biodegradable
yarn to develop the biodegradation rate does not affect the clothing comfort overall
performance of their product. To accomplish our purpose, a comparison between the
drying time, as a wear comfort property, of a non-biodegradable polyester yarn with
its biodegradable model was achieved.

2 Materials and Methods

The polyester yarn COCONA® is made of polyester filaments that has energetic
particles permanently incorporated into it. These particles actively respond to changes
in body temperature by capturing and releasing water vapor. Those particles use the
human body’s infrared heat to hasten the evaporation of liquid sweat and the motion
of its vapor form.

In July 2020, COCONA® delivered a biodegradable version to all 37.5% tech-
nology polyamide and polyester filament and staple fibers yarns. According to the
industry standard for biodegradation, ASTM D-5511 [11]; According to indepen-
dent testing, this innovative fiber dramatically dissolves within a shorter time than
non-biodegradable fiber, rather than taking centuries to decades as advertised. This
results in less waste building up in landfills. If dumped in a landfill that mimics
the conditions found in the standardized test, 37.5® technology biodegradable fibers
disintegrate by 54% in 341 days, decreasing to methane and carbon dioxide, and
ultimately to a biomass in about 3.35 years.

In this study, three knitted structures were designed and produced on a single
jersey machine J1, J2, and J3. The three fabrics were made firstly by the regular
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Table 1 Details of the

. Pattern Code Yarn fraction
employed fabrics

Jersey crepe J1B 50% Polyester
50% COCONA® biodegradable

Jersey crepe 2B

Jersey mesh J3B

Jersey crepe JIR 50% Polyester
2R 50% COCONA®

Jersey crepe

Jersey mesh J3R

COCONA® polyester yarn, the fabrics are coded as J1R, J2R, and J3R. Then, the
yarn was replaced with its biodegradable version and three other fabrics were made,
coded as J1B, J2B, and J3B. The manufacturing process and machinery settings were
the same for fabrics made with the same structure. The pattern and yarn fraction of
these fabrics are shown in Table 1.

Washing and bleaching were done simultaneously on a small dyeing machine.
Finishing and heat setting were carried out on a stenter machine successively. Further-
more, the durability of the fabrics was tested by undergoing five cycles of domestic
washing and drying to the finished fabrics. The structural characteristics experiences
and the drying time evaluation of the six fabrics were performed after the finishing
and the domestic washing phases.

2.1 Yarn’s Structural Characteristics

The yarn’s porosity was considered as the percentage of air volume from the entire
yarn volume following the Eq. (1) [12, 13]:

Porosity (%) = 100(1 — (d*.N/D?)) (1)
Here, d and D are, respectively, the fibers and yarns average diameters. The diameters
were measured using a digital Leica microscope. The linear density in dtex and

the average number of filaments per cross-section (V) were provided by the yarn
suppliers. The characteristics of the employed yarns are shown in Table 2.

Table 2 Characteristics of the yarns

Yarn Number of Linear d (nm) D (pm) Porosity
filaments density (%)
(filament) (dtex)

Polyester 72 83 12.17 190 70.46

COCONA® 48 83 13.93 200 76.71

COCONA® biodegradable 48 83 13.27 260 87.50
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Table 3 Structural properties of the finished and washed J1R and J1B

Phase Thickness Mass per Course Wale Stitch Loop length
(mm) unit area density density density (cm)
(g/mz) (Courses/ (Wales/ (Stitches/
cm) cm) cm?)

JIR |JIB |JIR |JIB |JIR |JIB |JIR \JIB |JIR |JIB |JIR |JIB
Finished | 0.61 |0.46 |76.6 6556158 |15.6 |15.1 |15 |238.6|233.826.98 |25.89

CV (%) [2.19 |196 |1.95|1.59 |2.83 |3.51 |1.48|4.71 1.35 |3.06
Washed | 0.67 |0.51 |80.469.54 162 | 154 |15.5 15.6 251 |240.2/26.93|252
CV (%) |1.69 216 |2.12|137 |2.76 |3.56 |3.23 |3.51 1.32 |2.32

Table 4 Structural properties of the finished and washed J2R and J2B

Phase Thickness Mass per unit | Course Wale Stitch Loop
(mm) area (g/m?) density density density length
(Courses/ (Wales/ (Stitches/ (cm)
cm) cm) cm?)

J2R |J2B |J2R J2B J2R |J2B |J2R |J2B |J2R |J2B |J2R |J2B
Finished | 0.48 |0.45 |108.56 |100.98 | 24 252 |17.5|17.6 |420 |443.6|18 |18.6

CV (%) [ 1.88 |1.97 |2.88 |0.69 |4.17 |3.32 |2.86 3.11 1.65 | 1.49
Washed | 0.5 0.48 |111.66|106.14 |23 246 |18 |18.4 414 |452.8|18.3|18.9
CV (%) 0.9 1.13 | 0.74 1.37 |0 3.64 |0 2.98 245/ 1.61

2.2 Fabric’s Structural Characteristics

The standard atmospheric conditions for testing were considered as, 65% =+ 2%
relative humidity and 20 °C & 2 °C room temperature. The fabric’s samples were
conditioned in the same atmosphere for 24 h before testing. The fabric thickness was
considered as the distance between the parallel presser foot of the FAST1 and the
reference plate, the presser foot exerts a pressure equal to 0.196 kPa with an area
of 10 cm?. The measure of the mass per unit area was done following the standard
method EN 12127 [14]. The number of courses, wales and stitches per centimeter
were measured according to the standard EN 14971:2006 method A [15]. A 100
stitches loop length was calculated in accordance with the standard EN 14970:2006
[16]. The structural properties of J1, J2, and J3 fabrics made with the two versions
of yarn are presented, respectively, in Tables 3, 4, and 5.

2.3 The Drying Behavior

The drying behavior of fabrics is the clothing comfort property examined in this
study. The drying behavior of fabrics was portrayed by estimating the drying time.
At first, the mass of a circular 100 cm? specimen was recorded. Then, the distilled
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Table 5 Structural properties of the finished and washed J3R and J3B

Phase Thickness Mass per unit | Course Wale Stitch Loop length
(mm) area (g/m?) density density density (cm)
(Courses/ (Wales/ (Stitches/
cm) cm) cm?)

J3R | J3B |J3R J3B J3R |J3B |J3R |J3B |J3R |J3B |J3R |J3B
Finished | 0.49 |0.53 |96.76 [98.38 |242 |23.6 |16.7 |18 |404.3|424.8|18.75|18.51

CV (%) |224 |1.03 |0.83 099 |3.46 |232 |2.68 |0 0.72 | 0.90
Washed | 0.53 |0.56 |100.22 | 104.36 | 26 252 |16.6 |17.6 |431.6 | 443.6 | 18.45 | 18.84
CV (%) | 133 [297 |0.37 |201 272 |4.35 |3.30|3.11 1.09 |1.14

water was used to drop a 20 & 2 mg of water on the digital scale. The drop must be
placed in the center of the specimen when it is placed backwards. The chronometer
was launched at this point. The mass was recorded every two minutes until it returned
to the initial sample’s mass. According to this method, the drying time is defined as
the time recorded when the mass has returned to the fabric initial mass.

3 Results and Discussions

The drying times of garments created with non-biodegradable and biodegradable
COCONA® polyester yarn after finishing and following domestic washing cycles
will be compared in this section.

The fast-drying capacity of knitted fabrics intended for sportswear is crucial for
providing a high level of comfort. The new biodegradable yarn must thus conserve or
improve the drying behavior by shortening the time required for water to evaporate in
order to guarantee a greater comfort performance. Figures 1 and 2 show, respectively,
how long it takes for knits to dry after being finished and after being cleaned.

70
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Fig. 1 The drying time of finished fabrics
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Fig. 2 The drying time of washed fabrics

Knits produced with the non-biodegradable COCONA® yarn require longer
drying periods at the finished and washed phases than knits made with the biodegrad-
able version. In the case of finished fabrics, the difference between JIR and J1B is
greater than the other knits, 7 min between J1R and J1B, 2 min between J2R and
J2B, and the same between J3R and J3B. This can be explained by the loose bonding
structure of the J1 knits. The distance between threads is large in structures with high
loop length value (Structure J1), and there are fewer linking points between yarns
than in structures with low loop length value (Structures J2 and J3), so, the liquid
moisture management of a single yarn can significantly govern the overall drying
capacity of the fabric. The biodegradable COCONA® yarn is more porous than its
regular version; hence, its absorption capacity and wicking behavior is more efficient,
and ultimately, the drying time of knits made by this yarn is lower. This interpre-
tation is confirmed by the results found by Kim and Kim [17]. They examined the
wear comfort properties of knits made with different types of yarns, having different
porosity values. They found that if there is more void in the structure of the yarn, then
the transmission of water vapor by diffusion will be smoother. And they added that
with this fast transmission, the time needed for drying will be reduced. So, following
the results and the previous interpretations, we can conclude that the biodegradable
COCONA® polyester yarn affects the drying time of the loose structures in a more
significant way than the tight structures.

After the domestic washing cycles, an alteration in the drying capacity of fabrics
was observed, which is supported by the findings of Duru and Candan [18], who
stated that after washing, the drying time of knitted fabrics decline, which is mainly
provoked by the changes in the size and volume of the micro- and macro-pores as
well as their tortuosity. Moreover, they add in [19] that repeated washing cycles
affect the characteristics of fibers and fabrics at various extents, which can generate
a change in the liquid transfer capabilities of knits.

When comparing the drying times before and after the domestic washing cycles, a
glaring difference exists between values of knits made with the regular COCONA®
yarn, 19 min in the J1 structure, 7 min in the J2 structure, and 30 min in the J3
structure. Instead, a smaller difference is observed in the fabrics made with the
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biodegradable COCONA® yarn, 7 min in the J1 structure, 3 min in the J2 struc-
ture, and 13 min in the J3 structure. These results indicate that the biodegradable
COCONA® yarn resists to domestic washing cycles better than the regular yarn and
that there have been no severe alterations in its pores structure.

Additionally, the repeated household washing cycles can deteriorate or eliminate
the moisture management agent applied in the finishing process, which could hinder
the absorption and spreading of moisture by the fabrics. Consequently, the drying
time is increased. Accordingly, the employment of the COCONA® biodegradable
yarn in knitted fabrics enables a better finishing agent fixation and provides to the
final consumer a comfortable product even after use.

4 Conclusion

In this study, a comparison between the drying time of two types of polyester func-
tional yarns was done. The purpose was to investigate the effect of biodegradable
chemical additives on the clothing comfort performance of knitted fabrics.

According to the results, all fabrics made with biodegradable COCONA® yarn
dried faster than fabrics made with regular COCONA® yarn both after finishing and
after domestic washing cycles. However, after domestic washing cycles, drying times
of fabrics made with biodegradable COCONA® yarn increased slightly.
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Abstract The fashion industry’s supply chain is extremely extended, with many
different suppliers, distributors and retailers frequently involved. Hence, there are
several barriers when attempting to monitor and improve sustainability progress
within the whole supply chain. Numerous fashion brands acknowledge the impor-
tance of preserving the environment for the future of the fashion industry, as well as
the rising environmental awareness of consumers. To address this, brands are proac-
tively working to integrate environmental sustainability practices into their manu-
facturing operations. This paper highlights the environmental damage caused by the
jeans industry and examines the sustainability initiatives of Levi’s and Kontoor,
two leading jeans brands. Through an analysis of their published sustainability
reports and official websites, we managed to provide insights into their innova-
tive approaches and environmental strategies implemented. Both brands are actively
working toward reducing their environmental footprint and promoting sustainability
within the industry. They have set challenging goals to reduce their carbon emissions,
conserve water, eliminate harmful chemicals from their supply chain and lower their
waste generation. They also commit to sourcing their materials responsibly and
improving their circularity.
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1 Introduction

Denim has become a staple in the global apparel market and is most often used for
jeans [1], one of the most recognizable and iconic products that appeal to consumers
of all ages. Denim fabric production is an international business, with most of it
taking place in countries like China, its main global exporter. India, Bangladesh,
Pakistan, Turkey, and the United States are also key denim-producing countries [2].
In 2022, the denim fabric market accounted for 4.3 billion meters of fabric [3], and
was valued at $27.1 billion. This market is likely to grow to over $35 billion by 2027
[1].

Similarly, the global Jeanswear market is forecasted to grow from 100 billion US
dollars in 2018 to around 128 billion US dollars by 2023 [4]. A 2012 report stated
that roughly 1.8 billion pairs of denim pants were sold annually [2], but in 2022, the
number had risen to about 3.1 billion pairs. For the ensuing years, it was anticipated
to increase steadily, surpassing 3.46 billion units by 2026 [5].

For decades, a pair of jeans has been the backbone of countless fashion collections.
Yet, it remains a part of the fashion industry’s “take, make, waste” approach [6]. The
process of making jeans is complicated since it encompasses many steps such as
raw materials extraction, fabric production, garment manufacturing, finishing and
transportation [2].

Each of these steps has a substantial environmental impact in terms of resources
usage (such as energy, water and chemicals), waste generation and greenhouse gas
(GHG) emissions. Moreover, the specific design and construction of jeans make it
difficult to recycle and repurpose them [6].

The fact is that jeans production leads to ecosystem pollution and health risks
is worrying. Research indicates that the jeans market accounts for about 1% of the
world’s total greenhouse gas emissions. To be precise, each pair of jeans produced
results in the emission of 33.4 kg of carbon dioxide equivalent (CO2e), utilizes 3781
L of water, and requires 12 square meters of land [7].

This paper aims to outline and compare some of the key environmental sustain-
ability initiatives implemented by two jeans labels—Levi Strauss & Co. and Kontoor
Brands—in order to reduce their ecological footprint.

The rest of the paper is structured as follows: initially, the methodology of the
study is outlined. Then, a comparative analysis of the environmental strategies and
future targets of both brands is conducted. The paper concludes with a presentation
of the findings.
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2 Methodology

2.1 Selection of Brands

Levi Strauss & Co. is a highly recognizable label in the denim industry [1] and is
considered as one of the top competitors in the jeans market alongside Wrangler and
Lee, which are both owned by Kontoor Brands [8].

Still, Levi’s outperformed Kontoor Brands in terms of net revenue. In fiscal year
2021, the brand reported a net revenue of 5.8 billion [9], while Kontoor Brands
reported 2.5 billion during the same period. This is an indication that Levi’s has a
greater global presence when compared to Kontoor Brands. However, it is crucial to
keep in mind that Kontoor Brands is a younger company, as it was spun off from VF
Corporation in 2019 [1], meaning it may still be in a phase of growth.

2.2 Collection of Data

The selected labels, Levi Strauss & Co., and Kontoor Brands, are both US-based
companies that produce Jeanswear and are regarded as major competitors. They can
therefore be considered a representative sample and compared accordingly.

To conduct this research, we obtained the necessary data from their official
websites and their latest publicly available sustainability reports. Specifically, we
reviewed the sustainability reports of Levi’s for the year 2021 and Kontoor Brands
for the year 2020.

2.3 Analysis Method

The environmental sustainability strategy of both brands revolves around two major
pillars: Planet and Product. As aresult, we conducted a thorough comparative assess-
ment by focusing on their efforts to reduce greenhouse gas (GHG) emissions, improve
chemical management, increase waste diversion and minimize resource use (e.g.,
energy, water). In addition, we examined their procurement of sustainable materials
and their commitment to circularity throughout the product life cycle.

This type of analysis is essential to understand how these brands are striving
to reduce their environmental impact and can help influence decision making and
encourage sustainable practices.
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3 Environmental Sustainability Initiatives

Renowned denim apparel manufacturers Levi’s and Kontoor Brands have a signif-
icant environmental impact. Although their initiatives, strategies, and long-term
objectives may vary significantly, both brands share the common goal of reducing
their environmental impact and promoting sustainability across their supply chain.

3.1 GHG Emission and Energy Use

In order to prevent the most severe outcomes of climate change, it is vital that we
intensify our endeavors in the coming years to limit the global temperature rise to
1.5 °C [10].

Textile brands are expressing concern about the impact of climate change on
their production facilities. This is because, high temperatures can lower operator
productivity and increase absenteeism rates. In addition, severe weather events (such
as floods, storms and wildfires) can affect logistics and worker health, delay the
supply of raw materials and finished products and endanger production sites [11].
Both brands are aware of these consequences, thus, they have set future goals to
reduce their carbon footprint and implemented measures to achieve them.

Levi’s has established science-based goals to address its absolute Scope 1 and
Scope 2 greenhouse gases emissions by 90% and to expand the adoption of renewable
electricity by 100% (across its company-operated facilities). Also, it aims to reduce
its absolute emissions of Scope 3 by 40% (across its supply chain). All these targets
are set to be met in 2025 (from the 2016 baseline) as part of Levi’s plan to become
climate neutral by 2050 [9].

In 2021, Kontoor Brands presented its ambitious greenhouse gas emission reduc-
tion targets, pending approval by the Science Based Targets (SBTi) initiative. It has
also set a target of using 100% renewable energy, across its owned and operated
facilities, by 2025 [11].

Both Levi’s and Kontoor Brands have implemented some key initiatives to reduce
their GHG emissions. For instance, both brands are shifting to renewable energy
through generating onsite solar energy or purchasing Renewable Energy Certificates
(RECs). Furthermore, in order to improve their energy efficiency, both brands have
taken some measures across their facilities, such as installing LED lighting and
motion-sensing light. They are also upgrading HVAC systems, to reduce their energy
consumption and GHG emissions [9, 11].

On top of this, Kontoor Brands is known for supporting its suppliers by providing
training to improve their energy efficiency and implementing programs to track and
report their emissions and energy use, which is also the case with Levi’s, both of
which use the Higg Facility Environmental Module (Higg FEM) assessment tool
[9, 11].
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3.2 Water Use

The denim sector remains a water-intensive industry, as evidenced by several studies
[12]. Cotton farming, denim fabric production (which involves bleaching, dyeing and
finishing) and garment washing, a crucial step in obtaining the desired look and soft-
ness, require substantial amounts of water [11]. Furthermore, the laundering habits
of consumers are seen as a major threat to the availability of freshwater resources
[7].

Both Levi’s and Kontoor Brands have committed to reduce their water use
within their production processes. Even though their initiatives vary, each brand
has implemented a thorough strategy to mitigate its water footprint.

On the one hand, Levi’s has been actively promoting and implementing Water
< less® finishing techniques and applying water Recycle & Reuse Standard at its
manufacturing facilities since 2011. As aresult, the company has saved a total of 11.5
billion liters of water between 2011 and 2021. Moreover, the brand has pledged to
decrease its water consumption by 50% in areas with limited water resources (starting
from the baseline of 2018) and plans to support its main suppliers in becoming
certified as Water < Less® facilities by 2025.

Levi’s is proactively promoting sustainable practices within the denim industry
by openly sharing its water-saving techniques such as the Water Action Strategy,
Water < Less® Technique Manual, and Recycle & Reuse Standard and Guidelines,
with the aim of inspiring the entire industry to join water conservation efforts [9].

On the other hand, Kontoor Brands has set itself the goal of halving its water
consumption by 2030 through the use inventive techniques and by ensuring that all
water used in their production processes is adequately purified before being released
into the environment. Over the period of 2008 to 2020, the company was able to
recycle 8 billion liters of water, which has paved the way for achieving their target
of conserving ten billion liters of water by 2025 [11].

In 2019, Kontoor Brands launched an inventive approach known as Indigood™
Foam-Dyeing Technology, which entails using foam instead of water to dye denim.
This technique yields a reduction of up to 90% in water usage [13]. It also reduces
energy consumption and waste generation by over 60% and eliminates the need for
chemical baths during the dyeing process [11].

Itis necessary to maintain continuous monitoring and supervision to pinpoint areas
where water usage can be reduced and establish strategies to decrease its footprint.
To this end, Kontoor Brands and Levi’s have adopted Jeanologia’s EIM software to
track the quantity of water used during finishing processes [9, 11].

3.3 Chemicals Use and Wastewater Discharge

According to the researchers, the production of one kilogram of clothing requires
between 1.5 and 6.9 kg of chemicals. This indicates that the amount of chemicals
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used during the manufacturing process is greater than the weight of the final product
[14]. To put it in perspective, one pair of Levi’s® 501® medium stonewash jeans
weighs around 340 g [15].

The wet processing of denim involves the use of chemicals such as synthetic
indigo dyes, bleach, wetting and sequestering agents and sulfuric acid, which can
be detrimental to the environment. Mishandling these substances can lead to water
contamination, while disposing them improperly can add to the pollution of soil and
air [14].

Considering this, Kontoor Brands and Levi’s have taken noteworthy steps toward
producing more eco-friendly products. This involves minimizing the use of harmful
chemicals during production, with the ultimate goal of decreasing their chemical
footprint and wastewater output.

In2012, Levi’s set a target for its major wet finish producers to reach zero discharge
of hazardous chemicals (ZDHC), which was achieved by 2020 [16]. Following this
success, the brand has set a challenging goal for all fabric mills and key garment wet
finishing producers to use 100% certified Screened Chemistry by 2026 [9].

In 2022, Levi’s embraced the Restricted Substances List (RSL) of “Apparel and
Footwear International RSL Management” (AFIRM) and mandated that its suppliers
comply with it, aiming to encourage consistency in the use of safer chemicals
throughout the industry.

In addition, Levi’s uses tools like “CleanChain” and the “ZDHC Gateway” to
ensure that its first- and second-tier suppliers are using chemicals responsibly and
managing their wastewater properly. It also mandates its suppliers to submit monthly
reports demonstrating their compliance with the ZDHC’s “Manufacturing Restricted
Substance List” (MRSL) and to conduct tests of their effluent treatment plants bi-
annually [16].

Kontoor Brands, like Levi’s, has established a goal of utilizing 100% preferred
chemicals by 2023 and is implementing various measures to achieve it. For instance,
the brand requires its manufacturers and material suppliers to comply with its
Restricted Substances List (RSL).

Kontoor Brands also adopted an innovative chemical management program known
as CHEM-IQSM that aims to eliminate the use of harmful chemicals from its supply
chain. This program includes a compilation of over 430 hazardous substances referred
to as the “Substances to Avoid List (STA).” The brand has also partnered with its
suppliers to build wastewater treatment facilities and require them to comply with its
wastewater regulations. Moreover, it requires all its suppliers to undergo bi-annual
wastewater testing by a certified third party [11].

On top of this, Levi’s and Kontoor are exploring eco-friendly alternatives such as
laser technology to make faded denim rather than using potentially harmful potassium
permanganate sprays [9, 11]. In addition, both brands avoid using water-repellent
substances (e.g., poly- and perfluorinated substances (PFCs)) [11, 16].

Meanwhile, Levi’s is going one step further by collaborating with Stony Creek
Colors to test the use of pre-reduced plant-based indigo as an alternative to synthetic
indigo [9].
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3.4 Waste Management

Modern fashion consumption practices create a significant amount of textile waste,
which often ends up being burned, landfilled, or shipped to developing countries
[11]. Consequently, Levi’s and Kontoor Brands have committed to reducing waste
in their supply chains and operations as part of their efforts to address these issues.

Both brands have pledged to remove single-use plastics [9, 11], with Levi’s setting
a target to accomplish this by 2030. As an alternative, they are exploring other types
of packaging that are environmentally friendly (e.g., fully reusable, recyclable or
home compostable plastics) [9].

Both companies have also committed to lowering their product packaging waste
by actively promoting the use of recycled materials and reducing the size of their
packaging [9, 11].

In 2021, Levi’s took further action by reducing the width of its care labels by 25%
and the size of some of its hangtags on Levi’s® pants by 62% [9]. Meanwhile, Kontoor
Brands has been using 3D design for the past decade, which has proven effective in
minimizing the need for physical samples during the development process [11].

On top of this, Levi’s and Kontoor Brands have set ambitious targets to reduce
their diversion rates in the near future [9, 11]. In fact, Levi’s plans to achieve zero
waste to landfill at its own facilities and a 50% diversion rate across its key suppliers
by 2030. To reach these goals, Levi’s has implemented a program to segregate and
recycle denim scraps [9]. Meanwhile, Kontoor Brands has established a “closed-
loop” approach to recycle or repurpose most of its waste internally. As a result of
these efforts, Kontoor Brands has successfully diverted 79% of its waste from landfills
[11].

In an effort to further reduce waste, both labels have eliminated the use of pumice
[9, 11]. In fact, Levi’s opted for a cost-effective alternative by using synthetic stones
that can be reused up to 3,000 times and eventually recycled and replaced [9]. Kontoor
Brands, on the other hand, swapped pumice with an enzyme [11].

The implementation of these ambitious measures demonstrates a strong commit-
ment to environmental preservation and represents a key step toward creating a more
sustainable and circular fashion industry.

3.5 Circularity

Levi’s and Kontoor Brands acknowledge the benefits of extending the lifespan of
products, reducing waste and pollution, and regenerating the ecosystems. They are
therefore working on innovative ideas to give new life to potential waste, moving
from the conventional “take-make-waste” approach to a circular one.

Both Brands have jointly embraced the “Jeans Redesign Program” developed
by the “Ellen MacArthur Foundation” as a part of their effort to reduce waste and
increase the longevity of their products. This program includes a set of guidelines
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that illustrate how a garment can be designed and produced in a way that is consistent
with the principles of a circular economy [9, 11].

Moreover, Levi’s and Kontoor Brands are both pioneering innovative methods
of reusing and recycling used clothes [9, 11]. For instance, Levi’s has launched a
program called “SecondChance,” which allows customers to exchange their used
jeans for a voucher for new one [9]. Similarly, Kontoor Brands has launched the
“Take-Back” initiative, which allows consumers to return their old denim for recy-
cling [11]. Levi’s even went a step further and established in-store tailor shops where
customers can repair, reuse and personalize their jeans [9].

Both Levi’s and Kontoor Brands are focused on manufacturing durable and long-
lasting jeans that can be worn for many years, even decades. Thus, by offering repairs,
reconditioning and warranties, they inspire customers to keep their jeans longer and
reduce waste in the fashion industry.

They also encourage consumers to take care of their jeans according to the instruc-
tions on care labels, e.g., by washing them less often, using cold water and line drying
them, and by giving them away when no longer needed [9, 11].

3.6 Materials Sourcing

Levi’s and Kontoor Brands are fully committed to using recycled and renewable
materials in their garments as a way to ensure the well-being of people and the
environment [9, 11]. In fact, Levi’s has set a goal of using only durable fibers by
2030 [9], while Kontoor Brands has committed to 100% use of sustainable cotton
by 2025 and 100% use of recycled polyester by 2030 [11].

In line with their ongoing efforts to promote circularity and minimize waste in the
fashion industry, they use recycled cotton and recycled polyester to avoid introducing
virgin materials into their products and encourage the use of available resources.

They also have switched from conventionally grown cotton to organic cotton and
hemp, which require less water and pesticides. Furthermore, these fibers promote
biodiversity and minimize soil erosion [9, 11].

Levi’s also incorporates into its products fibers such as TENCEL™, Refibra™ and
Circulose®, which are produces via closed-loop processes that recycle both water
and chemicals [9]. On the other hand, Kontoor Brands uses the highly sustainable
fiber “Sorona®” from DuPont, which is produced using plant-based materials [11].

4 Discussion

Although both brands have made significant progress in reducing their environmental
impact, Levi’s is ahead due to its long-standing commitment to sustainability and its
accomplishment of numerous sustainability targets throughout the years.
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On the other hand, Kontoor, being a newer company, is still in the process of
formulating and implementing its sustainability strategy. For instance, Levi’s has
publicly pledged to reduce its greenhouse gas emissions by 40% by 2025 [9], while
Kontoor Brands is still working on developing a similar commitment [11].

In addition, the environmental performance of both brands in China was evaluated
by the IPE Green Supply Chain CITI Evaluation. As a result, Levi’s received a
higher score of 82.62, which ranked them first among all evaluated companies [17],
while Kontoor Brands received a score of 62.74 and ranked 13th out of 124 textile
brands [18]. To conclude, Levi’s outperformed Kontoor in all areas, including energy
conservation and emission reduction, transparency and extending green supply chain
practices [17, 18].

It should be noted, though, that the IPE Green Supply Chain CITI Evaluation only
assesses brands’ supply chains in China [19], and thus does not provide a detailed
analysis of their overall environmental efforts. In addition, as this assessment focuses
on the supply chain rather than the entirety of the company, it may not provide an
accurate reflection of its environmental commitments or endeavors.

To conclude, both Brands have made considerable strides in minimizing their
environmental footprint. Therefore, a more comprehensive review of their efforts
and progress in meeting their sustainability goals would be required to determine
which brand is more environmentally committed.

5 Conclusion

Becoming a sustainable brand means achieving a compromise between economic
success and the demands of consumers, employees as well as the preservation of
the environment. Many fashion brands are aware of the challenges that endanger the
planet and are constantly searching for solutions that ensure product durability and
esthetics while minimizing their impact on the environment.

The objective of this research was to investigate the environmental sustainability
practices in the fashion industry. To achieve this, we selected two Jeanswear brands,
namely Levi Strauss & Co. and Kontoor Brands, as case studies. This research
involved analyzing their sustainability reports which enabled us to identify some
of the environmental sustainability initiatives adopted in areas such as greenhouse
gas emissions, energy usage, water consumption, waste generation, chemical usage,
as well as circularity practices and materials sourcing.

Based on the implementation of various sustainability practices, we can assume
that the reviewed labels are committed to reduce their environmental footprint. These
practices include the use of environmentally friendly materials, adoption of clean
energy sources, responsible water use and management, preferred chemistry initia-
tives, recycled and recyclable packaging, waste reduction efforts and promotion of
circular economy practices. On top of this, both brands outlined some future goals
to be achieved by 2025 and beyond.
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It is important to remember that each of the examined brand faces unique
challenges and opportunities, which can lead to adopting different sustainability
measures. Likewise, progress in terms of sustainability may vary depending on
factors such as resources availability, technological progress, and their level of
commitment to sustainability goals. Regardless of these variations, their ultimate
goal remains the same—to minimize their environmental footprint.

Overall, this study provides some important insights that can inspire other brands
to boost their environmental sustainability practices and contribute to achieve a more
sustainable future. However, an important limitation of this study is the fact that it
relied solely on brands’ sustainability reports and websites as primary data sources,
which may lack relevant information.

Thus, for future research, we propose to include additional sources and to conduct
a more in-depth analysis concentrating on the other environmental initiative that
we did not cover in this study, such as biodiversity, land use and innovative prod-
ucts. Additionally, we recommend conducting a comparative analysis to assess their
progress toward achieving their set targets.
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Abstract Bleach method is among the most popular washing techniques in the
textile industry, especially for washing jeans, to achieve the desired color shade.
This process is mostly carried out using hypochlorite and other bleaching agents,
which are strongly associated with harmful effects on the environment and human
health. Therefore, more environmentally sustainable processes should be created and
developed. In this paper, we present an experimental study on the effect of a new
bleaching process on the color of a sulfur-dyed black denim fabric. The new process
is eco-friendly, because it does not use chlorine. Color degradation (D) was studied
to evaluate the color changes. In the first part, a preliminary study was carried out to
visualize the field of study of the bleaching treatment parameters (concentration of
hydrogen peroxide, temperature, and duration). In the second part, the influence of
the chosen parameters on the color degradation was studied using the MINITAB soft-
ware. Then, a mathematical model was implemented to study the effect of different
bleach treatment parameters on color changes, which is required by industrialists in
the textile sector. Finally, the best combination of bleaching parameters to obtain an
optimal value of color degradation (D) was determined.
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1 Introduction

The protection of our environment implies a control of pollutants generated by
anthropic activity and, in particular, by industry. Today, due to global awareness,
industrial emissions are carefully controlled and subject to increasingly rigorous
regulations. Industrial companies are required to select appropriate manufacturing
processes in order to minimize toxic waste that threatens the environment. This
management aims to ensure the preservation of aquatic ecosystems and the protection
of the quality and quantity of surface and underground resources.

Finishing processes are used in the textile industry to offer fabrics and apparel
desirable features and an attractive appearance, such as drape, a soft handle, and fash-
ionable aspects. These finishing processes are achieved with chemical or mechanical
treatments [1, 2], such as enzymatic wash [3-5], bleach wash [6, 7], acid wash [8],
silicone wash [9]. These treatments cause worn appearance and aged look for the
garment, thus provoking degradation of the color level.

Chemicals like formic acid, sodium nitrate, sodium chlorite are examples of
bleaching agents that are frequently used in the traditional bleaching process. These
chemicals undoubtedly have a multitude of disadvantages, such as the release of
hazardous emissions, high time and energy requirements, decreased fabric strength,
and environmental contamination [10].

Ecological finishing treatments are being frequently applied to treat textile
surfaces in order to have better appearance. Hydrogen peroxide is effective and
suitable for bleaching some dyed cellulosic fabrics. High levels of whiteness that
are stable and don’t tend to turn yellow during storage are delivered by hydrogen
peroxide. Hydrogen peroxide has also the benefits of being inexpensive, adapt-
able in application. It provides the degradation and elimination of the dye giving
a fashionable effect [11, 12].

Color is a crucial factor that influences how consumers behave. It has an impact
on how they evaluate clothing and how they feel about making purchases. The type
of finishing treatments used, as well as the interactions between the finishing agents
and dyes used, have a significant impact on the final colorimetric values of dyed and
finished cotton fabrics [13]. Therefore, the optimization of the parameters influencing
the final colorimetric value is required.

The particularity of our work is that we manage a dye known for its high color
fastness to any type of test. Changing the shade of a sulfur-dyed fabric is not easy
due to the covalent chemical bonds [14, 15].

The aim of this paper is to investigate the change of the color shade of a black
sulfur-dyed denim fabric after our new bleaching treatment. Based on experimental
results and mathematical modeling, the best combination of bleaching parameters
leading to an optimal value of color degradation has been determined.
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Table 1 Denim fabric

. . Parameter Description
specifications
Composition Pure cotton
Weave structure Z-Twill of 3 warp effect
Surface density (g/m?) 366
Warp density (yarn/cm) 27
Weft density (yarn/cm) 23

2 Materials and Methods

2.1 Materials

Black sulfur-dyed denim fabric was used in this study. Its basic characteristics are
shown in Table 1.

2.2 Methods

First, the black sulfur-dyed denim was desized at 45 °C for 15 min to remove the
adhesives already present in the warp during weaving. The samples were then treated
with a two-step eco-friendly bleach wash using hydrogen peroxide:

e A first step where the desized fabric is put in contact with a bath containing a
mixture of low concentration of hydrogen peroxide and caustic soda so that the
pH of this mixture must have a value between 10 and 12. The bath temperature
and contact time are well controlled.

e A second step where the contact time and handling temperature are taken as equal
to those of the first step. The fabric is put in contact, a second time, with a new
bath containing the same concentrations of hydrogen peroxide and caustic soda
as the first bath. A bleach activator is added with a portion of 0.5 g/L. As before,
the pH is taken between 10 and 12.

The tests were carried out after pre-conditioning of cotton fabrics in a standard test
atmosphere (20 &£ 2 °C and 65 + 4% RH) according to the standard ISO 139:2005.

The SpectroFlash SF600 spectrophotometer with dataMatch 2.0 software (Data-
color International, USA) was used to measure the color intensity of the treated
fabrics, expressed as color strength (K/S). The K/S values were measured using the
Kubelka—Munk equation:

K  (1-R)?
T M



40 S. Said et al.

where, K is the absorption coefficient, S is the scattering coefficient, and R is the
reflectance.

The degradation D refers to the value of the color strength of the fabric before
and after the treatment. This parameter is mathematically defined by the following
relationship

(%)Before B (%)After

(% ) Before

D= 2)

Color degradation of treated and untreated black sulfur-dyed cotton fabrics was
used to analyze and interpret the color data.

3 Results and Discussion

3.1 Study of the Experimental Parameters Effect
on the Bleach Treatment

At first, a preliminary study was carried out by selecting the most influential param-
eters in order to optimize the bleach washing process by the experimental design
method (Full Factorial Design). Throughout this study, we fixed the bath ratio at 1/
10 and the activator concentration at 0.5 g/L (industrial requirement). Concerning
the pH of washing, it is an alkaline pH that varies from 10 to 12, since the bleach
treatment with hydrogen peroxide requires an alkaline bath to activate the oxidizing
effect of hydrogen peroxide [16, 17].

We chose to study the effect of some experimental parameters on the bleach
washing treatment. These parameters are as follows:

e Hydrogen peroxide concentration;
e Washing temperature;
e Washing duration.

In order to better assess the color changes resulting from the bleach wash treat-
ment, the color quality of the treated denim fabrics was reported using the color
degradation D value. Each value shown in the graphs, representing the effect of the
experimental parameters on color degradation (D), is an arithmetic average of three
test results.

Study of the Hydrogen Peroxide Concentration Effect on Color Degradation
(D). Determining the optimal concentration of hydrogen peroxide for sulfur dye
degradation is very practical due to the fact that hydrogen peroxide is easily available
and we can buy it at a reasonable price [18].

In this section, we investigated the effect of hydrogen peroxide concentration on
color degradation. First, we varied this parameter between 1 and 5 g/L (same variation
for each bath, i.e. from 2 to 10 g/L in total) to visualize the effect of the latter on color
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Fig. 1 Evolution of the color degradation as a function of the hydrogen peroxide concentration
(temperature: 80 °C and duration 10 min)

degradation while keeping the temperature at 80 °C and the total washing duration
at 10 min (5 min for each bath). We kept the same conditions for both baths. Figure 1
shows the effect of varying the hydrogen peroxide concentration.

We can see that the color degradation increases with the concentration of hydrogen
peroxide up to the concentration of 6 g/L. (3 g/L in each bath). The reason for this
tendency of increasing discoloration is due to the oxidizing ability that was developed
and improved from the increasing production of hydroxyl radicals obtained from the
increasing concentration of H,O, [18]. Then, we obtained an optimal value (equal
to 6 g/L) from which the efficiency of degradation decreases due to the inhibitory
nature of hydrogen peroxide toward the OH® radical when it occurs at a higher
concentration leading to a decrease in the oxidation effect and the recombination of
hydroxyl radicals according to the reactions below [18-21].

HO + H,0, — H,0 + HO;

HO + HO — H,0,

Considering the results obtained by this study, we chose to work with the concen-
trations of 3 and 6 g/L in the following part (optimization of this bleach process).
Indeed,

e Under 3 g/L of hydrogen peroxide, the value of D is very low (The industry
requires a degradation value higher than 10% i.e. a D value above 0.1).
e Over 6 g/L, there is a decrease in D.

Study of the Temperature Effect on Color Degradation (D). In addition to
the hydrogen peroxide concentration, temperature is a very important factor for
the bleach treatment. For this purpose, we studied the effect of the variation of this
parameter on the bleach treatment at different temperatures (60-98 °C) while keeping
the other washing parameters constant: the concentration of hydrogen peroxide fixed
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Fig. 2 Evolution of color degradation as a function of temperature ([H20;]:3 g/l and duration:
10 min)

at 3 g/L and the total washing duration at 10 min (5 min for each bath). The effect
of temperature variation on color degradation (D) is reported in Fig. 2.

From Fig. 2, we can see that the color degradation (D) increases with the washing
temperature up to the temperature of 95 °C. Many research papers indicate that an
increase in operating temperature could be beneficial for the oxidation rate [22],
which confirms the result found in our study (Fig. 2). It can be seen that from 95 °C,
the value of color degradation is almost constant, which means that for a fixed
concentration of hydrogen peroxide and for a fixed duration of the bleach treatment,
all the hydrogen peroxide has been converted into hydroxyl radicals [23], so that
even if the temperature is increased, there would be no color degradation.

Considering the results obtained by this study, we have chosen to work with
temperatures 80 and 95 °C in the following part (optimization of this bleach process).
Indeed,

e Below 80 °C, the value of D is very low (lower than 0.1);
e Over 95 °C, the value of D remains stable.

Study of the Duration Effect on the Color Degradation (D). The duration of the
treatment varied from 5 (2.5 min for each phase) to 30 min (15 min for each phase),
while keeping the washing temperature (80 °C) and hydrogen peroxide concentration
(3 g/L) constant.

Figure 3 shows that there is an increase in the efficiency of the bleach treatment
proportionally with the duration of the treatment up to a duration of 20 min, then
there is a constant behavior of the color degradation (D) going from 20 to 30 min,
because all the hydrogen peroxide has been converted into hydroxyl radical and their
concentration remains constant during the reaction [23].

Considering the results obtained by this study, we chose to work with 10 and
20 min in the following part (optimization of this bleach process). Indeed,
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Fig. 3 Evolution of color degradation as a function of duration (temperature: 80 °C and [H2O»]:
3¢/l

e Under 10 min, the value of D is lower than 0.1.
e Over 20 min, the value of D remains stable.

3.2 Optimization of the Bleach Treatment Recipe

Realization of the Full Factorial Design. The present work uses a rigorous statis-
tical methodology, namely experimental design. It allows the results obtained to be
analyzed and interpreted in a simple and scientific way. According to the study of
the effects already established in the previous section, we have fixed the number of
factors (3 factors namely: Hydrogen peroxide concentration, temperature, and treat-
ment duration) and their levels to be tested (two levels for each parameter) as shown
in Table 2.

In order to optimize the new bleach recipe, we used a full factorial design using the
MINITAB 17 software. The number of experiments required is 8 (23) experiments
as indicated in the Table 3.

From the results summarized in Table 3, we can see that the color degradation
of the washed fabric is more or less important depending on the conditions used.
They vary from 11 to 38% for more or less severe conditions in terms of bleach

Table 2 Level and code of variables for experimental design

Treatment Variables (inputs) Symbols Coded levels
-1 1

Bleach treatment Concentration of HyO; (g/L) [C] 3 6

Temperature (°C) T 80 95

Duration (min) D 10 20
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Table 3 The matrix of the experimental design with the values of the responses

Trial number Variable Response
[H2O5] Duration Temperature Degradation (D)

Brute - - - 0

1 3 10 80 0.110

2 6 10 80 0.221

3 3 20 80 0.185

4 6 20 80 0.239

5 3 10 95 0.245

6 6 10 95 0.322

7 3 20 95 0.295

8 6 20 95 0.381

concentration, duration, and temperature of the treatment. These different values
indicate the presence of sulfur dye removal.

Diagram of the Main Effects on Color Degradation (D). Factors influencing
color degradation after bleach wash treatment were evaluated using factorial plots:
main effects and interactions.

Using MINITAB software, we plot the effects of the different factors selected
(hydrogen peroxide concentration, temperature, and treatment time) on color
degradation after wash treatment (Fig. 4).

We can conclude that the concentration of hydrogen peroxide, the temperature,
and the duration of the treatment have a positive effect on the response (D), as shown
in the main effects diagram in Fig. 4. In fact, as shown by the positive slopes of

Main Effects Plot for D

Fitted Means
[H202] Duration Temperature
0,32
0,30
0,28
(a]
0 026
g
o
= 024
0,22
0,20
3 6 10 20 80 95

Fig. 4 Color degradation (D) main effects diagram
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Fig. 5 Interaction diagram for color degradation (D)

the curves related to these three parameters, increasing these three selected factors
improves the bleaching result (better degradation). We can also see that the slopes of
their effect curves are important, and that both the temperature and the concentration
of hydrogen peroxide have a great influence on the color degradation.

Interaction Diagram for Color Degradation (D). The aim of this study is to
investigate the degree of interaction between the various parameters studied and
how they affect the response, namely color degradation following bleaching. The
interaction diagram of the factors influencing the response (D) is shown in Fig. 5.

From Fig. 5 of the interaction diagram for color degradation (D), we can see that
there are no interactions between the different parameters studied. This is because
the transition of the different factors from one level to another is represented by
almost parallel lines. Therefore, in the following part, we can neglect the effect of
interactions.

Establishment of a Mathematical Model. Modeling the experimental design
allowed us to determine the relationship between the input variables and the chosen
response. The equation which represents the model obtained using the MINITAB
software (excluding the effect of interactions) is given below, with encoded variables:

D = 0.24975 + 0.04100[H» 0] + 0.02525Duration + 0.06100 Temperature
(3)

The equation in uncoded variables is:

D = —0.661 + 0.027[H»0;] + 0.005Duration + 0.008 Temperature (4)
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Table 4 Color degradation
. . Source F P

model variance analysis (D)
Model 74.48 0.001
Linear 74.48 0.001
[H207] 62.19 0.001
Duration 23.59 0.008
Temperature 137.66 0.000
R* =98.24%

The coefficient of determination R? indicates the degree of predicting the model,
a value of 100% implies a perfect prediction, while a value of 0% means that the
model fails to predict. Based on the results, the R2 is 98.24%, indicating that the
proposed model is highly predictive.

All the parameters studied have a positive effect on the response, as shown by
the coded variable equation. Indeed, temperature has the greatest influence on the
bleaching wash, followed by hydrogen peroxide concentration and duration.

Analysis of Variance. The sources of variation that are statistically significant
are shown in the ANOVA table (Table 4).

Indeed, the P value is an indication of the importance of each parameter in the
regression equation.

e If P> (.05, the target parameter is not significant in the equation.
e If0.01 <P <0.05, the target parameter is significant in the equation.
e If P <0.05, the target parameter is highly significant in the equation.

It can be seen that P < 0.05 for all the terms studied. This allows us to conclude
that the contributions of “temperature”, “hydrogen peroxide concentration”, and
“duration” have high significance.

F is the Fisher ratio: It is the mean square of the factor divided by the mean square
of the error. The value of F reflects the importance of the factors studied; a large
value of F means that this factor has the greatest influence on the response under
investigation. In fact, in our case, the temperature factor is the term with the greatest
influence on the degradation of the color, followed by the [H,0O,] factor and then the
duration.

Study of the Contour Plot. The contour plot represents a two-dimensional view
of the surface, demonstrating the different points that have the same response. These
points are connected to form contour lines of constant response. Contour plots are
therefore used to show desirable response values and operating conditions. Studying
contour plots is a simple method of optimizing the color degradation value (D). In our
case, the contour plot consists of three curves, each representing an infinite number of
combinations between two variables when the third variable is held constant (Fig. 6).
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Contour Plots of D
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Fig. 6 Contour plot of color degradation (D)

For each variable studied, these constant levels are the central levels. Figure 6
shows that:

e Color degradation (D) increases as the values of the parameters studied increase.
e Degradation (D) reaches its maximum when the value of the three factors studied
is high.

The Optimization Diagram. This section is aimed at determining a combination
of bleaching parameters which results in optimum degradation (D). Figure 7 shows
the results of the optimization.

sl T " i
Di038s2 ¢ ) 200 B51)
Predic Low 30 100 800

D
Maximum
y=03110
d = 098524

Fig. 7 Optimization curves of the color degradation (D)
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Table 5 Experimental and theoretical values of model validation

Theoretical value of D Experimental value of D
Temperature = 80 (°C) 0.167 0.174 £ 0.0112

[HyO2] =4 g/L
Duration = 16 min

4 Mean deviation value

MINITAB software is a tool that allows us to use mathematical modeling to
distinguish the combination of input factors that optimizes the output. The command
used is “Response Optimization”, which provides an optimal solution (in our case,
the solution is D) for the combinations of input variables ([H,0O,], temperature, and
duration), as well as the optimization plot. The full factorial design method yields
the following combination to identify the bleach wash parameters that optimize the
selected response: [H,O,] is equal to 6 (g/L), temperature is equal to 95 (°C), and
duration is equal to 20 (minutes), as shown in Fig. 7.

The expected response for the optimum combination is D equal to 0.377.
Experimental validation of the optimal conditions was carried out (Table 5).

Indeed, the experimental result obtained is very close to the theoretical optimum
(Table 5), hence the validation of our model.

4 Conclusion

In this work, we investigated the influence of a new bleaching process for sulfur-
dyed denim fabric. Our treatment can attract the attention of industrialists, thanks
to its green effects on the environment as well as the new range of shades that this
treatment gives. The effect of temperature, hydrogen peroxide concentration, and
duration of the bleach treatment was studied. The color change of the treated fabric
is evaluated according to the color degradation values. The experimental data were
analyzed using the experimental design method. Regression equations for the color
degradation of the treated fabrics were developed from the experimental data and
solved using MINITAB statistical software. The results showed that the predictions
of the linear model were in good agreement with the experimental observations.
Based on this study, the best combination of bleach parameters required to obtain an
optimal value of color degradation was determined and evaluated.
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Abstract This research work is a new investigation to develop a chemical free
and eco-friendly textile dyeing process to reduce environmental negative impact of
textile industry. To improve cotton fabric affinity to acid dye, the former was pre-
cationized with a quaternary amine salt. Preliminary tests showed that dyeing time,
temperature and unison agent concentration were the main parameters influencing the
acid dyeing process of pre-cationized cotton fabric. The optimal dyeing conditions
were determined using the Response Surface Method (RSM). Factors that influence
Color strength (K/S) and dyebath exhaustion were evaluated using factorial plots.
Then, ANOVA system was used for variance experimental analysis and the response
surface methodology was performed with statistical software tool Minitab 17. The
fitting extend of the proposed mathematical model was evaluated according to the
obtained coefficient R?, the adjusted R? and the p-values. To assess the properties of
free salts acid dyed cotton fabrics, morphological (MEB), mechanical and thermal
(KAWABATA KES) characterization tests were carried out. Dyed samples showed an
improved surface morphology compared to greige cotton one. Also, free chemicals
dyed cotton samples had higher thermo-physiological comfort properties.
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1 Introduction

The textile dyeing and finishing industries induce water pollution and environmental
threat around the globe [1]. The textile wastewater loaded with hazardous chemicals,
such as dyes, acids, pigments, etc. is considered as a major pollution, serious danger
to organisms and environmental ecosystem [2]. Recently, the increased awareness of
eco-safety practices has push textile industrials to develop eco-friendly production
techniques, instead of the implementation of wastewater treatment facilities. In fact,
the effluent treatment technologies are not cost-effective and their efficiency is, in
most cases, moderate [3].

Cotton fibers are widely used in textile industries due to their high properties,
such as high breathability, good softness and moisture absorption. Cellulose fabrics
present excellent characteristics of comfort and environment safety. Dyeing cotton
fabrics relies mainly to the high affinity of cellulose to several classes of dyes [4].
The conventional main dyes for cotton fibers are water soluble anionic dyes (reactive
and direct). The classic dyeing systems for cotton fabrics with these dyes need the
addition of large quantities of chemical auxiliary agents, in particular electrolytes, to
avoid the negative charges of the fiber surface and increase dye adsorption [5]. These
incorporated chemicals are primordial to improve the dye exhaustion and fixation
rates and unison efficiency. The amount of added chemical agents can, in some
dyeing cases, reach 100 g/L [6]. At the end of the dyeing processes, the obtained
wastewater effluent containing important quantities of salt and dye molecules is
spread in nature without any treatments, leading to serious ecological threats. Also,
the dyeing procedures are generally time and energy consuming to allow the dye
molecules to diffuse into the fiber.

To overcome these drawbacks, eco-friendly cotton dyeing strategies were inves-
tigated [7]. Dyeing cotton with acid dyes is one of the promising processes [8].
Nevertheless, interactions between cotton fibers and acid dye are generally weak [9].
An efficient solution to improve acid dye-cotton bonds and decrease electrostatic
repulsions between cellulose and dyes is the chemical modification of cotton fabrics
with cationic groups [10-12].

Cotton cationization consists of creating cationic sites by reaction with hydroxyl
groups of cellulose via esterification, etherification, grafting or crosslinking reaction
[13]. Quaternary or tertiary NH, groups are incorporated into cotton to create nucle-
ophilic group to cotton fabric which shows greater affinity to anionic dyes resulting
in formation of strong chemical bond without salts. Among several cationization
techniques, the usage of polymers with cationic or amino groups is the most efficient
due to high reactivity with cotton fibers and homogeneous dyeing, which are very
promising characteristics in industrial field [14].

The main scope of this study is to develop an eco-friendly free auxiliaries dyeing
process of cotton fabrics with acid dye. This non-polluting dyeing of pre-cationized
cellulose presents a promising revolutionary procedure of safe process with reduced
emissions into the environment.
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2 Materials and Methods

2.1 Fabric

100% cotton pique knit fabric (160 g m~2 mass per area) was used in all exper-
iments. A preliminary study was carried out to determine the optimal preparation
process to adopt on our cotton fabric prior to cationization and dyeing. The obtained
optimal pretreatment procedure consisted of scouring, caustification and bleaching,
respectively.

Scouring treatment was carried out at 100 °C in a sodium carbonate alkali bath.
Then, cotton fabric was kept under tension in a caustic soda solution (150 g/L) for 15
min at room temperature to allow its caustification. After that, scoured and caustified
fabric was bleached for 30 min in hydrogen peroxide (35%) at 90 °C in presence of
sodium carbonate (to obtain alkali medium with pH 10, 5 to 12). In all preparation
operations, deionized (DI) water was used.

2.2 Cotton Cationization and Dyeing

The pretreated cotton fabric was cationized using synthetic resin at 60 °C for 30 min
in alkali medium (pH = 11 is maintained by using caustic soda). The cationization
resin is a commercially available epoxy compound derivative that contains cationic
reactive groups. The OH group of cotton fabric is related to the epoxy group in
an alkali bath by strong covalent bond [15]. Dyeing of pre-cationized cotton was
carried out at pH range 5-6. By introduction of cationic groups into cotton fibers,
the affinity of acid dye for cotton can be significantly improved. The electrostatic
attractions (Fig. 1) between cationized cotton and acid dye result in increased dye
uptake.

2.3 Color Strength and Dye Exhaustion Measurement

The color strength of dyed fabrics was evaluated by a reflectance spectrophotometer
(Color Eye 7000). The absorbance of acid dye was determined in the visible range
of the spectra from 400-700 nm. The reflectance (R) of dyed fabric in the maximal
wavelength of absorption (Amax) was depicted to calculate the color strength (K/S)
of dyed fabric by the Kubelka—Munk [16] relation:

K _ (=R

S 2R M
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Fig. 1 Mechanism of cationized cotton dyeing

where K is the absorption coefficient and S is the scattering coefficient of the substrate.
For each sample, the measurements were made on both sides of the fabric and the
average value was reported.

Dye exhaustion rate noted “E” was also used to evaluate dyeing performance.
The exhaustion rate is defined as the proportion of dye absorbed by the fiber in the
relation to that remaining in the dye bath at the end of dyeing test [16]. It is calculated
according to the following relation:

Co—C
BE=—"""5%100 )
Co

where Cy and C, are the initial and final concentrations of dye in the bath, respectively.

2.4 Dye Optimization and Prediction Models

The first objective in this investigation is to depict the optimal conditions (time,
temperature and sodium sulfate concentration) of pre-cationized cotton acid dyeing
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by using response surface methodology (RSM). The response surface methodology
data are obtained from experimental dyeing color values. It implies the measure
of exhaustion rate (E) and color strength (K/S) values previously defined. Dyeing
tests were carried out by varying lengths of time duration called “Dur” (15, 30
and 45 min), temperature named “Temp” (60, 75 and 95 °C) and sodium sulfate
concentration called “Sulfate” (0, 1.5 and 3%).

Minitab 17 software with Taguchi method was used for variance analysis
(ANOVA) and corresponding response surfaces. Linear regression analysis of exper-
imental values and the design of graph contours were carried out on the same
tool (Minitab 17). The extend of fitting of the obtained mathematical models was
estimated via R and adjusted R? coefficients, and p-values.

2.5 Scanning Electron Microscopic Analysis

Scanning Electron Microscopy (SEM) provides quickly high-resolution and high-
depth-of-field images of the sample surface and near-surface useful for evaluating
various material surfaces. This technique was used to assess surface morphological
properties of crude, cationized and dyed cotton fabrics. Jeol JSM 6360LV SEM
apparatus was used to obtain images at two different magnifications (x40 for fabric
surface level; and x 2k for fiber surface level). The SEM samples were sputtered with
gold before the observation.

2.6 Compression and Thermal Properties Analysis

Kawabata Evaluation System (KES) was used to evaluate the sensorial comfort
properties of fabrics. Two properties of crude, cationized and dyed cotton fabrics
were evaluated: compressibility (EMC) and constant thermal conductivity (K). The
compression tests of cotton specimens were evaluated by Automatic Compression
Tester, FB3 instrument of KES (Fig. 2.a). The compression tests were performed by
exerting maximum force (50gf/cm2) on the samples using a pressure plate which
acts as a probe. The compressibility EMC was calculated from the equation below:

ho — hp

EMC (% ) =

x 100 3)
0

where h represents the thickness of the cotton sample relative to the initial pressure
0.5 gf/cm? and hy, is the thickness of the sample at the maximal pressure 50 gf/cm?.

Thermal analysis of cotton fabrics was carried out by Automatic Compression
Tester, FB7 instrument of KES (Fig. 2.b). The constant thermal conductivity (K) has
been measured as the heat transmitted from a heat plate with a constant temperature
(30 °C) through a sample to a heat plate with a separate constant temperature (20 °C)
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(b)

Fig. 2 a KES-FB3 and b KES-FB7 instruments of Kawabata evaluation system

by the following relation:

W xh

T Sx AT )

where £ is fabric thickness, S is fabric surface and T is temperature.

3 Results and Discussion

3.1 Dyeing Optimization and Modelization

Factorial experimental design was used to decrease the number of tests and mini-
mize the possible combinaisons of parameters required to study the effect of the
main factors (Temp, Dur and Sulfate) on the dyeing system responses (K/S and E).
The effects of each factor on the dye exhaustion and color strength are respectively
reported on Figs. 3 and 4.

Temp Dur Sulate

% \\
;gs . —

AN T

60 75 95 15 30 45 0.0 15 3.0

Fig. 3 Main effects diagram for dye exhaustion (E)
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Fig. 4 Main effects diagram for color strength (K/S)

We remark that temperature has an important negative effect on exhaustion rate
of the acid dyeing bath of cationized cotton. In addition, unison agent (sodium
sulfate) concentration has less influence on dye exhaustion. The highest dye uptake
percentage is obtained at 3 g/L. of sodium sulfate.

Analysis of main effects plots on Fig. 4 showed an important effect of temperature
on K/S evolution, with a positive slope in the range [60 °C; 75 °C] and a negative
slope in the range [75 °C; 95 °C]. Similarly, the dyeing time has an influence on color
strength with a positive slope in the range [15 min; 30 min] and a negative slope in
the range [30 min; 45 min].

On the contrary, the sodium sulfate concentration effect on K/S is opposite to the
two previous factors (temperature and time). In fact, when sodium sulfate concen-
tration rises from 0 to 1.5 g/L., we obtain a negative slope of K/S variation. Then, in
the range [1.5 g/L; 3 g/L], color strength evolution becomes proportional to sulfate
concentration.

Interaction diagrams between the main factors and their effects on K/S and dye
exhaustion of dyed fabrics are reported on Figs. 5 and 6. In fact, an interaction between
two of the three factors is considered as effective when their lines on diagrams do
not run parallel.

The results were analyzed by the statistical software Minitab version 17. The rela-
tion between the input variables and the response data is estimated as linear regression
model that depends on the main effects of selected factors (Temp, Dur and Sulfate).
The variance experimental analysis (ANOVA) was set up according to the employed
model which considers the three main variables and corresponding significant inter-
action coefficients. The effect of each prediction model term on response data, the
contribution of each term in the form of regression coefficients and the significance
of each term under #-test as p-value show the significance of the data. Details of the
regression equation for exhaustion are presented in Table 1.

For dye exhaustion E, the high square correlation coefficient (R?) proves that the
linear regression model fits well. So, exhaustion rate E could be expressed using the
following equation:

E =119.787 — 0.363 Temp + 0.002 Dur + 0.264 Sulfate (5)
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Table 1 Estimated regression coefficients for exhaustion E
Term Coef SE Coef T-value p-value
Constant 119.787 3.47207 34.5 0.000
Temperature —0.363 0.03976 —9.125 0.000
Duration 0.002 0.04655 0.052 0.048
Sulfate 0.264 0.46547 0.568 0.075
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Table. 2 Estimated regression coefficients for exhaustion K/S

Term Coef SE Coef T-value p-value
Constant 2.7555 0.4090 6.739 0.000
Temperature — 0.0045 0.0046 —0.972 0.341
Duration —0.0018 0.0054 —0.344 0.734
Sulfate —0.0181 0.0546 —0.331 0.744
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Fig. 7 Contour plot of exhaustion response function

Nevertheless, color strength ANOVA analysis (Table 2) shows that the effects of
linear terms were not significant. The model suffers lack-of-fit, because the p-values
are larger than the level of significance (0.05).

The main output of RSM study is to depict the values of the input variables (Temp,
Dur and Sulfate concentration) that lead to maximal response. As illustrated by Fig. 7,
when the pre-cationized cotton is dyed at 95 °C for 45 min with 3 g/L of sulfate, the
dye exhaustion attains its highest value (near 98%).

3.2 Surface Morphological Analysis

The changes in the cotton fabric surface, by cationization and acid dyeing, were
evaluated using scanning electron microscopy (SEM). Micrographs at two different
magnifications of greige cotton surface, cationized fabric surface and dyed cotton
fabric are reported on Figs. 8, 9 and 10, respectively.

According to micrographs of Figs. 8 and 9, the surface of cationized fabric is
rougher than that of greige one, due to cationization agent deposits. It could also be
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Fig. 9 SEM micrographs of cationized cotton fabric (x40 and x2K)

Fig. 10 SEM images of dyed cationized cotton (x40 and x2K)

noted that the extent of cationization decreases slightly the fibers surface pilosity.
Nevertheless, the overall hand of cationized samples remained unaltered. This is an
advantage of the applied resin compared to other cationic agents which promote
fabric stiffness.

On SEM micrographs of dyed fabric surface (Fig. 10), we can see that the dyed
fibers are no longer smooth and become rough and slightly degraded. These changes
could be due to the creation of voids in the fiber structure that leads to a physical
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Fig. 11 Compressibility EMC (%) of cotton fabrics

weakness of the dyed fiber structure with an improved capacity of penetration of dye
molecules into the fibers.

3.3 KES Characterization

Compressibility EMC

The obtained results of compressibility evaluation with KES-FB3 instrument for
untreated, cationized and dyed cotton fabrics are reported on Fig. 11.

The compressibility rate of untreated cotton fabric is about 47.8%. After prepa-
ration and cationization treatments, this rate is decreased to 28.6%. This decrease of
compressibility is due to the rise of the superficial surface accentuated by the fibrils
and the high surface pilosity. The increase of pilosity during preparation and finishing
processes leads to non-reversible deformations during the compression test.

Moreover, if compressibility value EMC is low, the fabric compressibility is low;
or if compressibility value EMC is high, the fabric compressibility is high. If a
material is harder and denser, it can be compressed less [17]. This is also confirmed
by the compressibility values of acid dyed cotton samples.

Thermal Conductivity K

In order to evaluate the thermo-physiological comfort of cotton fabric after different
treatments, measure of thermal conductivity K, which refers to heat being transferred
from the skin to the fabric, has been performed. Thermal conductivity values for tested
samples are reported on Fig. 12.
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Fig. 12 Thermal conductivity K (W m~! K1) of cotton fabrics

The thermal conductivity increased for cationized and dyed fabrics, improving
the comfort properties compared to the greige fabric, which allows heat transfer
rapidly. This could be caused to the increase of cotton fabric thickness after prepa-
ration, cationization and dyeing processes. These treatments increased the thickness
of cotton fabric and decreased the air gap between the fabric and the skin, leading to
increased K values, which is also confirmed in the study of Dalbasi et al. [18].

4 Conclusion

In this research work, the potential of non-conventional chemical auxiliaries free
acid dyeing of cotton fabrics as an environmentally friendly alternative has been
explored. Prior to dyeing, cotton samples were cationized to create positive sites on
their surface and increase their affinity to anionic dye. The influence of different
experimental conditions (temperature, duration and sulfate concentration) on dyeing
properties was examined. A regression equation of the acid dye exhaustion rate was
established. KES tests revealed improved compression and thermal behavior of acid
dyed fabric cotton.
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Dyeing of the Polyester Fabric )
with the Fluorescein Molecule e

Fredj Saad, Ayda Baffoun, and Mohamed Hamdaoui

Abstract This study examined the effects of dyeing polyester fabrics with a fluores-
cent dye under different conditions (temperature, pH and fluorophore concentration)
on the color intensity and fluorescence quality of the dyed fabrics. Exhaustion dyeing
method was applied in this experiment for textile fiber. The dependence of fluores-
cein on pH has been studied, and a bathochromic and hyperchromic effect of the
absorption spectra of its fluorescent solution by going to higher pHs has been shown.
In addition, images taken under UV excitation at 365 nm gave different emissions
from the treated polyester at different pH values.

Keywords Fluorescein - Polyester fabric - Colorimetric measurements

1 Introduction

The literature mentions many attempts to develop fluorescent dyes for textile dyeing
and finishing. These fluorescent dyes occupy a unique niche in textiles, used primarily
where the high visibility they provide is of paramount importance. Fluorescent fabrics
can be used for specific aesthetic and fashion purposes, with eye-catching bright
colors offering unique creative possibilities for textile and garment developers. Fluo-
rescent dyes are much more important when applied to synthetic fibers. The classic
example of a fluorescent dye, fluorescein, is an example of a rigid but non-planar
molecular structure, which results in high fluorescence intensity [1]. Fluorescein
is an organic compound widely used as a synthetic dye. The fluorophore is easily
obtained by mixing phthalic anhydride, resorcinol and ZnCl, or methane sulfonic
acid [2]. This agent emits an intense green-yellow fluorescence at alkaline pH. This
emission is better recognized by the human eye than any other color under various
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lighting conditions. It is rare in nature and has the ability to contrast with most back-
grounds [3]. In the field of textiles, fluorescein has been used by our research group
as an anti-counterfeiting tracer [4, 5]. Its presence in the textile substrate can only
be detected after excitation at a very specific wavelength under UV light.

The aim of this study was to investigate the application of fluorescein to a polyester
fabric without any additives, in order to develop a fluorescent textile. The influence of
pH, fluorescent dye concentration and application temperature on the fluorescence
of polyester fabrics was determined and analyzed. Images were taken under UV
excitation to highlight the fluorescent effect of the developed samples.

2 Materials and Methods

2.1 Polyester and Fluorescein Dye

A weight plain weave polyester fabric (154 g/m?) was used. An aqueous solution
of fluorescein with a concentration of 5.5 x 10~ mol/L was prepared and evaluated
by measuring its reflectance using a spectrophotometer. The fluorescein dye has an
absorption maximum ranging from 460 to 490 nm and an emission maximum ranging
from 520 to 560 nm, respectively, and the color of its aqueous solution varies from
green to orange depending on the pH of the bath (Fig. 1).

2.2 Dyeing Procedure

According to literature, fluorescein is sparingly soluble in water. In practice, before
dyeing began, a stock solution of the dye was prepared. For this, a large quantity of
1 g of the dye molecule is placed in an aqueous bath, which is highly insoluble. By
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Tal?le 1 Control factors and Factor levels | Concentration of FL (%) |pH | Temperature
their levels

1 0.5 4.5 |100

2 1 55 |110

3 1.5 6.5 | 120

4 2 7.5 | 130

adding a few drops of dispersing agent, a good dispersion of the stock solution is
obtained. In this case, fluorescein behaves like a dispersed dye. Table 1 shows the
experimental parameters used and their levels.

The dyeing processes were achieved in a laboratory apparatus (AHIBA Nuance
speed, DataColor), with a liquor-to-fiber ratio of 10:1. After immersing polyester
fabric in the dye solutions at 40 °C, the temperature was increased to 130 °C at the
rate of 1 °C/min with a holding time of 60 min and finally cooled to 80 °C at 2 °C/
min. At the end of dyeing, the dyed sample was rinsed thoroughly in distilled water
and allowed to dry in the open air [6].

For each pH, we plot the fluorescein calibration line, which relates absorbance to
tracer concentration, based on Beer-Lambert’s law. The absorbance of the aqueous
fluorescein solution is determined at the dye’s wavelength of maximum absorption
at each pH. Using a UV-vis spectrophotometer, the absorbance of the dye solu-
tions before and after depletion was measured, and the percentage depletion (E) was
calculated using Eq. (1):

Ag — A;
BE = 100 x =221 (1)
Ap

where Ay and A; are the absorbance of dye solutions before and after exhaustion,
respectively. The coloring strength (K/S) and the reflectance (R) at the fluorescein
emission wavelength of the treated samples were measured on a datacolor spectro-
colorimeter. All the measurements were carried out under the conditions of a D65
illuminant and an observer at 10°.

3 Results and Discussions

3.1 pH Quenching of Fluorescein Absorbance

The ionic charge and the chemical structure of fluorescein evolve according to the
surrounding pH. This is explained by the presence of phenolic fragments and the state
of equilibrium between a carboxylic function and a lactone, leading to fluctuations in
the photophysical properties [7]. The fluorescence quantum yield is very high under
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Fig. 2 pH-dependent changes in absorption spectra of fluorescein (dye concentration: 5.5 x
107 mol/L)

basic conditions (®F: 0.95 in 0.1 M NaOH) under excitation at 490 nm, and the
acidification of the solution gradually leads to the extinction of the fluorescence.

In the current study, solutions of known concentrations of fluorescein were
prepared in solutions from pH 4.5 to 7.5 at 0.5 pH increments (Fig. 2).

The absorption spectra of the fluorescein dye as a function of pH (Figs. 3 and 4)
are in line with data published in the literature. In a basic solvent, dianion species
form with a maximum wavelength of 490 nm and a curvature of the curve near
478 nm. The relative fraction of dianions decreases with decreasing pH and the
simultaneous increase in the fraction of other proteolytic species—anion (with two
maxima near 472 and 450 nm), neutral species including three tautomers (zwitterion
22%, quinoid 11% and lactone 67%) and cation [8, 9]. Thus, a batochromic and
hyperchromic effect was observed following an increase in pH.

The basic pH causes the fluorescein ring to open, becoming highly emissive and
displaying a greenish-yellow color (Fig. 3). In the pH range of existence of the
fluorescein monoanion (at around pH 5.5), the fluorescence quality is very close to
that of the neutral molecule, and the emission color tends toward yellow-orange at
pH 4.5 (with a slight emission contribution from the dianion).

3.2 Effect of pH and Temperature on Dye Exhaustion

Due to the sensitivity of fluorescein to bath pH, the effect of this parameter on bath
exhaustion at different temperatures will be studied in this section.
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Fig. 3 Effect of pH on fluorescein emission color under UV excitation at 365 nm

80 -
—e—100°C
75 1 —e—110°C
20 - —a&— 120°C
- —=— 130°C
2
= 65 -
(=]
2
2 60 -
3
=
o 55 A
50 A
45 4
40 r T . r r . + \
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

pH

Fig. 4 Effect of pH and temperature on dye exhaustion (dye concentration: 1% owf)

Standard curves for each pH solution were constructed with reference to the
linear relationship between fluorescein concentration and absorbance. At a fixed

temperature, a decrease in bath depletion was observed when moving toward a basic
pH.

3.3 Effect of pH and Fluorescein Concentration
on the Reflectance

In this review, the measurement of the fluorescence of samples treated with fluo-
rescein is made in a qualitative way by measuring the reflectance at the emission
wavelength of the dye. At this wavelength, the maximum reflectance value of the
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Fig. 5 Effect of pH and concentration of fluorescein on reflectance at temperature 100 °C

fluorescent polyester is greater than the reflectance of the standard bleached sample.
However, the emitted fluorescent light adds to the light reflected from the treated
material, producing an apparent increase in reflectance in the emitting region of
the fluorescent molecule [5]. Therefore, the judgment of the fluorescence of the
treated textile samples is determined by measuring their reflectance at the emission
wavelength of the dye.

Many researchers have shown that changing the structure of fluorescein by proto-
nation or deprotonation also has a significant influence on the quantum yield of the
molecule [10]. To this extent, the influence of pH and fluorophore concentration on
fluorescence was studied by plotting the curve giving the reflectance value at the
emission wavelength of fluorescein (Fig. 5).

By Comparing bath exhaustion and reflectance of a sample treated at pH 4.5 and
100 °C, exhaustion is 55%, while reflectance is maximum at 115%. This means
that dye fixation on polyester is maximum, without quenching. So the return to the
fundamental state of excited molecules is totally radiative-fluorescent. For informa-
tion, maximum exhaustion doesn’t mean maximum fluorescence. This is because
the probability of collision between molecules in the ground state (static quenching)
and those in the excited state (dynamic quenching) increases, resulting in a decrease
in fluorescence.

In general, polyethylene terephthalate is dyed in an acidic environment at a pH of
4.5-5.5 [11] giving maximum coloring strength and therefore more molecules have
the chance to become excited and fluoresce once they are irradiated with ultraviolet
light. Going toward higher pH, the emission color of the treated samples varies with
a decrease in fluorescence (Table 2).

At a strongly acidic pH, the reflectance of fluorescent tissue exceeds 100%, grad-
ually increases to a threshold and then decreases from a fluorophore concentration
of 0.5-2%. A self-extinction phenomenon may be the cause of the decrease in fluo-
rescence. Indeed, by increasing the concentration of the xanthene dye, the collision
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between the molecules is favored thus forming a non-fluorescent complex in the
ground state. In addition, excited-state energy transfer processes may take place
between the fluorescent molecules [12].

4 Conclusion

In summary, a fluorescent dye has been exploited in the dyeing of polyester fabrics for
high visibility and to obtain fluorescent tints. Different concentrations of fluorescein
were applied to the textile fiber by changing the temperature and pH of the bath, via
the exhaustion technique. The measurement of the absorbance of aqueous solutions
of fluorescein at different pH shows a bathochromic and hyperchromic shift toward
a basic bath. The low solubility of fluorescein in water favors the dispersed behavior
of this dye and thus reflects its application on polyester.
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Abstract This paper presents a new dyeing process of knitted fabric. This process
consists to using a capillary rise technique with the goal to obtain a local dyeing with
single color, degraded from dark to light. The C.I. Direct Red 79 dye was used in
this dyeing process. The effects of dye concentration, temperature and salt (NaCl)
concentration on the surface tension of the dye bath were initially investigated in
order to identify the optimized parameters, required for the dyeing process. The
result shows that the surface tension of the bath is almost constant when the dye
concentration is varied from 0 to 12 g/L. The experimental capillarity result of salt-
free bath reveals the appearance of two distinctive progression fronts. The first one,
which progress rapidly through the knitted fabric, reflects the capillary progression
of water. The second front, however, advances very slowly. It presents the capillary
rise of the dye. When the salt is added to the bath, the capillarity result shows almost
one progression front, indicating a homogeneous rise of water and dye. Likewise,
color strength (K/S) investigation reveals a gradual decrease of the K/S value as a
function of the fabric height. The aforementioned results highlight the use of the
capillary rise technique as a simple and nondestructive method to get a dyed knitted
fabric with one color, degraded from dark to light.
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1 Introduction

Dyeing process is one of the most important aspects in the textile commerce. Indeed,
the global textile dyeing market reached 9.68 billion USD in 2023, and is expected
to raise by a 6.8% during the short upcoming period [1]. In this regard, several efforts
have been expanded by concentrating the research activities on the improvement of
the textile industry and on providing a creativity in the dyeing process and methods
[2-4].

The process of dyeing involves the imbuing of a textile with a color by immersing
it in a dye bath or by applying dye to the material using several methods, in order
to achieve color with desired fastness. Generally, textile materials can be dyed using
different procedures and techniques, including piece dyeing, continuous dyeing, pad-
batch dyeing and tie-dye dyeing [2, 3, 5]. Several factors influence the type of the
used dyeing procedures and techniques, such as the type of material, the basic type
of fiber, the type of dye and the intended outcomes of the dyed fabric [3, 5].

Piece dyeing is a procedure of coloring fabric after it has been woven or knitted.
This process is mostly used for linen, cotton and rayon materials. Continuous dyeing
is based on a continuous process of dyeing by using big machines, which allow
the treatment of enormous amounts of material at one time. However, pad-batch
technique is often used for dyeing little amounts of fabrics with a pad dyeing equip-
ment. From other hand, the tie-dye approach, which is frequently used for cotton and
silk materials, involves various procedures of folding, tying, binding and twisting of
fabric before dyeing it [2].

Dyeing process is mostly carried out in aqueous solution, which involves enor-
mous quantity of water. To optimize the water consumption, from one hand, and to
ensure the quality requirements in the dyed fabric, from other hand, a deep under-
standing of liquid transport mechanism along fabrics, including water diffusion and
capillary wicking, is necessary.

Owing to its simplicity, effectiveness and its nondestructive nature, experimental
method based on the capillary rise is extensively used to control the capillary flow
through textile materials and liquid adsorption into textile fabrics [6—11]. The aim is
to measure the evolution of the height penetration and/or the mass gain of wetting
liquids versus time.

In line with the topic related to design, fashion and creativity in the textile industry,
the present work presents a new process of local dyeing using the capillary rise
technique. The goal of this process is to obtain a knitted fabric dyed with one color,
degraded from dark to light shade.
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;I}‘l&::bliiiteglfl;r)ii(:eristics of Composition 100% cotton Norms
Structure Single jersey ISO 23606
Area density (g/m?) 175 g/m? EN 12127
Thickness 1.1 mm ISO 5084
Absorbed yarn length 0.452 cm /stitch | EN 14790
Number of rows per cm 20 EN 14971
Number of columns per cm | 13

Table 2 Characteristics of
the dye

Dye

C.I. Direct Red 79

Chemical formula

C37H28NgNagO1754

Class (SDC)

Di-azo

1048.87

15 g/L (60 °C)
24 g/L (97 °C)

Macromolecular weight

Solubility in water

2 Materials and Methods

2.1 Materials

A bleached jersey knitted sample was used in this investigation and its basic
characteristics are shown in Table 1.
The commercial dye used in this study was a C.I. Direct Red 79 (Table 2).

2.2 Methods

A device assuring the capillary rise of the dye bath in the jersey knitted fabric was
inspired from the experimental device developed during the work of Hamdaoui et al.
[6-9]. The fabric is held so that the columns are perpendicular to the surface of
dyeing bath by means of a metal rod system and permit the capillary rise of colored
solution in the textile structure (Fig. 1).

The knitted fabric (25 cm x 35 cm) is attached to a sensitive electronic balance
(AND GX-2000 precision balance) with an accuracy of 0.01 g. The balance has the
ability to record the weight of the absorbed dye bath (g) as a function of time (s).

The height reached by the liquid is evaluated every 5 min by fixing a rule next to
the fabric.

Tests were realized following cotton fabrics preconditioning at standard testing
atmosphere (20 £ 2 °C and 65 %+ 4% RH) according to ISO 139:2005.
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Fig. 1 Experimental device for vertical suspension of the knit fabric

SpectroFlash SF600 spectrophotometer with DataMatch 2.0 software (Datacolor
International, USA) was used to measure the color intensity of the treated fabrics
expressed as color strength (K/S). The K/S values were measured using the Kubelka—
Munk equation:

K (1-R)?
= )
S 2R
where, K is the absorption coefficient, S is the scattering coefficient and R is the
reflectance.
The tensiometer is used to measure the surface tension of a liquid at equilibrium,
where a thin plate connected to a precision balance is involved.

3 Results and Discussion

3.1 Physicochemical Study of the Dyeing Process Based
on the Capillary Rise Technique

In this part, we investigate the effect of the different factors of the dyeing process (the
concentration of the dye and the temperature of the bath) on the physicochemical
properties of the bath (the surface tension of the liquid).

Effects of Dye Concentration on the Surface Tension of the Bath. Figure 2a
shows the variation of the surface tension of the bath as a function of the C.I. Direct
Red 79 dye concentration. It is clearly observed that the bath surface tension slightly
increases with the rise of the dye concentration. Moreover, as observed from Fig. 2a,
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Fig. 2 Effect of [C.I. Direct Red 79] (a), and temperature (b), on the surface tension of the bath

this variation is linear, with a slope of about 0.03 w. When the dye concentration

is varied from zero to 12 g/L, the surface tension of the bath is increased from 72.7 to
73.1 dynes/cm. This rise is very small (less than 1%), which means that the surface
tension of the bath is almost constant in this dye concentration range (from 0 to 12 g/
L).

Effect of Temperature on Bath-Textile Interface Phenomena. In order to study
the effect of temperature on the surface tension, the bath temperature is varied from
20 to 100 °C. The evolution of the surface tension as a function of temperature is
presented in Fig. 2b. Obviously, when the temperature increases, the surface tension
of the bath decreases significantly. Furthermore, the surface tension of the bath
shows a linear dependence on the bath temperature with a negative slope of about
—0. 17%. When the bath temperature is raised from 20 to 100 °C, the surface
tension of the water is dropped by about 19%, from 72.8 to 58.6 dynes/cm. From
industrial point of view, this reduction of the surface tension is considered as useless
compared to the enormous gain in energy, if we work at 20 °C instead of 100 °C. For
this reason, in the following part, the direct dyeing process was carried out at room
temperature using the capillary rise method.
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3.2 Study of the Capillary Rise in a Knitted Fabric

Study of the Water Capillary Rise in a Knitted Fabric. In order to understand
and analyze the process of capillary rise within the knitted fabric, we have firstly
investigated the kinetics of water capillary rise within a knitted fabric, without the
addition of dye. The fabric is maintained in vertical contact with an infinite reservoir.
The evolution of the water height absorbed by the knitted fabric over time, (h =£(¢)),
is presented in Fig. 3a.

We can observe that the curve has a positive slope. It clearly proves that there is
a phenomenon of capillary rise, which decreases with time and reaches a value of
zero at equilibrium (at full saturation of the material and when the capillary phase
is completed to have a greater effect of gravity) [6]. This result indicates that the
process of water capillary rise could be divided into two regimes, namely the short-
time regime (the first phase), where capillary rise of water occurs rapidly, and the
long-time regime (the second phase), where capillary rise of water occurs slowly [6].
During the first phase, the water vertical rise is dominated by the effect of capillarity.
In this regime, the rise process is manifested through the diffusion of water within the
macro-pores of the knitted structure [6, 8]. As a result, the water rises very quickly
to reach a height of about 8 cm after 10 min. Then, during the second phase (the
long regime), when the rise of the liquid is established within the micro-pores of the
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Fig. 3 The height reached by the liquid within the knitted fabric: a case of the reservoir containing
only water, b case of the reservoir containing water and dye
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knitted structure, the capillarity decreases and the gravity begins to give an effect.
At a certain height, called the equilibrium or saturation height, the effect of gravity
stops completely the capillarity rise, and the curve tends toward an asymptote.

Study of the Dye Addition Effect on the Capillary Rise Process. To study the
effect of dye addition on the capillary rise process within a knitted fabric, we add
1 g/L of Direct Red 79 dye to a reservoir containing water. As shown in Fig. 3b,
adding the Direct Red 79 dye to the bath leads to the appearance of two capillary
progression fronts. The first front advances very quickly. It reflects the capillary
progression of water. However, the second front advances very slowly. It reflects the
capillary progression of the dye. This front reaches a maximum height at equilibrium
less than 2.3 cm.

The height reached by the water at equilibrium is almost constant in both test cases.
It is slightly influenced by the presence of the Direct Red Dye 79. Indeed, in the first
case (water alone in the bath), the value of the water height at equilibrium within the
knitted fabric is estimated to be 14.5 cm. In the second case (bath containing water
and dye), this value of the water height (First front) at equilibrium slightly decreases
to have a value of 14 cm.

The addition of the dye to the bath does not affect the volume of liquid absorbed
by the textile. However, it influences the overall process of capillary progression and
leads to the appearance of two progression fronts (Fig. 4). The water retains its ability
to progress rapidly vertically through the textile. However, the dye was unable to
increase in the same way. It rises slightly within the textile with a very slow kinetics.
The aforementioned observation could be attributed to the electrostatic repulsion
occurred between the anion dye and the cotton fiber [12—14]. Indeed, from one hand,
the direct dyes are anionic. From other hand, cotton fibers present a negative surface
charge when immersed in water [15]. As depicted in Fig. 4, the electrostatic repulsion
phenomenon affects the capillary rise of the dye bath, leading consequently to the
appearance of double wicking front.

3.3 Study of the Salt Effect on the Capillary Rise Process

Effect of NaCl Concentration on the Surface Tension. To overcome the electro-
static repulsion between the dye and the cotton fiber, sodium chloride (NaCl) will be
added to the bath [12, 16, 17]. However, high concentration of NaCl could increase
the surface tension of the bath, causing subsequently a reduction in the capillary rise.
Therefore, an investigation of the effect of NaCl concentration of the surface tension
of the bath is needed to identify the optimum concentration that will be added to the
dye bath.

Figure 5 shows the effect of salt concentration on the surface tension of the bath. It
can be seen that the bath surface tension value increases linearly with increasing the
concentration of salt added to the bath. In fact, when the NaCl concentration is varied
from 0 to 70 g/L, the surface tension is raised from 72.7 to 75.4 dynes/cm, respectively.
Based on the above-mentioned results, the designated NaCl concentration, which will
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Fig. 4 Effect of the dye addition on the capillary rise within the knitted fabric

be added to the bath, is around 30 g/L.. Within this concentration, the salt can act as an
electrolyte in the dye without having a great effect on the surface tension (the surface
tension will increase by about 1%, when the salt concentration increases from 0 to

30 g/L).
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the role of salt as an electrolyte in the dye bath

Effect of Salt Addition on the Capillary Rise Process. To study the effect of
the salt addition (sodium chloride) on the capillary progression behavior of the dye
bath, we have added 30 g/L of salt in the dye solution. Moreover, to increase the
wettability of the cotton and promote the diffusion of the dye inside the fiber, 1 g/L.
of sodium carbonate and 8 g/L. of commercial wetting agent have been added to the
bath [12, 18].

The curve h = f(t), given in Fig. 6, describes the evolution over time of the height
reached by the liquid within the chosen fabric.

It can be seen from Fig. 6 that the height reached by the dye bath at different times
is influenced by the addition of salt. Indeed, the existence of salt in the dye reduces
the electrostatic repulsion between the dye and the cotton, leading consequently to
an increase in the bath volume absorbed by the knitted fabric. Moreover, it avoids the
appearance of the double front, reflecting a nearly homogeneous rise of water and
dye. The height reached by the dye is about 13 cm, very close to the value reached by
the water (13.7 cm). The insert graph in Fig. 6 explains more clearly the phenomenon,
visually observed, and illustrates the role of salt as an electrolyte in the dye bath.
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3.4 Behavior of the Color Strength with the Increase
of Height

Figure 7 shows the evolution of color strength (K/S) as a function of the height. At the
bottom, i.e. at height value around 2 cm, the K/S value is about 7.5. When the height
is increased, the K/S value is gradually dropped to reach 4.2 for a fabric height of
about 12 cm, i.e. in the top the knitted fabric. The above-mentioned results highlight
the usefulness of the capillary rise technique as a simple and nondestructive method
to get a dyed knitted fabric with one color, degraded from dark to light shade.

4 Conclusion

In this work, we have successfully developed a new manner of one-color dyeing
based on the capillary rise technique to create gradation of color from dark to light
within knitted fabric. For this purpose, C.I. Direct Red 79 dye has been used in this
dyeing process. A preliminary study has been performed to investigate the impact of
the different dyeing factors, such as concentration of dye, temperature and concentra-
tion of salt, on the bath-textile interface phenomena. When salt-free bath is used, the
capillarity rise showed two distinctive fronts, one with fast progression and the other
with slow evolution. These fronts present the capillary rise of water and dye, respec-
tively, through the knitted fabric. The aforementioned observation was attributed to
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the electrostatic repulsion occurred between the anion dye and the cotton fiber, which
inhibits the dye to follow the water and diffuse within the fabric. Yet, when the salt
was added to the bath, i.e., the electrostatic repulsion between the dye and the cotton
is reduced, the capillarity result showed almost one progression front, reflecting
a similar rise of water and dye. Moreover, color strength measurement revealed a
gradual decrease of the K/S value as a function of the fabric height, indicating the
obtaining of dyed fabric with one color, degraded from dark to light shade.
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Ballistic Impact Response )
of Multi-Layers Armors Against Piercing | @i
Projectile: Finite Element Modeling

Hassouna Amira and Salah Mezlini

Abstract The development of reliable bulletproof vests requires the study of the
factors that affect the ballistic resistance of the body armor. The numerical simulation
is a fundamental tool adopted in this process. This work is focused on the ballistic
performance of a multi-layer armor against an ogival nosed hardened steel projectile.
The multi-layers armors are constituted of two composite layers and a ceramic layer.
The Johnson-Holmquist-2 (JH-2) model was employed for modeling the behavior
and damage of ceramic material and the Hashin criterion for simulating the damage
of the composite material. The projectile was considered as a deformable part and
its behavior is governed by the Johnson—Cook (JC) model. The results reveal that
the residual velocity is highly influenced by the impact velocity. The effectiveness
of the body armor is reduced by increasing the impact velocity. Furthermore, it is
found that adding a thin composite layer in front of the ceramic layer can reduce
the damage of the back layer made of composite material. The ballistic resistance
is improved by increasing the thickness of both ceramic and composite plates. The
residual velocity is more influenced by the thickness of the ceramic plate than by the
thickness of the composite plate.

Keywords Ballistic performance + Body armors + Ceramic and composite
thicknesses

1 Introduction

The development of high-performance bulletproof vests with a high level of protec-
tion is a great challenge for researchers and manufacturers. To contribute to this
development, it is necessary to study and better understand the effects induced by
the ballistic impact of a projectile against ceramic armor [1, 2], composite armor [3,
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4] and bilayers armors consisting of ceramic and composite plates [5]. Based on Arti-
ficial Neural Networks, Malik et al. [6] evaluated the absorbed energy of composite
laminate subjected to low velocity when the thickness, the stacking sequence, and the
number of layers are varied. The ballistic performance of the composite increases
with the thickness and the number of laminate layers. Khan et al. [1] performed
an experimental and numerical study to explore the ballistic resistance of a ceramic
target against ogival nosed projectile. It was found that the absorbed energy decreases
with the increase of the impact velocity. Moreover, the damage in the target increases
with the angle of obliquity. Feli et al. [7] analyzed the ballistic perforation of ceramic
composite armors against cylindrical tungsten projectiles. The results show that the
delamination of composite layers and the angle of the ceramic cone decrease with
increasing the impact velocity.

Motivated by the previously mentioned research, a new design of body armor was
developed. This body armor was composed of two layers of composite materials and a
ceramic layer inserted in the middle. The objective of this work is to study the ballistic
resistance of multiple layer armor under single hit using finite element method.
Furthermore, the effect of design parameters (ceramic and composite thicknesses)
as well as the effect of the impact velocity on the ballistic performance (residual
velocity and target damage) were examined.

2 Finite Element Modeling

2.1 Description of the Finite Element Model

To simulate the ballistic impact of ceramic and composite materials against ogival
nosed projectile, a Finite Element (FE) model is developed through the Abaqus /
explicit code. Figure 1 shows a description of the finite element model and meshing.
The target is composed of three layers, two composite layers, and a ceramic plate
inserted in the middle of these two layers. The thickness of the forward composite
layer, the ceramic layer, and the back composite layer are 1.5 mm, S mm, and 3
mm, respectively. The dimension of the target is 120%120%9,5 mm?>. The projectile
is in hard steel, with a diameter of 7.62 mm and a mass of 30 g. The lateral sides
of the target are embedded, and an impact velocity of 275 m/s is applied to the
impactor, which is assumed to be deformable. The ceramic layer and the projectile
are meshed with C3D8R three-dimensional elements, while the composite layer is
meshed with SC8R elements. A general contact algorithm is adopted between the
projectile and the target and between the target layers. The coefficient of friction
between the projectile/ ceramic plate and the projectile/ composite plate is assumed
to be negligible; this assumption was adopted based on the high impact speed.
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Mesh type: C3IDSR

composite Kevlar 29/epoxy

—* Ceramic Alumina 99.5%
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L Mesh type (Ceramic): CIDSR ]

Composite Kevlar 29/epoxy

L Mesh type (composite): SCSR ]

Fig. 1 Description of the finite element model and meshing

2.2 Material Properties

In this study, two behavior laws are used for modeling the target material. The
composite Kevlar/ epoxy is modeled as an anisotropic material, and the Hashin
criterion is adopted to describe the damage initiation and evolution of this mate-
rial. The Johnson-Holmquist model [Holmquist et al. 1993] (JH-2) is employed to
describe the behavior and the damage of the ceramic plate. The material parameters
are summarized in the following tables (Tables 1 and 2). The Johnson—Cook (JC)
behavior law and failure model are applied to the projectile, which is made of steel
4340. The Johnson cook parameters are illustrated in the Table 3.

Table 1 Properties of Kevlar/epoxy [8]

E; (GPa) E2 (GPa) E3 (GPa) V12 V13 V23

25.63 25.63 7.5 0.2 0.3 0.3

Gy, (GPa) Gq3 (GPa) Gy3 (GPa) XT (MPa) X€ (MPa) YT (MPa)
2.12 543 543 586 112 586

YC (MPa) SL (MPa) ST (MPa) p(Kg/m3)

112 66 66 1251
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Table 2 Properties of Ceramic (Alumin 99%) [8]
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G (GPa) HEL (GPa) A N C o (Kg/m?)
90.16 19 0.93 0.6 0 3890
B M O fmax PHEL (GPa) D, D,
0.31 0.6 0.2 1.46 0.005 1
] K, (GPa) K, (GPa) K; (GPa)
1 130.95 0 0

Table 3 Properties of projectile material (steel 4340) [8]
E (GPa) v p(Kg/m3) A (GPa) B (GPa) n
210 0.3 7850 00.95 00.725 0.375
C m D1 D2 D3 D4
0.015 0.625 -0.8 2.1 0.5 0.002
D5 T; (K) Ta (K) g0y (s71)
0.61 1793 293 1

3 Results and Discussion

3.1 Validation of the Finite Element

The validation of the finite element model is carried out for each component of the
target, independently. Firstly, the composite model is validated by the trials performed
by Millan et al. [4] (Table 4). Secondly, the results’ issues from the ceramic model
are validated by those obtained by Khan et al. [1] (Fig. 2). The FE model made of a
composite plate is vetted by comparing the residual velocity of the numerical model
to the experimental one from the literature. Moreover, the FE model of the ceramic
is validated in terms of damage on the backside of the target. It can be noticed that
a strong fit is obtained between our numerical results and the results of the literature
for both models. Both numerical and experimental results show that radial cracks
form on the back surface of the ceramic plate.

Table 4 Comparison between our numerical results and the results of the literature

Our numerical model Impact velocity = 300 m/s Residual velocity = 243 m/s

Residual velocity = 245 m/s

Literature

[4]

Impact velocity = 300 m/s
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radial crack

Fig. 2 Comparison of numerical and experimental ceramic failure modes

3.2 Effect of Impact Velocity

To highlight the effect of the impact velocity on the residual velocity, three impact
velocities 275, 650, and 850 m/s were tested. Figure 3 shows the evolution of the
residual velocity versus the impact velocity. It can be noted that the residual velocity
is highly influenced by the impact velocity. The increase in the impact velocity results
in a decrease in the average relative difference between the impact velocity and the
residual velocity. For an impact speed of 275 m/s, the observed residual velocity is
164 m/s, i.e., an average relative error of 40%. For an impact velocity of 850 m/s, the
residual velocity is 792 m/s, so the average relative error is 6%. It can be concluded
that the performance of the body armor, meaning the energy absorbed, decreases as
the impact velocity increases.

Fig. 3 Effect of the impact 900
velocity on the residual 200

velocity 200
'S 600
500
400
7 300
200
100
0
850

Residual velocity (m/s)

275

650
Impact velocity (m/s)
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3.3 Comparison Between Two- and Three-Layer Targets

Figure 4 illustrates the damage distribution in the ceramic plate and composite back
layer for bilayer target and three-layer target. It is noted that the damage to the
composite part for the bilayer target is more pronounced than that of the tri-layer
target. In fact, for the three-layer target, the absorbed energy is spread over three layers
instead of two, minimizing the damage to the rear composite layer. It is observed that
the fracture in the composite plate is oriented toward the transverse direction of the
fiber, which is explained by the low strength of the matrix compared to that of the
fiber. Concerning the damage of the ceramic plate, it can be seen that radial cracks
form in the ceramic plate, and these are more important in the three-layer target than
in the two-layer target. This result is explained by the deflection of the composite
plate in front of the ceramic plate, which provides the propagation of cracks in the
ceramic plate.

To examine the effect of adding a composite layer in front of the ceramic layer, a
comparison between bilayer target formed with ceramic layer and composite backing
layer and three-layer target, in which the ceramic is inserted in the middle of two
composite layers, is shown in Fig. 5. It is found that the addition of a composite layer
in front of the ceramic plate has a negligible influence on the residual velocity. This
can be explained by the small thickness of the added composite layer. Therefore, the
objective of the following section is to investigate the effect of the composite and
ceramic thicknesses on the residual velocity.

Composite

Ceramic

DAMAGEME
SHEG, (fraction =
(Avg: 759%)

- = SOV_DUCTCRT
LO), Layer = 1 aa)
- +1.000+00

Two layer

DAMAGEMC SOV_DUCTCRT
SNEG, (fraction = -1.0), Layer = 1 (Avg: 75%)
{avg: 75%)

Three layer

2.
. +8.3320.02
thbarels +0.0008+00

Fig. 4 Comparison of damage between two- and three-layer targets
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Fig. 5 Comparison of u composite 1,5mm-+ceramic Smm-+composite 3mm
residual velocity between 200
two- and three-layer targets = ceramic Smm-+composite 3mm

i)

£ 150

2

12}

L

g 100

=

b=

g so

0

275
Impact velocity (m/s)

3.4 Effect of the Design Parameters

To evaluate the effect of composite and ceramic thicknesses on the residual velocity,
different tests were performed (Table 5). Figure 6 illustrates the evolution of residual
velocity as a function of composite and ceramic plate thicknesses. It can be seen
that increasing the thickness of the back composite layer (from test 1 to test 2) and
the front composite layer (from test 2 to test 3) has a little influence on the residual
velocity. Indeed, increasing the thickness of the composite from 3 to S mm generates a
decrease in the residual velocity from 164 to 156 m/s, resulting in an average relative
difference of 4%. Moreover, when the composite thickness passes from 3 to 10 mm
(from test 3 to test 4), an average relative error of 16% is detected. This proves that the
thickness of the composite has an influence on the residual velocity, if it undergoes
a very large variation. The effect of the ceramic thickness on the residual velocity is
observed in tests 5 and 6. We can see that when the ceramic thickness increases from
5 to 8 mm, the residual velocity decreases of about 65% and the impactor is totally
penetrated. However, when the ceramic thickness reaches 10 mm, the impactor is
completely blocked, and the kinetic energy of the projectile is totally absorbed by
the target. It can be inferred that the ceramic thickness has a great influence on the
ballistic resistance.

Figure 7 shows the target penetration depth (pd) for different ceramic and
composite thicknesses. It is observed that the ceramic and composite thicknesses
have a significant influence on the target deformation. When the composite plate
thickness varies (from test 2 to test 3), the depth of penetration varies from 20 to
11.9 mm. A decrease of about 40% was detected. As the thickness of the ceramic
plate increases (Trial 3 to Trial 5), the depth of penetration decreases from 11.9 to
2.6 mm. A decrease of about 78% was observed. It can be deduced that increasing
the thickness of the composite and ceramic plates leads to a decrease in the target
deformation. The low penetration depth is observed for high ceramic thickness.
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Table 5 Performed tests

H. Amira and S. Mezlini

Tests Composite front layer (mm) Ceramic Composite back layer (mm)
plate (mm)
Test 1 1.5 5 3
Test 2 5 3
Test 3 5 5
Test 4 10 5 5
Test 5 8 5
Test 6 10 5
180
160
140
g 120
2100
g
s 80
E 60
=
& - No
20 | penetration
0

Test 6 Test 5

Test 4 Test 3

Test 2

Test 1

Fig. 6 Effect of the composite and ceramic thicknesses on the residual velocity
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Test 1 Test 2 Test 3 Test 5

DAMAGEMC

SNEG, (fraction = -1.0)

(Avg: 75%)
+8.000e-01
+7.333e-01

N
+6.667e-01
+6.000e-01
+5.333e-01
+4.667e-01
+4.000e-01
Z +3.333e-01
+2.667e-01

+2,000e-01
+1.333e-01
+6.667e-02
+0.000e+00

Fig. 7 Effect of composite and ceramic thicknesses on the depth of penetration

4 Conclusion

This paper studied the ballistic performance of multiple layer armor formed with
two composite layers and one ceramic layer inserted in the middle against ogival
nosed projectile. The influence of the impact velocity as well as the influence of
ceramic and composite thicknesses on the residual velocity and the target damage
are examined using numerical simulation. It was found that the ballistic performance
of body armor decreases with increasing the impact velocity. In addition, ceramic and
composite thicknesses have a considerable influence on the residual velocity. The
residual velocity is more affected by the ceramic thickness than the composite thick-
ness. The target deformation decreases with increasing both ceramic and composite
thicknesses.

The perspectives envisaged in this study are the investigation of the effects of
the projectile obliquity angle and its diameter on the ballistic performance of the
bulletproof vest.
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Effect of the Cultivar on the Development = m)
Hemp Stem and Textile Fiber in the East | @
of France

Aurélie Decker, Adrien Tritter, Vivien Sarazin, Jean-Yves Drean,
and Omar Anis Harzallah

Abstract Historically, the textile hemp fiber was cultivated in the East of France until
the 1930s. Since a decade, textile hemp cultivation has been re-examined because
hemp is a great water and fertilizer consumer. So, SADEF, specialist in the plant
nutrition and analysis, produces and studies hemp growing in the East of France. The
hemp genotype has evolved, so four cultivars (Férimon 12, Santhica 27, Santhica 70
and Fibror 79), whom three are used for the fiber production, are studied at different
development stage (development, before and after flowering and seed maturity). The
study is the stem characterization (color, height, fresh mass and yield) carried out
by SADEF and fiber characterization (apparent diameter and mechanical properties)
carried out by LPMT, laboratory of physical and mechanical textile. During the
hemp cultivation, the fiber stress, strain and Young’s modulus increased like the
stem height. However, the fiber diameter decreased between June and October. The
fresh stem mass decreased at the cultivation end. The optimal cultivation duration
was October in the East of France. The cultivar Fibor 79 has stunted growth and
a yellow stem color. But, there is no significant difference in morphological and
mechanical properties between the different cultivar along the cultivation. Cultivar
selected for the dual-production (Férimon 12) produced the same fiber quality than
cultivar selected for the fiber production (Santhica 27, Santhica 70 and Fibror 79).
So, the four cultivar were adapted to the East of France hemp cultivation.
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1 Introduction

According to the cultivar catalogue of Hemp-it (French hemp seed) [1], each cultivar
has a specific use: production of stem, seed and/or fiber. Santhica and Fibror are
two cultivars used for textile fiber production. In particular, Fibror 79 was created to
absorb less azote for improve scutching [1, 2]. Hemp production in France for the
textile industry is mainly carried out in Normandy with the cultivar Santhica 27. Other
regions of France are interested in hemp fiber production, such as the East of France,
in order to recreate a historic textile industry [3, 4]. Currently, the hemp production
in the East of France is used mainly for the paper and building industry. Cultivar
specificity changes with the localization due to climate and sunshine duration [5-7].
So, a cultivar intended for fiber production in Le Havre, West of France (Standard
localization of Hemp-it) [1] may change specificity in the other part of France. By
definition, the development duration depends on the genotype, an early cultivar is in
flowering faster than a late cultivar.

The stem and fiber characteristics vary according to the localization, the cultivar
and the cultivation duration [8—14]. According to the study of Vandepitte et al. on
hemp cultivation in Belgium in 2018, the height was impacted by the cultivar. The
height of Santhica 70 was higher that of Santhica 27 [11]. The stem hemp height
increases all along the cultivation [5, 13, 15]. In particular, in the first month, the
height increase is quick, then after flowering, it’s more slow [5, 6, 15]. The stem
height increase depends on the cultivar [5, 15]. The cultivars Uniko B and Kompoiti
Hybrid TC studied by Sankari and Mela in Finland were growing faster than the
cultivar Uso 11 and Uso 31 [15].

The cultivar affects not only the stem characteristics but also that of the hemp
fiber [16]. The cultivar impacts the fiber fineness [8, 17]. The study of Amaducci
et al., shows that the Tibor cultivar produces finer fibers than Futura cultivar grown
in Italy in 2004 [8]. Moreover, cultivar impacts the mechanical properties too, in
particular, the breaking stress [11, 14, 17-19]. The cultivar effect on the breaking
strain and the Young’s modulus is weak [11, 14, 17]. Fiber characteristics change all
along the hemp cultivation [13, 20-22]. The breaking stress increases significantly
during the first cultivation weeks [21, 22], then after flowering, the breaking stress
appears to decrease [20, 21]. The impact of the cultivation duration is very small
on the breaking strain and the Young’s modulus. Finally, the hemp fiber diameter
decreases between the end of flowering and the maturity of seed [21].

For the production of fiber in the East of France, the cultivar coupled to the harvest
time is studied. The analysis of the impact of the cultivar on the optimal harvest time
is performed. Firstly, the stem characteristic (color, height, weight and yield) was
studied to understand the hemp plant development. Then, the stems were peeling
to extract the fiber bundle. The fiber bundles were combined to obtain technical
fiber. Secondly, the fiber characteristic, like diameter and mechanical properties,
was studied to understand the impact of the cultivation duration and the cultivar on
the hemp fiber quality. Moreover, a link between the stem and the fiber characteristics
was realized.
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2 Material and Methods

2.1 Raw Material

In 2018, four hemp monoecious (Canabis sativa L.) cultivars were carried out in
the East of France by SADEF laboratory. The selected cultivars have a different
genotype. The seeds came from the French seed producing, Hemp-it [1]. Férimon
12 is early cultivar and is used for seed and stem production. Whereas, the three
other cultivars are used for textile fiber production. Santhica 70 and Fibror 79 are
late cultivars, unlike Santhica 27 is early cultivar. Moreover, Fibror 79 was selected
to make scutching easier and to be adapted to the fiber textile industry.

The soil was clay-sandy silt, it’s proportionally composed of clay, silt and sand.
The pH was 6. But, the soil contains a lot of stones that facilitate soil dryness. Tillage
and mechanical weeding were carried out to prepare the soil before sowing. The
soil was fertilized with chemical fertilizers to boost the growth of hemp plant. The
applied doses are one hundred units per hectare of nitrogen and potassium and fifty
units per hectare of phosphorus. Moreover, the soil was limed to reduce soil acidity.
No herbicide and no fungicide were used during the hemp cultivation. The seeding
was carried out on 28 may with a seed density of 50 kg ha=".

The data of temperature and rain were collected from a metrological station and
shown at Fig. 1. The meteorological data came from the website: www.meteociel.fr.
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Fig. 1 Daily weather conditions (minimum and maximum temperature and rainfall) during the
2018 hemp cultivation
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2.2 Stem Characterization

The cultivation duration impacts the hemp plant. Table 1 shows the stem character-
istics (cultivation color, height, fresh mass and yield) estimated for the four culti-
vars and the cultivation duration. The three harvest time corresponded to the plant
development stage (June), the flowering stage (July) and the after-flowering stage
(August).

The color defines the plant development. The darker green was the plant, the
more development the cultivation was considered. Four measurement was performed
using a predefined color scheme from 1 (yellow) to 10 (very dark green) in field. The
appreciation of the color was dependent on the operator and the weather.

The stem height was measured with a ruler in field expressed in cm. Twenty stems
are measured randomly by cultivar and by harvest time. The height was taken from
the ground to the top of the hemp stem.

The stem fresh mass was measured with Mettler Toledo PC400 weighing scales
expressed in g. The stems were taken in the field and measured in the laboratory. The
bundle of five stems was measured for each cultivar and harvest time.

Finally, the stem yield was calculated from the fresh mass and the plant density.
The plant density corresponded to the plant number in a 0.25 m?-square measured
in June. The stem yield was expressed in kg m~2.

Table 1 Stem characteristics and confidence interval for the height estimated for different cultivar
and cultivation duration

Cultivar Month Height (cm) Color(/10) Mass (g) Stem Yield (kg m~2)
Férimon 12 June 65+3d 6.0 14.36 1.84
July 133+ 12bc | 6.7 30.48 3.90
August | 154+ 18ab |75 25.83 3.31
Santhica 27 | June 63+4d 5.5 15.12 1.51
July 130 £ 8 be 6.9 22.84 2.28
August 140 £+ 8 ab 6.5 17.93 1.79
Santhica 70 | June 66+3d 5.8 9.56 1.15
July 140 £ 7 ab 6.5 26.22 3.15
August 140 £ 6 ab 7.5 15.73 1.89
Fibror 79 June 53+3e 4.6 11.00 0.67
July 113+7c¢ 5.9 21.34 2.48
August 160+ 17 a 2.0 32.23 3.74
p-value < 0,001 / / /

The letters a to e correspond to the comparison of the impact of the cultivar coupled to the harvest
time in the same column according to an ANOVA analysis
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Fig. 2 Photo of a specific
cardstock framework and a
fiber

2.3 Fiber Characterization

The fiber development changes according to the stem development as shown previ-
ously. Ten hemp stems of each cultivar were randomly taken in June, July and
October to observe the fiber apparent diameter and mechanical properties. The stems
were manually peeling to separate fiber bundles and shives. Then, fiber bundles
were brushing to extract the technical fiber. Fifty fibers were randomly selected and
prepared on a specific cardstock framework with a 20 mm-gauge length, Fig. 2. The
environment room conditions were a temperature of 20°C and a relative humidity of
30%.

According to the adaptation of NF EN ISO 137 standard, fiber apparent diam-
eter was measured with a projection microscope, Projectina®. Five diameters were
measured along the fiber.

According to NF EN ISO 2062 standard, the tensile test was performed with
MTS® to obtain the fiber mechanical properties like breaking force, strain and stress
and the Young’s modulus. The specific cardstock framework was placed in the clamp.
MTS’ setup was 20mm gauge, a 2N cell and a Imm min~! constant crosshead
displacement rate.

2.4 Statistical Analysis

The data analysis of the stem height and the fiber characteristic (diameter and mechan-
ical properties) is performed according to a one-way analysis of variance (ANOVA)
with the software R®.
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3 Results and Discussion

3.1 Weather

The weather data is shown Fig. 1. The weather conditions were considered as normal.
The maximum temperature was about 35 °C and the minimum temperature was close
to 5 °C at the end of the cultivation.

3.2 Stem Characterization

Hemp stems changed along the cultivation [5, 13, 15]. The stem characterization
(color, height, weight and yield) is shown in Table 1. The stems of Férimon 12,
Santhica 27 and Santhica 70 cultivars darkened along the cultivation from light
green (5.5-6) to green (7-7.5), Table 1. Hemp stem height increased significantly,
especially from June (62 £ 2) cm to July (129 &+ 5) cm on average whatever the
cultivar [5, 15]. The stem mass almost doubled between June and July for the four
cultivars. Compared to Férimon 12, Santhica 27 and Santhica 70, the cultivar Fibror
79 stunted their growth, Table 1. Férimon 12, selected for the production of heep
seed and straw, produced the best stem yield, 1.84 kg m~2 in June and 3.90 kg m~2
in July. In contrast with Santhica 27 and 70 and Fibror 79, which were selected
for the production of fiber. From July to August, the height didn’t change for the
cultivars Férimon 12, Santhica 27 and Santhica 70 like the stem color, whereas the
Fibror 79 height increased significantly from (130 & 8) to (140 £ 8) cm like the
mass from 21.34 to 32.23g. But, the stem color changed significantly from a green
to a yellow. The color difference between Fibror 79 and the other cultivar is shown
in Fig. 3: Fibror 79 in the left was yellower than Santhica 70 in the right in August.
The cultivar Fibror 79 produced the best stem yield, 3.74 kg m~2, Table 1.

In contrast, the mass of Férimon 12, Santhica 27 and Santhica 70 decreased
slightly. After flowering, differences in height between cultivar were smaller
according to ANOVA analysis. The height of the cultivar Fibror 79, (160 £ 17)
cm, was the highest followed by Férimon 12, (154 % 18) cm, then Santhica 27, (140
4 8) cm and Santhica 70, (140 4+ 6) cm [11].

The difference between the cultivar Fibror 79 and the other cultivar came from a
lack of nitrogen predefined by the genetics [1, 2].

So, the hemp development depended on the cultivar. The cultivar impacted the
hemp stem color, height and mass during the cultivation.
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Fig. 3 Photo of hemp plot
comparing Fibror 79 (left)
and Santhica 70 (right) in
August 2018

3.3 Fiber Characterization

As the stem changed according to cultivar and harvest time, the fiber could change.
Table 2 represents the fiber diameter and mechanical properties. All along the hemp
cultivation, there was no difference in diameter, Young’s modulus, breaking force
and stress between cultivars according to an ANOVA analysis, Table 2. In contrast in
July, there was a significant difference in breaking strain between Santhica 70 (1.58
+ 0.20) % and Fibror 79 (2.24 £+ 0.25) %.

As fiber characteristics were similar between cultivars, Fig. 4 represents the typical
strain stress curve of the Férimon 12 cultivar. At the beginning of the hemp cultivation,
the fiber diameter was similar around 100 um whatever the cultivar. Then, the hemp
fiber diameter decreased along the cultivation [19, 23, 24]. The fibers were refined
during the plant growth, as well as the efficiency of the manual peeling was improved.
This decrease was significant for Fibror 79 cultivar, whose diameter decreased from
(94.48 4+ 8.11) wm in June to (58.9 £ 6.15) wm in October. Whereas Férimon 12
decreased from (105.27 + 11.08) wm in June to (70.75 £ 6,15) wm in October.
So, the diameter of Fibror 79 cultivar decreased faster than that of Férimon 12. The
diameter of Fibror 79 was slightly thinner than the other cultivar corresponding to the
stunted growth. The breaking force increased between June and October in particular
for the cultivar Férimon 12 from (1.15 £ 0.24) N to (1.83 4 0.28) N. The increase
of the breaking force was not significant for Santhica 27, Santhica 70 and Fibror
79. The Young’s modulus and the breaking strain and stress increased significantly
from June to October whatever the cultivar, Table 2 [23]. It was corresponding to the
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Table 2 Fiber characteristics and confidence interval at 95% estimated for different cultivar and
cultivation duration

Cultivar | Month | Diameter (wm) | Breaking Breaking | Breaking Young’s
force (N) stress strain (%) modulus
(MPa) (GPa)
Férimon | June 10527 £ 11.08 | 1.154+0.24 | 156 =34 |1.88£0.29 |795+t155¢e
12 a b f bc
July 7843 £6.77bd | 1.42+0.25 |310£50 |1.884+0.22 |15.7 £ 1.85
ab c bc ac
October |70.75 + 6.14 1.83 £0.28 |495+76 |247 £0.22 |19.31 £2.32
cde a ab a ab
Santhica | June 107.81 £ 12.14 | 1.354+0.22 | 198 +42 |1.924+0.21 [887 £ 1.78¢
27 a ab ef bc
July 88.15 £9.02 1.58 £0.31 [276 48 | 1.93+0.25 |12.36 - 1.64
abc ab ce bc cd
October | 66.79 £ 7.06de | 1.85 £ 0.37 |536 =71 |2.61 £0.24 |19.04 +2.36
a a a ab
Santhica | June 9244 £1024 |1.19+0.21 (209 +36 |1.87+0.16 |9.61 £1.34
70 ab b def bc de
July 85.43 + 8.97 1.444+0.24 |297 +£58 |1.58£02c |16.43 +1.87
abc ab cd ac
October | 65.56 +£5.96de | 1.58 +0.26 |500 74 |2.22 +£0.23 |20.98 4+ 2.61
ab ab ab a
Fibror 79 | June 9448 £8.11ab | 1.06 £0.15 |172£28 |2.16 =0.23 |6.89 =0.98 ¢
b f ab
July 71.35 £7.06 1.33+0.26 |363 +54 |2.24+0.25 |14.61 = 1.71
cde ab bc ab be
October |58.9 +6.15¢ 1.38 2 0.28 | 549 +96 |2.63 £0.31 |18.65+2.2
ab a a ab
p-value < 0.001 <0.001 <0.001 <0.001 <0.001

The letters a to f correspond to the comparison of the impact of the cultivar coupled to the harvest
time in the same column according to an ANOVA analysis

increase of the stem height, mass and yield, Table 1. Finally, the fiber diameter and
mechanical properties increased along the stem and the fiber development whatever
the cultivar [20-22].

According to ANOVA analysis, the difference between the four cultivars was
not significantly. Cultivar selected for the dual-production (Férimon 12) produced
the same fiber quality than cultivar selected for the fiber production (Santhica 27,
Santhica 70 and Fibror 79). So, all cultivar, early and late cultivars, could be cultivated
in the East of France.
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Fig. 4 Typical strain stress curve case of Férimon 12

4 Conclusion

The harvest time was primordial for the hemp cultivation according to previous study.
In the East of France, the optimal cultivation duration was October according to the
diameter and the mechanical properties whatever the cultivar. From June to October,
the stem characteristic changed like the height increase and the color modification.
In parallel, the fiber characteristic changed too, like the diameter decrease and the
stress and Young’s modulus increase.

However, there is no significant difference in morphological and mechanical
properties between the different genotypes along the cultivation. In contrast, Fibror
79 cultivar producing fiber has stunted. All cultivar can be grown in the East of
France whatever the utilization. To optimize the hemp cultivation, early cultivar, like
Férimon 12 and Santhica 27, is favored to have a mowing in August and a retting
until September in the East of France.
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Energetic Valorization of Cutting Textile )
Waste by Transforming It into Thermal L
Insulation Products

Nour Sghaier and Nourhene Dibej

Abstract The quantity of textile cutting waste in Tunisia has been increasing in
recent years. Tax-exempt raw materials have been exported, which are essential
for reducing consumption through reusing and recycling textile waste. These textile
scraps can serve as thermal insulation, effectively reducing heat loss through thermal
conduction when placed in wall gaps, ceilings, and floors. Properly installed cuttings
can improve a building’s energy efficiency, leading to reduced heating and cooling
costs. This study focuses on valorizing textile cutting waste as a source of thermal
insulation products, presenting a unique approach to sustainable waste management
and energy efficiency in construction. It offers a potential solution to decrease raw
material consumption by promoting the reuse and recycling of textile products. The
study examines the technical properties, performance, and suitability of insulation
products for use in the construction industry. The first stage involves a chemical
analysis of the textile cutting waste to identify its composition and characteristics.
Subsequently, a process for designing and optimizing a textile thermal insulation
sample is developed. Polyester binds are used to combine textile cuttings and fiber/
PET in various ratios to produce different samples. These samples, including cotton
(white and color) and polyester (white), undergo testing and evaluation using standard
methods. The findings indicate that the insulation products demonstrate good thermal
performance, making them highly suitable for construction applications.
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1 Introduction

Textile waste is a growing environmental concern, as it contributes to landfills and
pollution. In recent years [1], there has been an increasing interest in recycling old
clothes and other textile waste into new products [2]. In fact, several studies have
explored the fact of recycling old clothes. For instance, a study conducted by Eder
and colleagues (2018) [3] investigated the feasibility to use them as a raw material
for textile recycling. The authors found that recycled textile products made from
old clothes can have similar properties and qualities as virgin textile products. In
addition, another study by Shafiqul Islam and Gajanan Bhat showed the recycled
textiles to be environmental friendly thermal isolation [4] added to another study by
Ankang Kan and colleagues [5] related to vacuum insulation panels prepared with
recyclable fibrous cotton core. In Tunisia, textile cutting waste is a significant issue.
More specifically, considerable amount of textile waste is exported without being
utilized for its full potential. According to the National Institute of Statistics (2021)
[6], the country exports around 70% of its textile waste, despite having the potential
to transform it into value-added products.

To address this issue, we decided to valorize textile waste by transforming it
into thermal insulation products as other authors have demonstrated in their studies
[7]. Insulation products made from recycled textile waste, including insulation
panels offer several benefits, including improved energy efficiency and reduced
environmental impact.

In conclusion, the recycling of old clothes and textile cutting waste is a promising
approach to reduce environmental impacts and create value-added products. By
valorizing textile waste, Tunisian companies do not only address the issue of textile
waste, but also create new economic opportunities.

2 Chemical Characterization of Textile

Before recycling textile waste, it is essential to conduct a thorough textile charac-
terization to identify the materials that will be recycled to ensure that the recycled
products have the needed properties and qualities. In the case of recycling cotton
waste, for instance, it is important to confirm that the material is, indeed, cotton.
For that, chemical tests, involving the use of various reagents that react with specific
fibers to produce a color change or other observable changes, are usually performed.
For instance, the solubility of cotton in acid can be confirmed by using Sulfuric Acid
70% [8]. In case of Sulfuric Acid solution added to a sample of cotton, it will turn
Soluble.

Textile characterization is a crucial step in textile recycling. By identifying, the
materials that will be recycled and confirming their properties, the process can be
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optimized to produce high-quality and value-added products. Alike, the use of chem-
ical tests to confirm the presence of cotton in textile waste is commonly used to ensure
the quality of recycled cotton products.

3 Sample Design

In addition to using recycled cotton and recycled polyester edge binding waste fibers,
this study also adhered to the principles of eco-conception, as outlined in ISO 14026
[9]. It is a design approach that considers the environmental impact of a product
or process throughout its entire life cycle, from raw materials extraction to end-
of-life disposal. By incorporating eco-conception principles into the manufacturing
process of these non-woven fabric bricks. Raw materials for this study were cotton
and polyester scrap collected by a textile industry.

After analyzing textile cutting waste samples, we select cotton textile one. Then
we unravel the textile. After that, we weighed the used textile, while respecting the
desired proportion (cotton/polyester) and the homogenized mixture with the two
components.

The process involves taking a frame of 27/27cm size and 5 cm thickness (see
Fig. 1a). We, then, placed the fabric mixture onto the surface of the frame where the
proportions of polyester and cotton were verified by weight and then homogenized
(see Fig. 1b). We use baking paper over it to melt the polyester and connect it with
the cotton (Fig. 1c). Then, we iron the fabric mixture. Also, we use a clamp until
reaching 3 cm thickness (see Fig. 1d) and e). The resulting bricks (see Fig. 1f)
are useful in the construction of buildings, providing effective thermal insulation.
This collaboration between the textile and construction industries has resulted in a
sustainable and innovative solution for thermal insulation in building construction.

Two textile samples (textile Brick) are prepared and composed of a mixture of
polyester and cotton. The first one is 20% polyester used for connection and 80%
cotton whereas the second is composed of 30% polyester used for connection and
70% cotton.

In all this publication, the first sample will be qualified by brick 1 and the second
by brick 2.

4 Thermal Characterization

4.1 Conductivity

In the process of recycling textile waste into thermal insulation products, it is essential
to ensure that the recycled samples have the required thermal insulation characteris-
tics. This is typically achieved through various types of analysis, including thermal
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Fig. 1 Stages of sample preparation

conductivity measurements. In fact, it is considered to be one of the key thermal
parameters determining the capacity of a material to provide thermal insulation.
To measure thermal conductivity as shown in his study [10], one common method
used, the box method (See Fig. 2), which involves placing a sample of the material
(brick) in a copper box between two temperature-controlled surfaces and measuring
the temperature difference across the sample. The heat flow through the sample can
then be calculated from the temperature difference and the known dimensions of the
sample.

The dispositive is composed of two volumes (A) and (B). More precisely, Volume
(A) is the low-temperature room fixed with a cryostat and an exchanger whereas
volume B is the high-temperature room fixed with a rheostat. The sample placed
between A and B and his surface temperature are measured and qualified respectively
as (Ty) for the cold surface near to B and (7;) for the hot surface near to A.

The acquisition of different temperatures in function of time is established with
acquisition chain Agilent 34970A allowing the storage and recording of the different
temperatures (T, Tp, T, Ty) every 10 s in °C.

The thermal total conductivity of the sample can be determined as follows (Eq. 1):

e U?
A - | Ty -T, 1
th.Total (- 1)) |:Re n(Tp )] (D
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Fig. 2 Box method for evaluating conductivity [13]

where S is the sample surface (m?), Re: electrical resistant of the heating element
(R2) e: the sample thickness (m) Tc: temperature of the face of the copper box near
the hot zone (°C), Tf: temperature of the face of the copper box near the cold zone
(°C), T p : of the hot zone (°C), Tc: temperature of the cold zone (°C). Ue: tension
generated by the heating element (V) and Cyy, is the heat loss coefficient, which is
evaluated with a reference material equal to C,, = 0.17 (W/K).

The total thermal resistance is evaluated as follows:

R 2ecopper €sample € )
thT = =
)Lth copper )\th sample Ath. Total

where ecopper = 0.005 m thickness of the box of copper, A copper = 380 w/k is the
conductivity of the copper
e, the total thickness of the sample and the box e; = 0.04 m, esampie = 0.03 m.
We can then deduce the thermal sample conductivity as:

€sample
A = 3
th Sample 0 Decopper ( )
Ath.Total )"lhcopper

We can deduce the thermal resistance of de specimens as:

Ry = — )
Ath
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4.2 Diffusivity

In order to determine the thermal diffusivity of our specimens, we modified the
method boxes apparatus [10]. Our approach involved placing an incandescent lamp
of 1000 W on the lower surface of the sample, specifically on zone A. This lamp
provided a brief burst of thermal energy, which was then measured on the opposite
face of the sample, located on side B of the box.

The diffusivity is the behavior of the sample to store heat and to conduct it.

The identification of the thermal diffusivity of the sample is performed by applying
the method of Parker [11].

Assuming that the sample is well isolated from the surrounding atmosphere,
Parker’s model consists of briefly exciting the front face of the sample. The temper-
ature evolution is then captured on the opposite side of the form, (See Fig. 3). This
process produces a thermogram (see Fig. 4).

Parker established the method for determining the effective thermal diffusivity of
the sample.

The diffusivity is then evaluated as:

1.38¢2
w2t

(&)

Ay =

0=

where (e) represents the thickness of the sample (m), () is 3.14 and (¢;;) is the
time needed to reduce the temperature of the back side with the halt of its maximum
value.
The time required for the temperature at the back of a sample to drop by half of its
maximum value is represented by (t1/2), while (e) stands for the sample thickness.
Having the conductivity and the diffusivity, we can estimate the massic heat by
the relation:

(1)Box
(2)thermosonde
(5) (3) incandescent

lamps (1000 W)
(6) (4) sample (E)
(2) (5)plywood
= (6) stvrodur

[]

(3)

(1)

Fig. 3 Box method to calculate the diffusivity
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Sulfuric acid (H,SO,) is a highly corrosive and reactive substance commonly used
in laboratory experiments to identify the composition of materials [12]. Alike, it
has been used to determine the various tested samples composition. After careful
analysis of the results, we found that all the samples were made of cotton.

The process of testing involved adding a small amount of sulfuric acid to each
one and observing any changes. Cotton is a natural fiber highly susceptible to the
effects of sulfuric acid. When added, it breaks down the fibers and causes them to

dissolve (See Fig. 5), leaving a brownish-yellow residue.

In our experiment, we observed that all the samples similarly reacted to the sulfuric
acid, indicating that they were all made of cotton. This result was confirmed through
further analysis, including microscopic examination and chemical testing.
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Fig. 5 Yellou residue after
adding sulfuric acid to
sample tissue

5.2 Conductivity

We measure the conductivity for different applicated electrical tension for the two
samples brick 1 and brick 2 to evaluate the effects of the applicated heat and the
sample temperature.

For each sample, five company measures are done and the average and standard
deviations are estimated repetitions.

The conductivity calculated for each sample is the average of five done repetition
for each temperature of the sample evaluated as Tgample = (¢ + TF) /2.

For the brick 2, which is 30% polyester and 70% cotton (see Fig. 6), the conduc-
tivity was still too low under 0.05W/m K for the highest sample temperature to the
extent that it can be isolatedly used in construction if we compare it with the order
of thermal insulators conductivities developed from textile waste to those of other
known insulators [13, 14] and [15] illustrated in Table 1.

Itis also clear from Fig. 6 that the conductivities of brick 1 containing more cotton
and less polyester than brick 2 is the lowest. The tows breaks are very good isolators
as illustrated in comparison with the references illustrated in Table 1.
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Fig. 6 Variation of conductivity as a function of the sample temperature (brick 2)

Table 1 Thermal properties of insulators developed from textile waste to those of other known
insulators [13—17] and [10]

Material p(Kg/m?) Ath (W/m K) ath (m? /h)0.1073
Parker

Glass wool 13-100 0.03-0.045 1.4-5.2

Stone wool 30-180 0.033-0.045 1.34.7

Extruded polystyrene 20-80 0.030-0.034 -

Expanded polystyrene 18-50 0.036-0.042 3.14-11.29

Foam polyurethane 27-60 0.030-0.032 1.89

5.3 Diffusivity

The thermo-physical properties of the studied samples were determined and
compared to known civil construction insulators summarized in the table (Fig. 7).

The measurement of the diffusivity of a brick made from waste cuttings and
polyester by the box method [11] with a result of 1.88.10° m? /S is an impor-
tant information in thermal insulation. Indeed, thermal diffusivity is a property that
measures the material ability to conduct heat. A brick with a low thermal diffusivity
will have a higher capacity to retain heat and therefore a better thermal insulation
capacity. In this case, the low measured diffusivity of brick made from scrap cuttings
and polyester can be an advantage in thermal insulation as well as a good indicator
of a brick’s good thermal insulating capacity. However, other factors must be consid-
ered to assess the overall thermal performance of the brick and its suitability for a
specific thermal insulation use.
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Table 2 Summary of thermal analysis results
Material | Thermal Thermal Thermal specific heat Cp (J/Kg
conductivity diffusivity RESISTANCE | K)
Ath at 22°C (W/m. K) | (m2 /h)0.103 | Ry, (m? k/W)
Brick 1 | 0,046 6,768 0,42 5,72x 102
(46V)
brick 2 0,058 8,496 0,31 5,72%10%
(46V)

In our case, more cotton leads to a better insulation (Table 2). For that, we must
conduct a study for an optimization to have a brick with the lowest ratio of polyester
that allows the cotton to stick on and the specimen to be durable.

6 Conclusion

In addition to being a promising solution for mitigating the environmental impact
of the textile industry, the conversion of textile waste into thermal insulation prod-
ucts also aligns with the principles of eco-conception. This approach considers the
environmental impact of a product or process throughout its entire life cycle, from
raw materials extraction to end-of-life disposal. By incorporating eco-conception
principles into the manufacturing process, the creation of sustainable and practical
goods from textile waste as a raw material is achieved. The results of this study
demonstrate the potential of energetic valorization of cutting textile waste to create
high-quality thermal insulation for certain temperature that can compete with tradi-
tional insulation products, with an average thermal conductivity of 0.046 W/m K
for the first sample (20% polyester-80% cotton) and with 0,058 W/m K for the
second sample (30% polyester-70% cotton). Our results are very close to what is
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found in the literature. We have noticed that the average conductivity varies and
increases by 0.2 W/m-K for bricks 1, and by 0.1 W/m-K for bricks 2. These changes
in conductivity can have an impact on thermal insulation. Additionally, the thermal
diffusivity of the first sample is measured at 6.768x 107 (m?/s), while the second
sample shows a higher value of 8.496x107° (m?/s). This indicates that the bricks
with higher capacity have a better ability to retain heat. To ensure the accuracy of
the results and optimize the manufacturing process, further testing is necessary. This
includes measuring the product’s insulation properties in different environments,
optimizing the manufacturing process, and measuring the porosity, humidity as well
as the effect of density. Overall, the energetic valorization of cutting textile waste
into thermal insulation products has the potential to address the issue of textile waste
and create a sustainable and useful product. Further research in this area is essential
for its development.
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and Slah Msahli

Abstract Foreign Body Reaction (FBR) is a major problem when PolyEthylene
Terephthalate (PET) textile implants are studied in the medical applications to treat
conditions such as hernia development, arterial stenosis, or heart valve malfunction.
Whatever the application, the natural porosity of textile materials tends to cause
exaggerated tissue development after implantation, which may keep the implant from
maintaining its flexibility. It has been shown in literature that one potential strategy
to reduce the FBR process is to improve the surface roughness of the implanted
material. The objective of this study is to adjust the topography of textile surfaces by
inducing hairiness, generated by particle projection. For that purpose, a supercritical
N; jet is used in order to supply sufficient velocity to sprayed particles, which result
in local filament ruptures on the treated surface. In particular, the study examines the
influence of jet projection parameters such as jet pressure, standoff distance SOD,
particle size, and density on the roughness obtained on woven PET textile surfaces
(plain weave constructions characterized by 34 and 28 weft yarn/cm). The results
show that under certain projection conditions, particles can generate a layer of frayed
fibers on the textile surface. It comes out that appropriate and regular hairiness is
obtained on the sample surface with the following setup adjustment parameters:
pressure of 900 bars, SOD of 400 mm, and a particle mass flow rate of 0.6 g/s.
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1 Introduction

Foreign body reaction (FBR) is a critical problem to address when polyethylene
terephthalate (PET) textile implants are considered in the medical field to treat cardiac
pathologies such as aneurysm or heart valve replacement [1]. The natural porosity
of textile materials tends to address exaggerated tissue growth that may prevent
implants from remaining flexible. FBR is marked by the development of fibrous
cellular tissue (fibrosis) and the formation of calcifications that result in stiffening of
the porous material, which inhibits the movement of the implant. Hence, it is inter-
esting from a clinical perspective to monitor this process. [2, 3]. The FBR mechanism
seems to be significantly influenced by the surface features of the implanted material
(hydrophilicity, roughness, porosity, etc....). In particular, it has been proven that the
development of the fibroblast tissue relies on the properties of the textile pores of a
surface and on the topography of the yarns used to manufacture the textile [4, 5, and
6]. One approach to restrict fibroblast proliferation and textile stiffening is to raise
the roughness of the textile surface.

For this topic, a mechanical surface treatment was studied to modify the surface
roughness by including plastic deformation with particle jetting which is the super-
critical N2 jetting technique by studying the supercritical N2 jetting parameters such
as static jetting pressure, standoff distance (SoD), particle size, and density on the
roughness that can be obtained on medical woven textile surfaces [7, 8]. The results
show that the particles generate a layer of frayed fibers on the textile surface, which
increases in correlation with jet pressure and SoD.

2 Material and Methods

The surface treatment technology used in this work consists of spraying onto the
surface to be treated solid particles embedded within a dense High Speed Supercritical
Nitrogen Jet “HSNJ.” This process is based on the use of liquid nitrogen at very low
temperature (—180 °C) and very high pressure (up to 3500 bar). It helps to provide
low mass particles. (In this work, the abrasive particle used is the corundum abrasive)
with critical kinetic energy to superficially degrade in an irreversible way the material
surface and locally modify the roughness of the polymer to be treated.

The material used in this work was based on two different densities of weft yarns
of Polyester plain weave fabric: 34 and 28 yarn/cm, relatively fine for application in
the medical application. The goal was to analyze in particular the performance of a
less tight structure compared to a tighter structure in the performance of heart valve.

The samples were positioned on the experimental work table by adjusting the
shooting distance and the static pressure of the jet. Once the nitrogen jet attained its
supercritical level and the experimental setup was validated, the particles accelerated
instantaneously to supersonic speeds (Table 1).
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Table 1 Experimental conditions

Configuration Pressure (bars) SoD (mm) Particle size(jtm)

Beam of particles 0.6 g/s flow rate 900 to 1300 400 212-300

Table 2 Roughness profile

Control samples P 900 P 1100 P 1300
T34 3.05 3.35 3.75 4.18
T28 2.58 2.87 3.75 5.61

3 Results and Discussion

3.1 Influence of the Pressure on the Hairiness Level

Results show that the hairiness of the fabric increases with the pressure whatever the
fabric that is considered. When the flow rate is 0.6 g/s and the SOD is 400 mm and
when the pressure varies from 900 to 1300 bars, the hairiness level can be defined
by three levels, as shown in Table 2.

In fact, when the value of the pressure rises, the velocity of the jet also rises and
delivers more kinetic energy to the particle. This is converted into cutting energy as
the sharp edges of a particle strike some of the individual filaments involved in the
construction of the tissue substrate. The cut filaments are frayed and contribute to
the obtained hairiness of the surface.

The table shows also that when the material is less tight (Pyg), the roughness
is more important as more filaments are cut and the fraying is increased. Actually,
when the construction is tighter filaments are squeezed together in a more stable
configuration, which makes them more difficult to fray especially at high pressure
under increased stress.

A synthesis of the obtained average roughness values can be seen in Table 2.
Several observations can be made. First, it comes out that the effect of pressure
variation starts to become significant from 900 bars. The roughness increases for
both the P,g and the P34 constructions compared to the control samples (from 2.58 to
2.87 pm and from 3.05 to 3.35 pm respectively). Moreover, the increase in roughness
is proportional to the increase in pressure (from 2.87 to 5.61 pm for P,g and from
3.3to 4.18 pwm for P34 at pressure values of 900 bars and 1300 bars, respectively).

3.2 Bending Stiffness

Figure 1 presents the results obtained regarding the bending stiffness of the tested
materials. It comes out that the control samples are the stiffest (0.128 and 0.152
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Fig. 1 Influence of the jet pressure on the bending stiffness profile

respectively for P,g and P34). The P34 sample being tighter is also less flexible as larger
friction phenomena occur between neighbor filaments in the fibrous construction.
After treatment at 900 bars, as soon as some filaments start to break under the impact
of the particles and fraying occurs, the bending stiffness decreases down to 0.089
and 0.094, respectively for the P,g and P34 samples. As filaments are broken, less
friction occurs in the material and the stiffness value goes down. At 1100 bars, more
filaments undergo cutting, and the number of frayed yarns increases. This causes them
to be entangled against each other, creating some mechanical bonds. These bonds
add some bending stiffness to the sample. This hooking stiffness compensates for the
drop in friction stiffness induced by the cutting, which makes that the stiffness doesn’t
evolve much (around 0.095 for both configurations). As the pressure increases up to
1300 bars, the surface frays more until partial degradation: this leads to decrease in
flexural rigidity.

4 Conclusion

The objective of this study was to investigate the potential of a new mechanical
surface treatment technique to modify the surface topography of a textile material
used for medical implants by increasing its roughness. Solid corundum particles
embedded in a high-velocity supercritical nitrogen (N2) jet were sprayed onto PET
woven surfaces, varying the jet parameters (static pressure, SoD, particle size, and
particle mass flow rate).

We found that increasing the static jet pressure from 900 to 1300 bar increases
the fraying density of the yarns constituting the textile surface. Moreover, a SoD
projection threshold of 400 mm and a pressure of 1100 bars are necessary to obtain a
uniform roughness on the surface of the material (from 3.05 to 4.18 wm for P34 and
from 2.58 to 5.61 wm for P28) are adapted to what is expected from a rigid woven
structure, i.e., the plain fabric (P34 and P28). Below this value, the turbulence of the
jetinduces an irregular velocity in the jet, which does not allow the necessary control
of the roughness obtained.
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The parameters of the supercritical N2 sputtering technology could be adjusted
to be tested with smaller particles, further emphasizing the suitability of this new
process.
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Abstract Climate change, pollution, overexploitation, and the decline of biodiver-
sity are alarming signals of the current state of our ecosystem. We must rethink our
relationship with the built environment and natural systems, generating models aimed
at regenerating rather than depleting life support systems and underlying resources.
Regenerative design, originating in the United States, provides a framework for
catalyzing this ecological transition and readapting biodesign to the urgent state of
natural ecosystems. We must reposition scientific and biotechnological advances in
relation to the functioning of natural systems, seeking to create a more sustainable
future through living design. Living design seeks to increase the vitality of natural
systems in a way that allows the planet to meet the needs of current and future gener-
ations. This research questions the relationship between scientists and designers in
the context of climate change and ecosystem degradation, highlighting the key role
of the biologist designer and living materials as an interface for a more sustainable
future. In this context, we explore the recent work of Carole Collet, a designer-
biologist in speculative biotextiles, entitled “Hybrid Futures,” which addresses these
questions. Collet examines alternative synthetic biomaterials for the textiles of the
future, presenting synthetic life as the key to this ecological renaissance to preserve
biodiversity and ecosystem health.
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Faced with our alarming ecological state, designers are seeking to rethink our rela-
tionship with the built environment and natural systems, aiming to change the
paradigm of sustainable design. Regenerative design offers a framework to catalyze
this ecological transition by generating models that aim to regenerate rather than
deplete life support systems and underlying resources. In this article, we have
attempted to integrate ecological reflection into the practice of living design by exam-
ining the crucial problems of the twenty-first century and the distinction between
biotechnology and nature. This research has examined the relationship between
scientists and designers in the context of climate change and ecosystem degradation,
highlighting the key role of the biologist designer and living materials as an interface
for a more sustainable future. We have explored scenarios of future textile materials
that combine science and design in favor of a restorative design, going beyond the
neutral or negative performance of sustainable development. We have emphasized
the repositioning of scientific and biotechnological advances in relation to the func-
tioning of natural systems, seeking to create a more sustainable future through living
design. In this context, we have posed several questions: How to rethink design
modes for the future while considering ecological constraints and changes? How
to reconcile ecology and the progress of biotechnologies? How can the progress
of biotechnologies help us design new systems and materials in partnership with
natural systems? In what way does living design create conditions conducive to the
regeneration of healthy ecosystems?

In this perspective, we have explored recent research reflections on future textile
materials that address these questions, particularly Carole Collet’s project focused
on the synergy between biology and design aimed at restoring ecosystems rather
than simply causing less damage.

1 How Has Sustainable Design Served the Natural
Ecosystem State?

Conventionally, sustainable design aims to slow the degradation of the planet’s
natural systems by creating products and systems that have minimal impact on the
environment. Conventional ecological designs and materials are not sufficient to stop
the destruction of biodiversity and the complete collapse of ecosystems. To address
this, the Sustainable Development Goals (SDGs) adopted by the United Nations in
2015 represent a global call to action to protect, restore, and promote the sustainable
use of terrestrial and marine ecosystems [1]. In this sense, ecological design aims
to regenerate the life support systems and underlying resources rather than deplete
them. To overcome these challenges, a paradigm shift is necessary to design ecolog-
ically and sustainably by adopting participatory thinking. The concept of “regener-
ative design,” which originated in the United States and is relatively new in the field
of design, provides a theoretical framework to catalyze this change. Regenerative
design aims to design systems that are in harmony with natural ecosystems, creating
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processes that contribute to environmental restoration rather than simply minimizing
damage.

1.1 Regenerative Design: A Solution for the Future

Etymologically, “regenerative” is the adjective form of “regeneration,” which refers
to the process of renewing or reconstituting something. This ability is unique to
living beings, allowing them to regenerate and be reborn after the destruction of
a part of themselves. Regenerative design is a concept that takes inspiration from
this inherent regenerative ability in living beings. It aims to create systems that
restore, renew, and revitalize the environment and human well-being. Initially, the
term “regenerative” was used as an adjective to describe a system’s self-healing
ability. However, over time, it has evolved into a broader term that encompasses a
design approach focused on creating sustainable and regenerative systems. These
systems are intended to restore and strengthen ecosystems instead of depleting them.
As a result, regenerative design can now be applied at various levels, ranging from
food systems to the design of buildings and construction materials. Its purpose is to
have a positive impact on natural systems and foster beneficial synergies for both the
environment and humans.

In this context, Bill Reed and Pamela Mang, founders of the Regenesis group,
defined regenerative design as a system of technologies and strategies, based on an
understanding of the inner working of ecosystems that generates designs to regen-
erate rather than deplete underlying life support systems and resources within socio-
ecological wholes [2]. Reed and Mang envisioned regenerative design as an alterna-
tive solution for ecological design while engaging in a reversal process. Regenerative
design is a radical approach to sustainable development that aims to catalyze positive
impacts for the local ecosystem and regenerate it while developing a sustainable and
environmentally respectful built environment. By adopting a regenerative approach,
ecological design is rethought to achieve a transition toward long-term sustainable
solutions while reconnecting with nature.

Michael Pawlyn, architect and founder of Exploration Architecture, presented
regenerative design as an approach that aims to create designs that give more than they
take [3]. This means that design concepts must be designed to maximize their positive
impact on the environment and local communities while minimizing their resource
consumption and negative impact. This approach focuses on creating positive feed-
back loops that enhance the health of ecosystems and communities. It involves all
key actors and processes of the place: natural systems, human systems, cultural
systems, and economic systems. They engage in a continuous and healthy relation-
ship through coevolution. This approach considers humans as an integral part of
the ecosystem, rather than as an observer. In general, the European research project
COST RESTORE proposed a definition synthesizing several key elements of contem-
porary discourse on regenerative design: Regenerative: allowing social and ecological
systems to maintain a healthy state and evolve [4].
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In this sense, the main objective of regenerative design is to restore, preserve, and
promote the health of all systems by favoring their function and evolution. Design
has often been criticized for its use of non-renewable resources and toxic materials,
which have significantly contributed to ecological collapse and economic degrada-
tion, both locally and globally. By positively observing and actively participating in
the resolution of these problems, design, with its objects, materials, and systems, is
seen as a solution for restoring and repairing ecosystems. By adopting a regenerative
approach, design can contribute to the creation of a more sustainable and environ-
mentally friendly economy for future generations. This approach has paved the way
for a new generation of environmentally friendly practices based on the principles
of circular design. The Ellen MacArthur Foundation, founded by British sailor Ellen
MacArthur, played a key role in popularizing the concept of the circular economy
with the publication of its report “Towards the Circular Economy” in 2012. This
report defined the circular economy as a regenerative economic system by design,
aiming to preserve the intrinsic value and quality of products, components, and
materials at every stage of their use [5]. The circular economy goes beyond simple
recycling by recovering end-of-life objects to create resources for new products.

In summary, regenerative design urges us to reconsider our relationship with
nature and collaborate with it to build a more sustainable and resilient future. The
resulting ecological innovations and materials offer alternative solutions for revital-
izing the local economy, society, culture, and environment, with the potential for long-
term positive impact on both the environment and local communities. By embracing
the principles of the circular economy, regenerative design provides sustainable
solutions to address current environmental and social challenges.

To achieve this harmonious coexistence with the natural environment, the ecolog-
ical approach relies on new pillars that foster responsible design concepts promoting
ecosystem and community regeneration. In the next section, we will explore these
pillars that enable us to envision a future where design is seen as a solution rather
than a problem.

1.2 The Pillars of Regenerative Design

As previously mentioned, the aim of regenerative design is to reconcile the rela-
tionship between design, materials, and the surrounding ecosystems, taking into
account the needs of the planet. In this context, biomimicry and bio-inspiration are
gaining interest in this regenerative approach. According to Pawlyn, the best way
for architects to create regenerative architecture is to use biomimicry, a functional
discipline that translates the functions and processes found in biology into solutions
that meet human needs [6]. To achieve this goal, biomimetic design must be consid-
ered a catalyst for the emergence of positive solutions that aim to design closed-loop
systems rich in feedback, thereby regenerating degraded natural ecosystems. Thus,
biomimetic creation must be based on a salutogenic intention that aims to strengthen
the health of ecosystems and communities [7]. In practice, this can be translated into
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creating solutions that strengthen local ecosystems and contribute to the well-being
of all living beings, using the principles of nature to design resilient and sustain-
able systems. This leads us to the concept of “neo-materialist biomimicry,” which
challenges the traditional conception of conventional biomimicry and Benyus’ main-
stream organization in biomimicry [8]. However, inspiration is not limited to the
relationship between the original and the copy the model and the reproduction. It
involves a deep understanding of natural systems and their functioning, as well as
how form and matter emerge together in a process of growth. This approach makes it
possible to design structures that are in harmony with nature by taking into account
the characteristics and needs of living organisms.

Design biologists have proposed an alternative framework based on inspiration
rather than simple imitation, working with living organisms to create new forms
of nature, generate materials, and establish beneficial synergies for humans and the
environment. This leads us to highlight three main pillars that allow for the adoption
of a regenerative design that promotes coevolution between design and the natural
and human systems that surround us.

e “Neo-materialist biomimicry” as a conceptual basis

Rather than simply reproducing the form (or function) of an organism in a material
object, this approach involves understanding form and matter as co-emerging in a
growth process, in order to design innovative solutions that integrate harmoniously
into natural ecosystems.

e Coevolution as a conceptual strategy

The coevolution as a conceptual strategy is about designing in partnership with
nature to ensure mutual positive impacts in the long term. This conceptual strategy
focuses on the process rather than the result, as regeneration is a direction and a life
process.

e Multi-species thinking as a conceptual principle

This approach involves designing for each living species, taking into account their
behaviors, needs, and survival parameters [9].

These three pillars of regenerative design allow for a holistic approach to design,
aimed at promoting plural coexistence of living beings and the preservation of
natural capital. By combining human expertise with the wisdom of nature, design
aims to provide innovative and sustainable solutions to contemporary environmental
challenges.

To achieve this goal, designers have proposed an innovative alternative framework
based on inspiration rather than simple imitation. This has revealed that the designer’s
task is to increase the potential of living beings rather than simulate and imitate
them. Based on scientific progress and the synergy between design and biology, the
designer has the ability to create new forms of nature, generate materials, and establish
beneficial synergies for humans and the environment. This leads us to address the
concept of living design at the heart of this ecological transition.
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Indeed, this article has questioned the relationship between scientists and
designers in the context of climate change and ecosystem degradation, highlighting
the key role of the designer-biologist and living materials as an interface for a
more sustainable future. Our research has explored the potential of living design in
achieving the goals of regenerative design while examining the distinction between
biotechnology and nature. Thus, it is essential to question the different potentialities
of living design to create regenerative living designs and materials, and how they can
contribute to creating a more sustainable future.

2 How Can Living Design Contribute to Creating a More
Sustainable Future?

With the progress of biology and technology, designers have experimented with new
ways of approaching living beings and their vital processes by imagining new forms
of life and creating various designs that question our relationship with nature while
determining scientific concepts and methods. In this sense, Thierry Marcou, author of
the article “Towards a Design of Synthetic Life,” mentions that biology and synthetic
biology have given rise to a new branch of design: living design, in which science
becomes the designer’s toolbox [10]. As a sign of both an evolution of the relationship
to living beings and the omnipresence of new technologies, designers have taken hold
of scientific knowledge and the new biological tools at their disposal to creatively and
scientifically transcribe the potentialities of the living in the viable design process.
In this sense, the designer coordinates the actions carried out by living beings with
conceptual objectives in order to produce living systems and devices applicable on
a conceptual level. A new generation of designer-researchers is attempting to adopt
a new axis of research that directs their work toward scientific reflection in order
to experiment with new ways of approaching living beings by valuing nature rather
than exploiting it to achieve a new age of symbiosis between our bodies, the microor-
ganisms they host, our environment, and our objects. In this context, the designer-
biologist Carole Collet has presented three different ways of integrating living beings
into human design by imagining a new form of life created by the designer [11]. She
proposed three axes by taking the living as a model, collaborator, and a hackable
system allowing for redesigning while relying on the synergy between design and
biological science. This synergy is gradually taking a fundamental place in this
ecological transition to “naturalize” design [12]. Designers are increasingly inter-
ested in synthetic biology and biofabrication to produce living designs and materials
that fit into a virtuous cycle of regeneration of natural, social, cultural, and economic
systems. In this perspective, we have explored the different ways in which the design
of the living can engage in this restoration process through living materials and
designs.
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2.1 Biofabrication: A Process of Reversal

Designers are playing an increasingly important role in this movement by using
biofabrication and new “disruptive” living technologies that no longer focus on
form, but on process [13]. Drawing on biology, they focus on using biological
processes to design sustainable alternatives to conventional materials. This means
they can work with nature to produce biomaterials made from biological organ-
isms such as mycelium from mushrooms, kelp, bacteria, or yeast. These biomate-
rials can generate new biodegradable objects, sustainable buildings, and urbanism.
Microorganisms are thus transformed into an architectural medium and construction
material. By using biofabrication, designers can design solutions to reduce environ-
mental impacts and promote the natural regeneration of ecosystems. Biomaterials
are seen as living organisms that grow, evolve, and interact with their environment
to create ephemeral architectural structures in harmony with natural systems. This
approach has focused on creating closed resource systems, maximizing ecological
productivity, and actively participating in biological systems.

2.2 Synthetic Biology is the Soul of Biomaterials

Synthetic biology is an emerging field of biomaterials science that aims to create
artificial biological systems that can be programmed and controlled. This innova-
tive approach uses principles from biology, engineering, and computer science to
design semi-natural biological structures. This synergy allows us to explore how
humans can act on living organisms and their growth processes by developing living
biomaterials with properties suited to our needs and those of nature. In this context,
Carole Collet has defined the synergy between design and synthetic biology as a
response to the challenges of regenerative design. This regenerative approach is
defined by Collet as an approach to design based on a living system that integrates
the learning of natural sciences and humanity in service to the regeneration of biodi-
versity, climate, and communities [14]. By integrating environmental, social, and
economic concerns into the design process, designers emphasize the use of natural
systems and promote collaboration among designers, scientists, and communities.
This collaborative approach aims to develop more sustainable solutions that are well-
suited to the specific needs of local social and environmental systems. Synthetic
biology allows us to design objects, buildings, and environments that are in harmony
with living systems and that help restore environmental balance. Living design is seen
in this sense as a key means of achieving restorative and integrated sustainability in
our social and environmental systems.
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2.3 The Hybrid Nature: Restoration Process

Designers, architects, and artists explore the idea of merging the fields of biology,
chemistry, and nanotechnology to create new hybrid organisms that combine living
and non-living elements. This convergence of sciences creates links between previ-
ously distinct domains and makes living technologies increasingly interconnected
with current scientific progress. The boundaries between the living and non-living
are blurring and these creators are developing a new creative language to illustrate
the future potential of these hybrid systems [13]. They have imagined a future where
nature is enhanced and where new definitions of “life” are explored. These creators
are like alchemists who develop scenarios to save the current ecological degrada-
tion while improving nature. They are strongly interested in ecology and have been
introduced to the bio-digital world, where nature could regain its place with the help
of digital programs easily manipulated by humans. Indeed, hybridization allows us
to develop innovative ecological architectural protocols and new composites from
living and synthetic materials using techniques such as bio-hacking, computational
design, and digital prototyping [15].

In conclusion, biomimicry, biotechnology, and co-fabrication are considered key
elements in creating an ecological design capable of adapting to future changes and
ensuring sustainable living for future generations. The proposed framework allows
for visualizing the various ways in which living design can be used for regenerative
design. Living design is seen as an integral part of regenerative design, creating
biomaterials and biotextiles that aim to regenerate life support systems and preserve
local biodiversity (Fig. 1).

3 “Futures Hybrids” by Carole Collet: An Example
of Using Living Design to Preserve Biodiversity

By blurring the boundaries between creative expression and scientific experimen-
tation, living design and specifically biohackers, allow us to produce programmed
synthetic materials while promoting benefits for the environment and humankind.
Biological designers work in collaboration with synthetic biologists or employ
advanced biotechnology to replace natural nature with synthetic nature through the
programming of living organisms. This positions synthetic nature as an approach that
aims to increase the vitality of natural systems in order to improve the conditions of
the environment and society as a whole. In this context, Collet worked on exploring
biomaterials in the textile industry, specifically by creating new fur fibers for a new
generation that contributes to the protection of the planet. She raised the question of
the ethics of fur production and questioned whether synthetic biology could allow
us to grow fur more sustainably and responsibly. By programming nature, she seeks
to create a new form of animated entity that can produce fur without causing harm
to animals or the environment. In this speculative project entitled “Futures Hybrids,”
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Fig. 1 Summary diagram: living design for sustainable regenerative design

completed in 2015, C. Collet examined alternative synthetic biomaterials for future
textiles by exploring a synthetic topology where animal and plant worlds converge to
form a new hybrid animated entity [16]. The concept of recombinant DNA or “cutting
and pasting” genetic materials, allows us to imagine selected traits from different
species being edited into new living hybrid material factories. In this scenario, a
fungus and a plant are presented as reprogrammed to produce the fur of an endan-
gered raccoon. The designer emphasizes the need for innovative solutions to address
the ethical and ecological challenges of fur production. Futures Hybrids targeted the
luxury market and suggest possibilities for bio-fur that could be designed to integrate
brand values into seasonal fur (Fig. 2).

Indeed, luxury brands, who are the main users of fur, are looking for alternatives
to animal fur. They have questioned the ethics of fur production and the possibility
of producing fur without exploiting farm animals or threatening endangered species.
In this context, LVMH’s environmental strategy, LIFE 360, includes a research and
innovation program dedicated to sustainable luxury. Hélene Valade, LVMH’s Envi-
ronmental Development Director, stated that the invention of new materials, regen-
eration practices, and technologies will provide their Houses with the opportunity to
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Fig. 2 “Futures hybrids” series by Carole collet: an exploration of biomateriality in 2015 [16]

achieve their climate and biodiversity ambitions [17]. Under the keyword “sustain-
able luxury,” Carole Collet and Tom Ellis, a professor of synthetic biology, worked
on the potential of academic research in design and science to prototype new biotex-
tiles for the LVMH/Fendi luxury industry [17]. By 2022, this new programmable
bio-luxury aims to integrate intelligent properties derived from natural organisms
and develop new characteristics to generate a type of laboratory-grown fur that does
not exist in nature. Carole Collet emphasized for this project that Biodesign research
will allow us to bring different perspectives to life and move toward new produc-
tion models inspired by living things and their functioning. Learning from nature
and working at the intersection of design and biotechnology is essential in exploring
such futuristic innovations [18]. This projectis not about continuing this metaphorical
approach, but rather about developing keratin grown in a laboratory using synthetic
yeast, which can then be harvested and transformed into a fur-like textile using textile
manufacturing technologies. In this context, Professor Tom Ellis explained that in
recent years, our understanding of biological materials and their synthesis by nature
has progressed considerably. The time is now ideal for embarking on a project to
create fibers for the fashion industry made from microbes, in an environmentally
friendly way [18]. This approach was put in place following the announcement by
several luxury brands to stop using animal fur in their collections, including Dolce
and Gabbana and all brands under the Kering group.
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Fashion, design, and science converge to form a crucial alliance in favor of
protecting and restoring the environment. In this interrelation, the biological world
is the starting point and the object of study to achieve a sustainable and regener-
ative world of luxury. Regarding synthetic biology, speculative and critical design
can highlight different perspectives and help test the purpose and future relevance
of this technology. As Balsamo emphasized in a quote by Adams, designers work
within the context of technological emergence by hacking the present to create condi-
tions for the future [19]. However, to realize these conditions, it is also essential for
designers, who understand how to specify the use and performance of a material, to
proactively work with scientists in the laboratory. By going beyond purely scientific
advances to enable valid design applications, we can help shape the future promises
of this technology. It is crucial for designers, whether they employ speculative and
critical design or directly engage in modifying living cells, to actively participate in
the field of synthetic biology. This involvement is essential for understanding and
addressing the ethical and social implications that arise from exerting control over
nature through such practices. To achieve this, the designer-biologist must possess
a mastery of both the language and techniques of biology. Additionally, they must
have a deep understanding of the ethical implications associated with manipulating
living matter.

Designing our future biomateriality has brought us back to the traditions of horti-
culture and animal management, while stemming from collaboration with advances
in synthetic biology and tissue engineering. However, ethics must be at the center of
the design thinking. In order to preserve and regenerate the environment, it is essential
to draw inspiration from the living world and explore new working methods such as
biohackers which combine microorganisms and biological systems. As an active cata-
lyst in our design, programmed living must be effectively and positively integrated
into local systems, which involves collaboration between natural and conceptual
systems.

4 Conclusion: Living Design: A Promising Path
for Regenerative Design

Living design is gaining growing attention globally, leading to frequent discussions
within scientific and design communities. These discussions revolve around the
future of design and the integral role of ecology within that future. By adopting
this approach, we can work in harmony with nature by developing solutions that
contribute to the preservation of biodiversity and the creation of natural habitats for
wildlife and flora. Although living design concepts are still in their early stages, their
use in our daily lives is generating a great deal of interest and projecting a future that
abolishes the distinction between nature and human technology. We are talking about
a future strongly inspired by existing mechanisms and reality. We imagine a future
where systems designed by and for nature become the only solutions to the climate
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challenges created by humans themselves in order to preserve our environment and

planet.
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Using Fabric Warping in Architecture: )
A Contemporary Conception L
for Technical Use

Amine Hadj Taieb and Wouroud Turki

Abstract The textile envelope is now one of the components of the building system
which aims to meet the new needs of contemporary construction: environmental
protection, well-being, and energy saving. In fact, for several years now, the building
envelope has been the subject of numerous studies centered on the challenges of
energy saving and efficiency. From this point of view, climate and environmental
issues are fundamental. Also Introducing textiles in architectural envelope is closely
linked to the sustainability requirements of construction, they can affect the innova-
tive textile market, by studying the possibilities of increasing industrial production
in the commercial sector of ecological textiles, which have a very low impact on the
environment, and producing textiles for technical uses, which are very efficient for
particular uses.

Keywords Textile warping * Architecture + Environment

1 The Textile Envelope in Architecture

1.1 The Building Envelope

The building envelope often represents the boundary between the interior and exterior
of a building. It includes three main systems: the roof, the wall (including doors and
windows), and below-grade waterproofing elements (foundation) (Fig. 1).

In the first place, the envelope should not only be an aesthetic element, but also
an element of evaluation of the architectural quality with the objective of ensuring
the comfort of the user through its efficiency.
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Fig. 1 Components of the building envelope [1]

In addition, it must ensure airtightness and insulation and also allow for good
regulation of air and light circulation. With the rise of environmental concerns,
the building envelope is also required to participate in the regulation of the energy
consumption of the building.

1.2 The Tent, the Origin of Textile Envelope

The textile envelope originated in Moldavia 40,000 years ago, the oldest tent was
found in Moldavia and was circular in shape. The need to provide a house in a
short time is linked to the concept of the tent: a functional house that represents an
advanced form of shelter, with a high degree of adaptation to the environment [2].

For example, when traveling along the paths south of the Atlas Mountains, the
traveler will see black dots leaning against a hill or on the edge of a ravine. These
are the tents of the nomads. When studying the tents of nomadic peoples, they were
made of camel wool yarn mixed with goat hair. Thus, by analyzing the relationships
between the constituent elements and the methods of construction, it becomes clear
that all forms of nomadic life are based on the criteria of lightness, reversibility,
and adaptability. It is possible also to find a convergence with present-day forms of
architecture. Let’s also take the example of the free-standing Indian teepee and the
Mongolian yurt, which have typical elements of the support structure of circus tents.
They retain the simple structural approach with point support elements (poles) that
support the loads of the overlying flexible material (fabric).

Another origin of today’s tensioned structures must be sought in Roman times,
when the ability to steer the sails of ships and the use of canvas surfaces, called
“velarium,” to cover the auditoriums of theaters and amphitheaters were put to use.

Today, the tent has become a residue. Abandoned for a long time, given away,
sold occasionally, or left in a corner of the sedentary person’s house, it has been
recovered by the tourist industry which has assigned it new functions. Tents today
are no longer just for shelter or living! It is also used for leisure activities such as
camping, hiking, and traveling by bicycle [3].
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2 The Properties of the Textile Envelope for Contemporary
Design

Inrecent years, the building envelope has been the subject of much scientific research,
above all for its function as a separating filter between the interior and the exterior,
with specific performance requirements in terms of environmental comfort.

In fact, this issue is increasingly pressing and present in current technological
research, in order to satisfy new contemporary needs closely linked to sustainable
design, in particular the need to create interior environments with a good level
of thermal, acoustic, and visual comfort, guaranteed not only by mechanical air-
conditioning systems, but also by the passive and active use of atmospheric agents
and renewable energy resources [4].

Analyzing the history of architecture, three main “environmental control models”
can be identified, each of which can be associated with a type of building envelope
with specific characteristics. The first model is the conservative model, characterized
by a type of environmental control that uses large masses of masonry with few
openings to reduce heat loss in cold climates and to mitigate the heating effects of
direct solar radiation in warm climates. The second model, defined as selective, is
characterized by similar general principles to the first, but “uses the structure not only
to preserve the desired environmental conditions, but to let those conditions in from
the outside.” To this end, large transparent walls can be provided for lighting and
passive heating. The third model, the regenerative one, characterizes the buildings
typical of the American building tradition in which the control of the environment is
totally entrusted to the plant systems, precisely defined as “regenerative installations,”
while the envelope is understood only as a barrier capable of limiting the interaction
between the interior and the exterior. For our research, the performance of the textile
envelope for the contemporary project could fall under the definition of “selective
envelope” due to the connoting textile characteristics and technology applied to the
facade [5].

In this perspective, we ask the following question:

How can the use of textile warping optimize the building structure (indoor and
outdoor)?

The textile material, which is lightweight and flexible, is used in the construction
of the building envelope using innovative textiles, which can improve qualities of
durability and resistance to atmospheric agents. Textiles differ according to the way
the material is used: Textiles, which are strong, lightweight, and stretchable at the
same time, find an interesting application in tensile architecture, in particular for
roofing structures for stadiums, or airport or railway station halls.

For example, “Morphosis” has created the facade of a textile research center from
fibers [6]. Morphosis founder Thom Mayne has collaborated with Korean textile
manufacturer Kolon to create a new research facility that incorporates the company’s
high-tech materials into its facade:
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Fig. 2 Morphosis fagade for a textile research center in Seoul [7]

e The facade is made from a high-tech fiber used to manufacture bulletproof vests.

e Aramid, the material chosen by Morphosis for the interconnected sun protection
system, is a reinforced fiber manufactured by Kolon that has five times the tensile
strength of iron, used for everything from bulletproof vests to aircraft parts.

e Morphosis has used recycled materials where appropriate and a bubble deck tech-
nology that uses 30% less concrete than standard slabs by adding plastic balls to
the material (Fig. 2).

3 Cases of Study

If at the beginning of their diffusion textile envelopes were imposed thanks to their
structural properties (covering of large spans, reduction of the weight of the struc-
tures), these last years they are often used for their characteristics of transparency,
translucency, or for the advantages of performance obtained for thermal insulation.

Any type of building can be covered with a textile envelope, from office buildings
to public buildings such as schools. The textile building is essentially composed of
three elements: membrane, supporting system, and tensioning system [6].

The case study proposed and analyzed in this article refers to buildings whose
envelope is made of textile materials, giving the building functional, environmental,
and typological properties. The exanimated examples are:

The Inflatable Tea House

Based in Frankfurt since 2007: is a joint between sculpture and temporary room
for ceremonies designed by Kengo Kuma Materials: Gore Tenara 3T40 (630 gr/m?
PTFE-fabric with laminated fluoric foil) and 38% translucency (Figs. 3 and 4).
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Fig. 3 Inflatable tea house exterior [8]

Fig. 4 Inflatable tea house plan [9]

The New Experimental Audiovisual Production Center “Magical”

Built in 2012 in Spain, the 7448 m? project is designed by Pitcharchitects. The
material used for the building envelope is Polytetrafluoroethylene (PTFE). In the
form of fibers. The textile structures, with their fluid and airy forms, are the signature
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of the building. Their translucency allows the play of light and shadows to enhance
the covered spaces [10] (Figs. 5 and 6).

Prada Transformer, Seoul 2009; was conceived by OMA/Rem Koolhaas. The
pavilion shape is a tetrahedron; hexagon, cross, rectangle, and circle into one pavilion.
The material used, called “Cocoon Membrane” (produced by Cocoon Holland BV)
is a synthetic material which is normally used to wrap and protect large pieces of
machinery: PVC fabric, which was apparently developed to protect mothballed US
aircraft in the aftermath of the Second World War (Figs. 7 and 8).

Fig. 6 Experimental audiovisual production center “magical” fagade [12]
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Fig. 8 Prada transformer interior

The Prada Transformer played host to four events, being lifted and repositioned
on to a different face (Fig. 9).

From the analysis of the above examples, the following table summarizes the
advantages and performance of using textile materials in the field of architecture
(Table 1) [13].
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Fig. 9 Prada transformer different positions

Table 1 Benefits of textile materials used in architecture summarizing

Aesthetically | Textile structures and materials offer large, aesthetic closures and a wide
variety of shapes. Unlike traditional building materials, textile structures can
take a variety of complex forms

Physical Stretched fabric structures are known to withstand large deformations caused

properties by wind or rain

Low floor load (lightness): The lightness of the fabric makes it possible to
design lightweight structures. This is particularly important for textile facades
and stretch ceiling structures

Lighter load-bearing structure: The material density is optimized to allow
building structures to withstand constraints

Strong waterproofing: Thanks to the surface treatment, the architectural textile
materials offer exceptional resistance to UV, atmospheric agents, soiling, and
ageing

(continued)
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Table 1 (continued)

Aesthetically | Textile structures and materials offer large, aesthetic closures and a wide

variety of shapes. Unlike traditional building materials, textile structures can
take a variety of complex forms

Easy to maintain

Translucency: preserves natural light thanks to the translucency of the fabric

Movement: Because of the lightness of the building structure, it can be turned
or carried on to other place (ephemeral building)

Sustainability: the use of a textile facade makes the building more sustainable,
lowering the environmental impact

Material saving | The total investment cost of a textile membrane is more economical than a

steel roof and a traditional tile roof

4

Conclusion

Due to its high mechanical properties, textile is considered the fifth most impor-
tant material in construction, after wood, glass, concrete, and steel. They are a mark
of contemporary architecture [14]. The finesse of the frameworks combined with
the elegance of the assembly and connection details allows for a wide variety of
structural and architectural expressions. Textile fibers in architecture enable signifi-
cant architectural innovations due to weight savings. Today, major industrialists are
studying new emerging uses of textiles in the building industry [15]. Current trends
include composite materials, filtration and indoor air quality, anti-ageing treatments
for surfaces, and nanotechnology in coating.
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Use of Date Palm Waste to Produce )
Bio-Composite Material L

Ferhat Maroua, Labed Adnane, and Djemai Hocine

Abstract Bio-sourced composite materials have become a potential alternative to
the currently used synthetic fiber composite materials and promising materials for the
future. In Algeria, there is a growing interest in palm fibers as agricultural residues
due to their high availability and mechanical properties. This study is an experimental
investigation of the mechanical behavior of different composite materials based on
palm date waste. Samples are made by thoroughly mixing natural and saturated
fibers (leaflets fibers) in a polyvinyl acetate (PVA) matrix with dimensions (160, 15,
and 10 mm). Three-point bending tests are performed to determine the modulus of
elasticity; and good mechanical properties are obtained in comparison with values
obtained from the literature.

Keywords Bio-composite material - Leaflets fibers + Three-point bending -
Flexural modulus

1 Introduction

Recently, wide applications of natural fiber-reinforced composites in polymeric
matrix have been spread into construction, automobile, marine, etc. [1-4]. Thus,
natural fibers emerged as a viable alternative to conventional synthetic fibers
in structural and semi-structural applications. Thus, recent studies have focused
on enhancing the mechanical, physical, and chemical properties of natural fiber-
reinforced composites and explore into their performance under different loads
[5-9].
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Algeria (in northern Africa) has a large resource collected from the agricultural
waste of date palm (Phoenix Dactylifera L.) [10, 11]. On average, fourteen new leaves
and eight clusters per palm can be retained each year [12]. Only, some farmers use
partially this palm wood, but most of the material is discarded as waste. Indeed,
the development of reinforced composite materials from this type of waste can be
an excellent solution from an environmental point of view. It has been reported
that the use of date palm fibers with different types of polymers can improve the
characteristics of the composites such as flexural strength, Young’s modulus, bending
strength, and flexural modulus.

This work is a comparative study of the mechanical behavior of new bio-composite
materials for thermal insulation applications by using leaf palm residues (Phoenix
dactylifera L.). These mechanical properties are compared with other material
properties from the literature [12].

2 Material and Method

The biomaterial (leaflets fibers-PVA) is obtained from the leaflets fibers as reinforce-
ments of PVA as a matrix.

2.1 Reinforcement (Leaflets Fibers)

To prepare the fibers of the palm, we follow these steps: collect the palm leaflets,
clean, grind, and sieve by several cuts and choose the size [0.315 mm)].

2.2 Matrix (White Glue-PVA)

White glue is special glue for wood, this provides a strong, and as far as a durable
joint.

2.3 Specimens Preparation

To prepare (leaflets fibers-PVA) material, the mass fractions between the reinforce-
ment and the matrix are taken into account (Table 1). The armature is mixed into
the matrix. Then, the mixture (reinforcement/matrix) is poured into a metal mold to
obtain a plate of dimensions (240 x 120 x 100) mm?. As shown in (Fig. 3), the plates
obtained are air-dried under ambient conditions for at least 10 days. After drying, the
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Table 1 Mass fractions of

. . Composite material Matrix Reinforcements
composite material

(Leaflets fibers—PVA) 80% 20%

Grinding Sieving

Leaflets fibres Leaflets fibre
Molding +PVA (0.315 mm) size

Leaflets fiber Cut samples Semples FE03
FEO03

Fig. 1 Experimental procedure to obtain the bio-composite material samples

plates are cut to obtain specimens of dimensions (200 x 15 x 10) mm, according to
EN SO14125 (Fig. 2).

The pictures of Fig. 1 present the experimental protocol to obtain the desired
samples.

3 Results

Flexibility modulus (Ey) and maximum stress (0 max) are the mechanical behavior
that is determined in this work by three-point bending tests. These tests are carried
out in a mechanical test laboratory on a universal machine (TEST), with a speed of
01 mm/min and a force sensor of 05 kN. Four specimens were tested in these studies.

We consider a composite material (leaflets fibers—PVA)) with (B) in width, (L) in
length, and (#f) in thickness. Flexibility modulus is calculated from the linear part of
a curve load (P)—deflection ( f), we can calculate by this formula:
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With: AP/Af is the slope of the linear part of curve P = f( f) (Figs. 2 and 3).

Figure 4 presents load—deflection curves in a three-point bending test of composite
material (leaflets fibers—PVA). They are started with a linear increase, then a nonlinear
increase, and finally they are reduced in load. We can calculate the modulus of flexi-
bility in the linear part by formula (1). Table 2 presents the values of this parameter in
composite material (leaflets fibers—PVA) compare with the results of another material
(leaflet fibers-expanded polystyrene) which is studied by Masri [12].

This material composite is isotropic because its properties are the same in all
directions. The modulus of the flexibility of our composite is 97.99 MPa, while, it
is 250.3 MPa in (leaflet fibers-expanded polystyrene). It is clear that, the composite
material (leaflets fibers—PVA) is more fragile than the composite material of Masri
[12], and the same remark for the maximum stress (Table 2).
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Fig. 4 Load-displacement curves of composite materials stressed by three-point bending

Table 2 Mechanical behavior of two composite materials differentiated by the matrix

Specimens Ef (MPa) Opax (MPa)
(Leaflets fibers—PVA) 97.99 + 8.64 19.32 £2.23
(Leaflet fibers-expanded polystyrene) 250.3 £0.03 1.04 £+ 0.08

4 Conclusion

This work presents an experimental investigation of the mechanical behavior of a
composite material obtained from different parts of palm date waste. After experi-
ment and comparison, we found that the bio-composite based on fiber leaflets and
PVA matrix presents good mechanical properties in comparison with mechanical
proprieties values obtained from the literature. The modulus of the flexibility of
our composite is 97.99 MPa, while, it is 250.3 MPa in (leaflet fibers-expanded
polystyrene).

However, materials based on date palm waste can present a promising alterna-
tive for the production of lightweight building materials and especially for thermal
insulation applications.

Although, other parts of the date palm waste (petiole, trunk, leaves...) will be
investigated in future studies for thermal insulation applications.
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Application of Biopolymers in Medical )
Textiles: Myriad of Opportunities L

Adel Elamri, Khmais Zdiri, and Mohamed Hamdaoui

Abstract Nowadays, textile products are being used in several sectors for different
purposes beyond imagination. Among these, a very important and emerging domain
is medical and healthcare domain. Biopolymers, such as alginate, chitosan, cellu-
lose, gelatin, and collagen, are polymers of natural origin produced by living organ-
isms. They are known to be highly biocompatible and biodegradable. Current studies
reported that biopolymers exhibit various health beneficial properties such as antimi-
crobial, anti-inflammatory, hemostatic, cell proliferative, and antioxidant activities.
So biopolymers could be used in the production of medical and paramedical textile
devices, with drug delivery property, in the form of fibers, nanofibers, nonwoven,
fabrics, sponges, nanoparticles and thin films. In addition, thank to its wound healing
properties, biopolymers could be employed in the treatment of soft tissue infec-
tions. Biomaterials are able to slow down, then stop the bleeding of recent wounds
by activating platelet agglutination. They could also promote the regeneration of
tissue cells like muscles, skin, and nerves. Moreover, biopolymers-based nonwoven
textile wound dressings can be used drug delivery carriers for wound healing. This
paper highlights the structure and characteristics of natural biopolymers. The recent
research advances and trends of biomass-derived materials and their derivatives
in healthcare and medical textile devices for promotion of wound healing, tissue
regeneration, and drug delivery in soft tissue diseases are investigated.

Keywords Biopolymers + Medical - Health - Wound - Textile -+ Drug

A. Elamri (<) - M. Hamdaoui
MPTex UR17ES33, ENIM, University of Monastir, 5000 Monastir, Tunisia
e-mail: amri.adel2201 @ gmail.com

K. Zdiri
LPMT UR 4365, ENSISA, UHA, 68093 Mulhouse Cedex, France

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 153
S. B. Abdessalem et al. (eds.), Proceedings of the Second International Conference

of Innovative Textiles and Developed Materials-ITDM’2; 05-06 May 2023; Tunisia,
https://doi.org/10.1007/978-981-99-7950-9_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7950-9_15&domain=pdf
mailto:amri.adel2201@gmail.com
https://doi.org/10.1007/978-981-99-7950-9_15

154 A. Elamri et al.

1 Introduction

Textile products and devices for medical and healthcare purposes could be situated at
the middle between life sciences and technology disciplines. It presents two different
features, one concerning the technical aspect, includes textile engineering and chem-
istry, and the other enclosing the aspects of life sciences like pharmacy, medicine,
and biology [1]. Textiles are omnipresent when it comes to the field of human health
and medical practice. Advanced medical textiles are being rapidly developed due
to their growth and improvement in the fields of bandaging and pressure garments,
wound healing, controlled drug release, and implant devices [2].

The employment of textile materials and products for medical and paramedical
sectors goes from simple dressing materials to biologically active scaffolds for tissue
regeneration with drug delivery capacity and various permanent body implantable
devices. Their use undergoes a very fast expansion due to interesting textile materials
characteristics, such as flexibility, absorption, filtering, lightness, and softness [3].

Researchers and scientists in medical and pharmaceutical areas are being inter-
ested in biomass-based textile materials because of their advanced performances,
low cost, and environmental friendliness. Due to their important use in biomedical
applications, biopolymers are now very used in antimicrobial wound healing, tissue
regeneration, drug release, etc. [4].

Biopolymers are naturally widespread and easily available. They include mainly
polysaccharides, like chitin, chitosan cellulose, alginate, hyaluronic acid, starch,
dextran, etc., and protein materials, like collagen, silk, keratin, and others. The use of
biomaterials in medical textile sector is developing from simple antimicrobial wound
dressings to advanced bioengineering applications, such as implanted blood vessels,
cells regeneration, drug delivery, and so others (Fig. 1), thanks to their versatile,
biodegradable, non-toxic, and chemical reactive properties [5].

This paper deals with three main research topics in the medical textile applica-
tions of biomaterials: (i) wound healing, (ii) tissue engineering, and (iii) delivery of
therapeutic molecules and discusses recent progress and prospects.

2 Biopolymers Used in Medical Textile Applications

Polysaccharide and protein large molecules could be used to fulfill a physical function
(dressing), or to carrier a substrate (drug release), or to fulfill a biological activity by
enhancing the bioactivity of the final medical textile product (scaffold).
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Fig. 1 Biomass-derived polymers for biomedical applications

2.1 Polysaccharide Materials

Generally, polysaccharides come from animals, plants—, and microorganisms. These
biomass materials were used in many sectors, such as environment, packaging,
energy, cosmetics, textile, and food. They are becoming widely applied in biomedical
and paramedical textile area [6].

2.1.1 Cellulose and Cellulose Derivatives

Cellulose (Cell), C¢H¢Os, is the most abundant biomass material in nature, and
has been widely used in textile industry. It remains the most widely used for the
preparation of various products for wound management [7]. Cell could originate
from plants (cotton), fungi, algae, and bacteria with versatile and excellent properties.
Despite their excellent features, cellulosic materials have limitations in their finishing
processes coming from their poor solubility in most solvents due to the presence
of large number of intra- and inter-molecular hydrogen bonds (Fig. 2) and high
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Fig. 2 Polysaccharide biopolymers used in medical textiles

crystallinity. Hence, researchers has been focused on the use of cellulose derivatives,
such us cellulose acetate, that present high solubility in various solvents allowing
spinning and finishing operations [8].

Regenerated cellulose materials can be obtained by viscose process. The lyocell
process is a likely eco-friendly alternative to the viscose process. Cellulose acetate,
produced by cellulose acetylation, could also give acetate textile fibers. The acetate
fiber is a semi-artificial material with excellent processing performances that could
be used to produce textile products [9]. Another cell derivative is cellulose triacetate
is also produced. Cell ethers are also biopolymers deriving from cell etherification
in alkali baths.

2.1.2  Chitin and Chitosan

Chitin, poly-(1,4)-2 acetomido-2-deoxyB-D-glucose, occurs in nature as ordered
macrofibrils in fungal cell walls and in the exoskeletons of mollusks and crustaceans,
as well as in insect cuticles, but also in some algae and micro-algae [10]. With
technological development and a deep investigation of its physiological and biolog-
ical behavior, chitin is becoming transformed into chitosan (CSN), a water-soluble
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biopolymer [11]. Due to their excellent biological activities, and metal ion chela-
tion capacity, nanomaterials based on chitin and chitosan are extensively applied in
biomedical and pharmaceutical focuses, such as in wound treatment, hemostasis,
antibacterial agents, tissue engineering, and cosmetics [12].

2.1.3 Alginate

Alginate is a naturally occurring polysaccharide obtained from seaweed, mainly
algae. Due to its high biocompatibility, biodegradability, and mucosal adhesion, with
low toxicity, this biopolymer is used in wound healing, drug delivery, and pharma-
ceutical packaging. Its structure is composed of irregular blocks of guluronic acid
and mannuronic acid units linked by glycosidic linkages [13]. In a recent work,
Hecht et al. [14] reported the development and characterization of sodium alginate
and calcium alginate with focus on their structure. The characteristics of alginates
could be modified by altering the number and the position of their and carboxyl and
hydroxyl groups. These chemical modifications improve significantly the hydropho-
bicity, the biological activity and the solubility of alginate biopolymer. Alginate
hydrogels are widely used in biomedical textile area, they are generally designed by
crosslinking method [15].

2.14 Hyaluronic Acid

Hyaluronic acid (HA) is a negatively charged amino-glycan existing in human body
mainly in eyes, skin, and connection tissues. HA exists in vivo as a disaccharide
polymer of repeating d-glucuronic acid and n-acetyl glucosamine. HA is an impor-
tant element of the extracellular matrix (ECM), which has a major role in skin wound
healing, cells regeneration, and human body inflammatory response, etc. HA plays a
crucial role in different steps of wound healing, such us proliferation and migration of
keratinocytes and fibroblasts, improving inflammatory responses, increasing angio-
genesis and collagen deposition at the wound location and inhibiting scar formation
[16].

Hyaluronic acid biopolymer is composed of various molecules with different
sizes, where each molecule is specified for each wound healing stage. In fact,
large hyaluronic acid molecules (20004000 kDa saccharides) serve as space-filling
molecules with regulation functions, but small size HA molecules are active in angio-
geneis, inflammation, and immune stimulation phases [17]. These water-attracting
properties give HA its characteristic elastic and cushioning properties illustrated by
its concentration in skin and cartilage. When HA exists in high concentrations in
this form, it creates a porous scaffolding network, allowing for select diffusion of
cells and proteins, creating pathways for cell migration. This is a key feature of
HA, as cell migration and proliferation are essential to successful wound healing.
Smaller molecular size HA fragments also encourage cell migration, with very
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short, low-weight HA fragments inducing chemotaxis, and medium-sized HA chains
stimulating inflammatory cytokines expression [18].

2.1.5 Dextran

Dextran is a carbohydrate produced b bacteria, it is composed of «-1,6 linked D-
glucopyranose with a weak content of a-1,2, a-1,3, or a-1,4-linked side chains.
Dextran biomaterial is becoming applied in biomedical field due to its interesting
properties like low cost, non-toxicity, and easy modification. This polysaccharide has
been widely used as a plasma expander, peripheral flow enhancer, anti-thrombolytic
agent, and for the rheological improvement of artificial tears. Dextran is highly water-
soluble and very stable under mild acidic and basic conditions. It contains a large
amount of hydroxylic groups which turns it suitable for derivatization and subse-
quent chemical and physical crosslinking. Moreover, dextran could be used as a drug
delivery carrier, mainly to improve the systemic circulation of therapeutic molecules
[19]. Dextran scaffolds were proved to be advantageous for soft tissue regeneration,
as they present high resistance against protein adsorption and cell adhesion [20].

2.2 Proteins

Proteins used in the formulation/production of medical textiles include collagen,
keratin, silk fibroin, and elastin.

2.2.1 Collagen

Collagen is the most widespread mammalian protein characterized by a high mechan-
ical stability. The collagen family englobes 28 types, the predominant ones are type
I (cornea, ligament, dermis, tendon, and bone), then type II (vitreous and cartilage),
and type III (intestine, blood, and skin). All collagens are structured as triple helices
with each helices composed of near 1000 amino acids [21].

Soluble collagen type is obtained from young animals and is used in the design of
collagen-based biopolymers [22]. Collagen threads were prepared: short fibers were
generated by discontinuous methods, i.e., by infusing collagen into tubes or baths
filled with a coagulant, followed by a coagulation time of up to several hours. Endless
monofilaments were produced by means of continuous wet spinning methods using
syringes and cannulas, a relatively flat microfluidic device, or a 3D-printed spinneret
[23].
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2.2.2 Silk Fibroin

Silk fibroin (SF) is an animal natural fibrillar protein derived from Bombyx mori
cocoons and spiders. SF fiber is composed of 17-18 amino acids wrapped with
sericin layer. Silk fibroin is processed from mulberry silk after removal of the outer
silk sericin which may potentially elicit an immunological response when it is asso-
ciated with fibroin [24]. SF has been considered a famous polymer matrix in tissue
engineering and regenerative medicine, due to its great biocompatibility, tunable
mechanical properties, and controllable degradation activity [25]. Silk fibroin has
been also used for skin regeneration due to its antioxidant, hemostatic, and low inflam-
matory biological activities. Gil el al. [26] proved that SF nanomaterials allowed
human fibroblasts and keratinocytes adhesion and improved in vitro collagen depo-
sition mechanism. In addition, they stated that SF proteins are safe under high dermal
toxicity, acute dermal irritation, and skin sensitization. Nevertheless, the safety and
efficacy of silk fibroin material on skin damage repair have been rarely evaluated
in clinically relevant large animal models or controlled human clinical trials. SF-
based membranes could facilitate cutaneous wound healing and reduce inflammation
compared with commercial dressings [27].

2.2.3 Keratin

Keratin is extracted from epithelial tissues and could be obtained from hair, feathers,
and wool. It is able to be self-assembled as fibrous structures and is more cyto-
compatible and non-immunogenic than collagen and elastin [28]. Keratin protein
molecules are not soluble in aqueous medium and have strong mechanical properties
due to the existence of cell binding motifs such as the arginine-glycine-aspartic acids
[29]. Electrospinning of keratin is more or less difficult due to its limited viscoelas-
ticity and rheological behavior. So, keratins are generally electrospun with incorpora-
tion of other polymers such as polyvinyl alcohol (PVA), poly ethylene oxide (PEO),
and chitosan (CSN). The higher cyto-compatibility is obtained at increased keratin
content into fibers [30]. Because antimicrobial activity of keratin is not remark-
able, agents like irgasan, mupirocin, and silver are incorporated into keratin fibrous
structures [31] (Fig. 3).

2.2.4 Elastin

Elastin is a protein of the extracellular matrix (ECM) of vertebrates. It is responsible
for the mechanical resilience and viscoelasticity of some parts like skin, cartilage,
ligaments, and vessels. It is mainly constituted of hyper cross-linked units tropoe-
lastin. Elastin possesses unique properties, such as stretchability (until 220%), a high
half-life of over 70 years, with excellent chemical and physical non-degradability
[32]. Elastin insolubility limits its application, so some hydrolyzed soluble elastin
forms are performed. These soluble elastins were easily electrospun into textile
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Fig. 3 Molecular architecture and repetitive sequences of main fibrous proteins

nanofibers [33]. In a previous study, an elastin/collagen/PCL tripolymeric scaffold
was tailored. The obtained scaffold possesses high mechanical behavior as well as
biological characteristics such as proliferation, tissue regeneration, and cell adhe-
sion [34]. Electrospinning of elastin and collagen blends have been applied to design
different types of scaffolds. The incorporation of elastin has decreased scaffold
contraction, degradation, and mechanical rigidity.

3 Electrospinning of Biomaterials for Medical Purposes

Electrospinning (ESP) is a relatively new technology applied to spin nonwoven
membranes and fine nanofibers. It is a simple technique and low cost due to avail-
ability of biomass materials. The ESP apparel (Fig. 4) is composed of polymer
propulsion system, a high voltage source, and a final collector [35]. The morphology
of electrospun nanofibers depends on several factors, such as solution (viscosity,
conductivity, molecular weight, and surface tension of the solution), process
settings (voltage, spinning distance, and the flow rate), and processing environment
(temperature and humidity) [36].

The properties of electrospun biomaterials that allow its use to promote wound
healing are their high flexibility, high surface area, and volume ratio with important
porosity. These characteristics improve permeability and cell respiration capacity,
moisture absorption, good adaptability to wound skin surface, and the poten-
tial to leave no scars. The main biological activities of electrospun nanomate-
rials, such as skin cells’ growth rate, biocompatibility with blood and tissues, and
anti-inflammatory effects, vary with the nature of applied biopolymer.

Electrospun textile materials based on biopolymers, mainly polysaccharides and
proteins, offer a myriad of opportunities in biomedical area due to their high biocom-
patibility and their easy accessibility in biomass sources. Low insoluble polysac-
charides, like cellulose, are chemically modified to upgrade their spinnability [37].
Mixing biomaterials with other polymers is another strategy that facilitates the ESP
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process of polysaccharides and proteins. For chitosan biopolymer, when produc-
tion of continuous filaments, suitable solvents should be used so that there is no
interruption. Electrospinning of silk has also been reported [38]. The high mechan-
ical strength of silk fibers allows its application in broad ranges of humidity and
temperature.

4 Wound Healing Application

Wound healing is a multiphase process, where the cascade of healing is divided
into four overlapping stages: Bleeding hemostasis, Inflammatory, Proliferative, and
Remodeling or maturation (Fig. 5).

In modern life sciences, rapid and efficient wound treatment, including chronic
wounds, is being of great interest. Protective wound dressings allowing suitable
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Fig. 5 Wound healing stages
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oxygen flow, humidity, and pH could inhibit bacterial invasion and accelerate wound
healing stages.

Conventional wound dressings, like bandages, lints, and cotton gauzes, dry rapidly
and glue to skin, leading to pain and discomfort in wound site. Moreover, these
traditional dressings are not antimicrobial and luck of elasticity [39]. In dead, an
ideal wound dressing should: (1) promote an equilibrating moisture environment, (2)
absorb the wound extrudate, (3) allow sufficient air permeability, and (4) have antimi-
crobial activity. Natural biomass-derived polymers are potential candidates to fulfill
the aforementioned functions as wound dressing, due to their high biodegradability,
adsorption capacity, mechanical viscoelasticity, and moisture retention.

To improve functionalities of cellulose dressings, other biomass-derived poly-
mers like chitosan, HA, and collagen and hormones were incorporated. The multi-
functionalities of cellulose modified dressings at different phases of wound healing
were investigated in further studies. Bakhsheshi-Rad et al. prepared cellulose/PVA/
silk dressings possessing excellent hygroscopic behavior, as well as in vitro and
in vivo antimicrobial and biocompatibility properties [40].

Hyaluronic acid biopolymer is also considered as an interesting candidate for
biomedical exploitation, particularly for wound healing dressings. The structure
of HA possesses numbered hydroxyl and carboxyl end groups leading to high
hydrophobicity researched in adhesion and wound healing applications. In addi-
tion, hyaluronic acid inhibits bleeding, promotes collagen deposition and fibrosis,
regulates inflammation via the enzymatic reaction of hyaluronidase and chemical
interactions.

In the first steps of wound treatment, CSN could facilitate polymorphonuclear
neutrophils migration into the wound site, allowing beginning of tissues regeneration.
In the last stage of wound healing, CSN induces epithelialization of skin layers, as
well as collagen formation and fibrosis synthesis [41]. Hydroxyl and amino groups
of CSN allow its interaction with other polymers, such as PEO, polyvinyl alcohol,
and collagen. These composites are useful to manufacture biomedial textiles in form
of dressings, scaffolds, and sponges.

Biomass-derived collagen biomolymer has high biocompatibility that facilitates
body keratinocyte combined with epidermal cells’ proliferation and migration. These
properties promote wounded skin regeneration. But, the major disadvantageous of
collagen is its animal origin that could promote an immunological response and
transfer undesirable pathogens to human tissues. Also, collagen stability and its fast
degradability are the main drawbacks that limit its in vivo application.

Last years, clinicians and scientist have great interest to silk fibroin biomaterial
thank to researched properties like high water uptake and oxygen content as well
as very slow degradability and low rate immunogenicity. In addition, SF possesses
excellent elasticity (superior to 30%), which are useful as elastic fibers in vivo.
The excellent solubility of silk fibroin facilitates the design of various biomedical
structures, such as hydrogels, sponges, (nano)fibers, and membranes [42].
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Alginate nanofibers and nonwoven textiles have gained great attention in biomed-
ical area, particularly in wound healing dressings. The main advantages of alginate-
based textile biomaterials are easy and low cost production, good versatility, and flexi-
bility. The web is fabricated by layers deposition, over one another, until obtaining the
desired nonwoven structure. Recent years, other components have been added to algi-
nate biopolymers to upgrade the final product characteristics. As an example, silver
antimicrobial particles were incorporated to the alginate fiber. Moreover, calcium/
alginate dressings were proven to decrease the wound pain [43].

5 Tissue Engineering and Regeneration

Any tissue damage beyond this crucial dimension requires external assistance
approaches such as tissue engineering and regeneration (TER), which the external
hollows are termed yardsticks. These tissues offer a platform for cellular activity
and new tissue creation. TER has four interrelated prerequisites: suitable cells to
colonize the scaffold and help the body to recover, a suitable environment/scaffold
for cell adhesion and proliferation, appropriate biomolecules, and the right physical
and mechanical forces for cell development In TER, the scaffolds have a crucial role.
The development of artificial cellular scaffolds that mimic ECM is of great interest.
During the last decade, there is a great interest to use biomass-derived substrates in
TER area in order to guarantee high biodegradability and of scaffolds. Moreover,
these biopolymers have intrinsic characteristics increasing their biological activities
and therefore therapeutic function.

Electrospinning technology allows the production of textile nanomats (Fig. 6) with
excellent properties mimicking those of native tissue ECM cells, such as mechan-
ical elasticity, low density, and good porosity. In addition, ESP permits the integra-
tion of biological substances into fiber mats, which promotes tissue cells healing of
biomedical textile structures.

In the previous work of Shalumon et al. [44], human stem cells were easily regen-
erated and spread into chitin/polyvinyl alcohol textile scaffolds. Moreover, these
nanofiber composites induced hydroxyapatite in vitro deposition during mineral-
ization phase. In another work, Kang et al. [45] deigned electrospun CSN-based
nonwoven mats able to promote the regeneration of rat muscle derived stem cells.

Recently, Zhang et al. [46] synthetized biologically compatible cellulose/
nanocrystals composite scaffolds charged with bone morphogenic protein BMP-2.
The human bone stem cells have developed in vitro aligned with nanofibrous scaffolds
together with calcium rate and alkaline phosphatase activity. Similarly, these scaf-
folds promoted collagen cells assembly and in vivo bone tissue formation in a rabbit
bone defected model. In a similar work, Zhao et al. [47] used a water-soluble chitosan
derivative carboxymethyl chitosan (CMCSN) in composite with polyethylene oxide.
The CMCSN has interesting high properties of bioactivity, biodegradability, Ca2
+ cation chelating capacity. Electrospun CMCSN/PEO nanomaterials promoted the
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alkaline phosphatase activity and increased osteogenic differentiation of mouse bone
in vitro cells.

In the area of nerve tissue engineering using biomedical textile, conductive mate-
rials were incorporated or coated on polysaccharide scaffolds during ESP process.
Zha et al. [48] coated cellulose nanofibers with poly(N-vinylpyrrole) and poly(3-
hexylthiophene). The obtained scaffolds possesses high hydrophilicity, conductivity,
porosity, and thickness. Tests of electrical conductivity stimulation showed that
poly(3-hexylthiophene)-coated textiles promoted well nerve cell proliferation.

In the field of vascular tissue regeneration and engineering, tubular-shaped textile
nanofibres were developed by ESP method. In the work of Joy et al. [49], tubular-
shaped scaffolds were electrospun from cross-linked hydrogel based on gelatin and
carboxymethyl cellulose CMC. Later, Zhang et al. [50] fabricated nonwoven fabrics
from SF/HA ribbon-shaped nanofibers. Cell viability experiments showed that the
developed scaffolds improved well the proliferation of pig iliac endothelial cells.
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6 Drug Delivery

Drug delivery carriers should carry and release therapeutic molecules to a
targeted position under specified microenvironment, particularly for insoluble drug
molecules. An ideal drug delivery carrier must present intrinsic properties, such as
biocompatibility, inert character, and mechanical strength. It should be also able to
deliver high load, simple to administer to patient, safe and easily sterilized. Bio-
based textile materials are promising candidates to overcome the majority of the
negative features of conventional drug delivery systems. Textiles could be loaded
with therapeutics by various chemical (covalent conjugation and grafting) or physical
(absorption or adsorption, coating, and encapsulation) methods [51]. Drug delivery
biomedical systems based on textiles could be classified into three structures: fila-
ment, woven, and nonwoven fabrics. Depending on the based biopolymer, these
textile materials could be degradable or non-degradable. Among the three aforemen-
tioned textiles categories, continuous filaments showed a great interest. Filaments
could contain the active biomolecules inside them or chemically bond to their surface
[52]. Such continuous filaments are generally fabricated using wet spinning technique
(Fig. 7).

Cellulose biopolymer has interesting inherent properties, such as high biocom-
patibility, water stability and solubility, as well as mechanical strength, that facilitate
its use in biomedical drug delivery. Cell fibers were coated with four drug types
(ibuprofen, sulindac, indomethacin, and naproxen) [53]. In order to avoid the risk of
burst release, a modified strategy of tri-axial electrospinning has been employed, this
strategy allowed the improvement of the porosity and the hydrophilicity of the drug
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Fig. 7 Wet spinning of continuous biopolymers’ filaments
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carrier surface [54]. Cellulose sulfate is a sulfated (or ester) cellulose derivative char-
acterized by an increased solubility, antimicrobial activity and film forming ability
compared to raw cellulose. These properties make it an efficient therapeutic (rise-
dronate, rifampicin, and cytokines) encapsulating agent. Other cellulose derivatives,
such as carboxymethyl cellulose, ethyl and methyl cellulose, nitrate, and acetate
cellulose, have been proven to be efficient drug delivery carriers [55].

Textile applications of gelatin-based hydrogels have begun in drug delivery
systems, where transdermal drug transport has been achieved, and thermo-responsive
gelatin-based hydrogels are successfully building drug transport systems for textile
applications. Textile-based transdermal treatment using drug-loaded gelatin-based
hydrogel has become more successful in human skincare [56].

Composite electrospun nanofibers for biomedical drug delivery purposes consist
the use of natural substances and biomaterials combined with drugs (sulfisoxazole,
naproxen) and essential oils with antimicrobial activity (eugenol and tocopherol).
This technique allows to fabricate poly (lactide-co-glycolide) scaffolds, allowing the
permanent delivery of the therapeutic molecules from biomaterials [57].

Drug delivery using silk fibroin is rpvd to be sustained and pH-responsive systems.
SF nanofibers-based hydrogels are successfully applied to insulin dependent type
I diabetes. The delivery of doxorubicin, which is a breast cancer drug, has been
performed by silk-based injectable hydrogels. Also, silk has been applied to design
thermo-sensitive hydrogels used to deliver anti-vascular endothelial growing factor.
Desferrioxamine silk nanofiber hydrogels were also developed and promoted rapid
development of blood vessels in wound site. Ciprofloxacin silk fibroin/p-cyclodextrin
citrate nanofibers were also developed for controlled drugs release [58].

7 Conclusions

Increasing attention toward sustainable development and environmental issues has
resulted in many attempts at using renewables, i.e., biopolymers, in medical textile
industry. Using biopolymers for textile practices reduces the dependency of the textile
industry on petroleum resources and substantially promotes the environmental profile
and sustainability of textile goods.

This study reviewed the developments in the field of medical and health care
related to bio-based textiles. This review provided an appraisal on the innovative,
intelligent and smart biopolymers’ textile products related to medical textiles, partic-
ularly wound dressings, tissue engineering and drug delivery fields. This review also
highlighted the current state of the technologies as well as future advances and
enhancements potential of new medical textile biomaterials.

The addition of natural biopolymers modified the properties of the electrospun
nanofibres. To name a few, the main biomaterials applied in biomedical textile appli-
cations are cellulose, silk, chitosan, hyaluronic acid, collagen, and gelatin. Mixing
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biopolymers with synthetic ones has been also applied to develop new biomate-
rials with inherent characteristics, like mechanical strength and thermal stability,
beneficial for textile biomedical applications.
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Elaissi Arwa and Ghith Adel

Abstract In this study, abrasive non-wovens made from industrial waste were
produced. The Responsive Surface Methodology (RSM) was employed to compre-
hend the system’s general behavior and calculate the weight loss of the abrasives.
Using the Box-Behnken design, significant control parameters affecting the weight
loss of abrasives were found. The weight loss and wear of the abrasive were found
to be influenced by the size of the abrasive grain, according to the results. Results
were not significantly affected by the percentage of fibers, resin concentration, or
chemical treatment (cationization) of the reinforcements.

Keywords Abrasive non-wovens *+ Box-Behnken design + Main effects of mass
loss.

1 Introduction

To increase system reliability, a technology known as the abrasive wear of materials is
constantly developing. How it is applied in the sector is based on profitability. Abra-
sive costs make up the majority of operational expenses and amount to more than
75% of them [1, 2]. Due to their effectiveness and flexibility, non-wovens were used
as reinforcements by several researchers [3]. A non-woven abrasive, for instance, is
provided by Bret W. Ludwig’s innovation and includes a fibrous web of non-woven,
abrasive particles, and a polyurethane binder coupling [4]. To enhance interfacial
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adhesion performance, cationization treatments have been applied to the reinforce-
ments [5]. In this situation, Santos et al. used a cationization technique followed by
the grafting of nanoparticles to enhance the interfacial characteristics of sisal fibers
with cementitious matrices [6].

Focusing on the effects of variables such as resin content, the amount and treatment
of fibers used as reinforcements, and grain size on abrasive wear behavior is the main
goal of the current research. By utilizing experience-based optimization approaches,
itis possible to gain a greater understanding of the procedure in terms of the influence
of the independent factors on the dependency of the variables. Using the quadratic
model’s analysis of variance (ANOVA), the variable parameters were evaluated.
A statistically significant regression of the coefficient between the variables was
discovered after measuring a total of 30 sets of experiments. Moreover, measures
both before and after the abrasion test were evaluated.

2 Experimental

2.1 Fibers Preparation

Before developing composite abrasive materials, cotton-based textile waste and cellu-
lose gypsum tow fibers were first pre-treated to remove any impurities. To perform
the scrubbing process, the fibers were boiled for 2 h in a flask containing a mixture of
1.5 mL/L NaOH, 3 g/L. Na,CO3, and 4 g/L non-ionic detergents (1:40). The treated
fibers were then given a one-minute rinse in both hot and cold water. Lastly, the
fibrous material was dried in a lab oven. The fibers were further treated to a cation-
ization procedure in an alkaline environment employing a co-polymer of diallylamin
and dimethyl diallyl ammonium chloride as a cationic agent (3 and 6%).

2.2 Producing Non-woven Components

The fibers were initially opened using a Shirley machine to create non-woven
composites. The non-wovens were then created by mixing these basic materials with
various fiber percentages utilizing carding, overlapping, and needling techniques
[7-10].

2.3 Preparation of Abrasive Particles

Iron flakes were gathered from nearby metallurgical businesses. The desired grain
size was determined after washing, drying, and inspection. Iron grains are divided
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Fig. 1 Used materials for the manufacture of abrasives

into two sizes based on particle size analysis, by the ISO 3310-1 standard. Less than
0.2 mm is the size of the powder grains. Large grains are chosen to be between 0.2
and 0.6 mm in size.

2.4 Abrasives Manufacturing

A thermosetting polyurethane resin with the name “Politex” is employed in this study.
Once the reinforcement is placed on the coating table, the resin solution and hardener
are slowly poured onto the textile material to create abrasives. The second resin layer
is then completely mixed with the abrasive grains. A third layer of scattered grains
covered the surface of the abrasives. The coating method determines the layer’s
thickness [11]. All of the samples were then adequately dried at 140 °C for the
required time [12]. All the materials used for the manufacture of the abrasives are
illustrated in Fig. 1.

2.5 Abrasion Test

The ISO 12947 standard for evaluating cloth abrasion resistance includes the Martin-
dale method [13]. Instead of utilizing the normal abrasive paper, the prepared abra-
sives were used during the abrasion cycles over a denim backing (3/4 twill). The
abrasive wear tests were carried out in a dry state at room temperature with a load
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of 9 N and a constant speed of 200 mm/s. All developed composites underwent a
5000-cycle abrasion test to simulate the deterioration of denim fabric. To determine
the precise wear rate, weight loss data before and after polishing can be compared
[14]. Five measurements were taken for each situation, and an average value was
calculated.

2.6 Choice of Factors and Field of Study

We created an experimental strategy to identify the ideal circumstances that enable
us to obtain the best value of the selected response to analyze the effects of the
factors. To quickly filter the components of a multivariate system for the optimiza-
tion of a particular process, statistical techniques are regarded as an effective and
powerful instrument. It is challenging to run tests on all factorial combinations of
the test variables due to the significant number of required experiments. To explore
the impact of many response-influencing components, Response Surface Modeling
(RSM), which permits the simultaneous change of a constrained number of response-
influencing elements, can be helpful [15]. Based on the results from the experimental
testing, basedased on the Box-Behnken design, which is a subset of Response Surface
Methodology, the experimental tests are carried out (RSM). It takes prior knowledge
about the procedure to build a statistical model. This optimization process essen-
tially entails three steps: conducting statistically planned experiments, figuring out
the coefficients of a mathematical model, forecasting the outcome, and assessing the
model’s fit [16, 17]. The preliminary tests conducted on the numerous parameters
influencing the abrasion of the composites led to the selection of the factors and
the study’s focus for the current investigation. The wear rates of composites have
been reported to be affected by fiber percentage and reinforcement treatment, resin
concentration, and grain size. In the Box-Behnken program, the first 3 factors are
continuous factors and the grain size represents a two-level category factor. The level
of experimental design considered for this study is presented in Table 1.

The Box-Behnken design requires 24 design points plus 6 center runs, and
therefore the number of trials is 30. Each experiment was performed three times.

Table 1 Factors and areas of study

Factors Unit | Code factor | Levels not coded
Level 1 Level 2 Level 3
Resin concentration % A 20/80 50/50 80/20
Pre-traitements - B Desized | Cationized 3% | Cationized 6%
Percentage of cellulosic | % C 20/80 50/50 80/20
fibers (fiber/cotton)
Grain size (category mm |D <0.2 0.2-0.6 -
factor)
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Fig. 2 SEM photographs of a cross-section of the substrate (50 wm), and b abrasives surface
(100 pm)

2.7 Scanning Electron Microscopy Characterization

Scanning electron microscopy (SEM) is a common tool for evaluating material shape
and surface texture. To compare the different features of composites and examine
their surface, the specimens were scanned with an FEI Q250 Thermofisher apparatus
worked at 25 kV. To perform this research, the sample is metalized, which involves
coating it with a gold film to turn it conductive.

3 Results and Discussion

3.1 Surface Morphology

As shown in Fig. 2, the surface structure of the produced composites was assessed
by SEM at various magnifications. The appearance of the multilayered cell walls can
be seen in the cross-section of the substrate made from cellulosic fibers of cotton and
gypsum. Cell—cell dissociation and microfibrils were both appearing at the abrasive’s
surface.

3.2 Box-Behnken Analysis of Loss in Mass of Abrasives

To investigate the impact of the selected components on composite weight loss, RSM
was performed using the design of experiments tool, Design-Expert version 8.0.4.
Each experiment was repeated three times to estimate the random effect (residual
or experimental variation). After carrying out the preliminary tests, the number of
abrasion cycles leading to the deterioration of the specimen at approximately 5000
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cycles was fixed. The abrasion cycles were carried out on a denim backing (34 twill)
using the Martindale machine.

3.3 Analysis of Main Effects Plots

We can examine the variation in the means of the levels of the components inves-
tigated using the main effects graph. When a factor’s amount affects the response,
the major effect happens. There are two cases. An effect of a factor is not substantial
if the line linking the means of the responses from its various levels is horizontal.
For a non-horizontal line, there is an effect that is more or less significant. In this
instance, the levels of the component have various effects on the response. The
relevance increases with an increasing slope (vertical line). An evaluation of the
model’s fit was done once the regression model had been constructed. The value
of the correlation coefficient (R?) is around 99.49%. According to Joglekar et alre-
port’s, a decent model fit would have an R? value of at least 0.8 [18]. So, our model
is entirely foreseeable. The information acquired from Fig. 3 demonstrates that the
physical degradation (wear) of the abrasive composite is significantly influenced by
the size of the abrasive grain, which results in a loss of mass. When the grain size
goes from tiny (0.2 mm) to large (> 0.2 mm), the abrasive increasingly loses mass
with a steep slope. The performance of the abrasive composite declines as grain size
increases. This outcome was anticipated since large grains adhere less strongly than
small grains.

After grain size, chemical pre-treatment has the greatest impact on abrasive
composite wear. Compared to cationized fibrous supports, non-cationized fibrous
supports exhibit weaker grain adhesion.

Certainly, we noticed constant abrasive degradation with Tow percentages ranging
from 20 to 50%. With an increase in the amount of gypsum Tow fibers to 80%, this
deterioration declines (see Fig. 3).

In general, the performance of the abrasive is enhanced to have the lowest mass
loss by raising the resin content. The investigation of the outcomes of this element’s
fluctuation reveals that the variation in resin concentration is a factor that can affect
the mass loss of the abrasives by up to 50%.

Increasing the amount of resin beyond 50% no longer has any effect on improving
the wear resistance of the composite. This result is quite expected because the impreg-
nation of the fibrous structure by the resin obeys the chemical reaction mechanisms.
Namely the excess resin can no longer be absorbed by the structure because of the
chemical affinity of the compounds (the phenomenon of saturation by the resin of
the fibrous structure).



Study of the Weight Loss of Abrasive Non-wovens from Industrial Waste 179

(a) A B C D

09
,_/‘ “_.-H._ ,
i / = f
. A~ /z" T ’.\ !.f
0.8 / /
7 ,.
[ ‘/ \o /
07
/
/
f
06 ‘
20 50 80 0 3 6 20 50 80 1 2
(b) A B C D
8
; I}’
/
6 /

20 50 80 0 3 5 20 50 80 1 2

Fig. 3 Graph of the main effects of mass loss of a abrasives and b denim

4 Conclusion

The effectiveness of abrasives derived from industrial waste on the wear performance
of denim has been investigated and reported in this work. The SEM images showed
the multilayered cell walls observed on the reinforcement. At the surface structure
of manufactured abrasives, microfibrils, and abrasive grains have been observed.
According to the Box-Behnken experimental design, the size of the abrasive grains
present in the composite had a greater impact on the mass loss of the abrasive than
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resin concentration. By enhancing adhesion, abrasives’ wear performance can be
enhanced. The interfacial adhesion between the fibers and the polymer was improved
by the cationization process. In comparison to abrasive materials based on non-
cationized reinforcements, cationized reinforcement-based abrasives had a lower
mass loss. The interfacial adhesion quality, which impacts the composite’s resistance
to abrasive wear, was significantly influenced by resin concentration. The increase
in the percentage of gypsum tow in the fibrous structure makes it possible to reduce
the wear of abrasives and their degradation.
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Abstract The quality of a woven composite part is influenced by various factors,
including the distribution and orientation of fibers and the occurrence of forming
defects. The mentioned defects can have various causes, such as tool configuration,
process settings, woven reinforcement structure, or ply orientation, among others. It
is common to encounter issues with friction between the reinforcement and tooling
material during the preforming process. The objective of this research is to investigate
how friction impacts the distribution of shear angles during the dry reinforcement
forming process, using a hybrid discrete elastic numerical model. This model, which
is based on a unit cell composed of shell or membrane element reinforced by linear
or nonlinear connectors, has previously been developed to simulate the behavior of
woven reinforcement. The results demonstrate a significant impact of the friction
coefficient on the local distribution of shear angles during the forming process.
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1 Introduction

There are various methods available for shaping composite materials that incorporate
woven reinforcements. One of these methods is liquid composite molding (LCM),
which involves shaping composite parts using woven reinforcements and a polymer
matrix [1, 2]. It is important to note that LCM processes differ from other commonly
used methods like resin transfer molding (RTM) and vacuum infusion [3]. The RTM
process involves three stages. Firstly, a preform is made to shape the reinforcement.
Shaping can be done in a single step or multiple steps until the complete product archi-
tecture is formed [4]. The preform is then subjected to compaction pressure to obtain
the desired volumetric ratio between the volume of reinforcement and the volume
of the matrix. Side clamps can be used to prevent the formation of wrinkles during
shaping by adding slight tension to the locks. Next, the resin is injected into the fibrous
medium. Finally, after resin polymerization (crosslinking or hardening), the part is
de-molded. Developing such processes requires the control of numerous design vari-
ables to improve their performance. These variables include mold temperature, gate
pressure, reinforcement deformation, and injection point position. The preforming
stage of the reinforcement is a critical phase involving complex physical mecha-
nisms that depend on multiple parameters (shape of tools, preform characteristics,
number and orientation of folds, applied loads, etc.). The literature has well-described
the mechanical load such as tension, shear, compression, and bending to which the
reinforcements are subjected during the preforming stage [5, 6]. However, defects’
nucleation and growth are not yet fully comprehended [7]. Friction is one of the
parameters observed on a macroscopic scale (preform scale) that can cause preform
defects. Recently, Nasri et al. [8] have studied the effect of friction on the stamping
of woven reinforcements. Numerous works in the literature have been published
studying the frictional characterization of reinforcements and reinforcements with
resin [9—12]. Najjar etal. [13] have experimentally studied the tribological behavior of
the G1151 carbon fiber reinforcement. In order to verify the feasibility of the forming
process and the fiber orientations in the final composite component, it is essential to
simulate the initial preforming step. There are two main approaches used to simulate
the preforming of fabrics: the geometric approach, which utilizes kinematic models
and assumes that the threads are connected at the intersections of the weave, and
the mechanical approach, which can be categorized into three types: continuous,
discrete, and semi-discrete. The continuous approach considers the reinforcement as
a continuous solid at the macroscopic level and accounts for the homogenized global
behavior of the reinforcement. The discrete approach, on the other hand, represents
the reinforcement as an elementary physical cell, utilizing structural finite elements
such as trusses, beams, membranes, or shells, and is modeled at the mesoscopic scale
[14]. The semi-discrete approach offers an intermediate solution between continuous
and discrete methods. The current study uses a hybrid discrete modeling approach
developed originally by Najjar et al. [15, 16] that phenomenologically describes the
behavior of the fabric. This model has successfully simulated the stamping of woven
fabrics and accurately predicted the yarn orientation of the deformed shape [16].
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This paper aims to utilize this model to numerically investigate the impact of
friction on the distribution of shear angles in the case of a hemispherical preforming
process of a specific carbon woven reinforcement.

2 Material

The current paper focuses on the commercial G1151 woven carbon fabric manufac-
tured by Hexcel, which is primarily used in aeronautical and transportation applica-
tions. The fabric is made up of “T300JB 6 K 40D” carbon fiber, with 51% of the
yarns in the warp direction and 49% in the weft direction, and has linear densities of
396 tex. The yarns are made up of 6000 continuous filaments and are non-twisted and
non-powdered. The interlock reinforcement weave style of the fabric is constructed
with 7.5 warps/cm and 7.4 wefts/cm and has a nominal area density of 6300 g/m?.
The warp and weft yarns have widths of 1.9 and 2.2, respectively.

3 Presentation of Hybrid Elastic Discrete Model

The model utilized in this study was initially developed by Najjar [17] and has
been thoroughly explained in previous works by the authors [15, 16]. It employs a
hybrid discrete elastic model description of the fabric that employs a mesh consisting
of 1D and 2D elements of the fabric’s unit cell (see Fig. 1). The 1D elements are
represented by axial connectors along the edges of each element to control the tensile
stiffness in the fabric and predict anisotropy evolution during shaping. On the other
hand, the 2D elements are represented by continuous shell or membrane elements
to manage the contact phenomenon and control the in-plane shear rigidity. The 1D
elements can possess either linear or nonlinear elastic behavior, depending on the
fabric’s behavior under tensile stress. Meanwhile, the 2D elements exhibit isotropic
elastic behavior. The model incorporates the following parameters: [y represents the
element dimension (the connector length) and K. (in the case of a linear approach)
or F. and U, (in the case of a nonlinear approach) represent the connector stiffness.
The elastic continuous elements of the woven fabric are characterized by E1, E2, v,
and e, representing stiffness, Poisson’s ratio, and thickness, respectively.

Table 1 gives an overview of a summary of the model parameters:

The identified parameters of the connector and the continuous element are
presented in Table 2.
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(b)

Fig. 1 Principle of the hybrid discrete mesoscopic modeling method utilizes a combination of 1D
and 2D elements: a G1151 fabric, b numerical model

Table 1 Hybrid elastic discrete parameters

2D elements 1D element

E, Young’s modulus of the shell material in the | Stiffness for nonlinear connectors =

weft direction F¢ =K (uc), where K = fluc)
E2, Young’s modulus of the shell material in the | g, — Aul+Bu} +Cu?+ Dy +c
warp direc.tion A,B,C,D and c: coefficients to be identified
e, Shell thickness (Fe, U.): force and displacement of the
v, Poisson’s ratio connectors
lo = 1, Size of the element The limits of (F,, U,) are defined from the
following formulations:
_ 1 _ 1 _ X _Y
Ue = ﬁutch— mFt,N— =1

N and n refer to the quantities of connectors
along the length and width of the specimen,
respectively

Table 2 Parameters used for the simulation with linear and nonlinear connectors

2D elements 1D element

E1=12.5Mpa Stiffness for linear connectors: F. = 22032 N/mm

E2 =12.5 Mpa Stiffness for nonlinear connectors:

e =0.005 mm F, = —1.288E9u? + 4.32E7.u} + 3.16 E5u? + 7.4E2u, +1.25
v=0.16

lp =1 mm

4 Results and Discussion of the Study on the Sensitivity
of Friction

The stamping set up utilized in this study aligns with those previously presented in
[18].

The punch consists of a hemispherical head with a 50 mm radius, while the die
cavities have individual spherical radii of 6 mm. The hole diameter is 55.4 mm,
allowing for a 2.7 mm gap between the punch and die. The square composite blank
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Fig. 2 Hemispherical drawing simulation using hybrid discrete finite element of G1151 fabric:
a tooling geometry; b numerical hemispherical model

used has dimensions of 260 mm x 260 mm. The binder, die, and punch are repre-
sented by analytical rigid bodies, each with their respective reference nodes defining
boundary and loading conditions. The reinforcement is modeled using four-node
shell elements S4R (refer to Fig. 2). This operation was simulated employing both
the behavior model with linear and nonlinear connectors. A clamping force of SON
is adopted. The stamping velocity is set at 5 mm/s.

In order to computationally analyze the impact of friction on the G1151 fabric
angles distribution during forming. A set of simulations of a reinforcement layer
oriented at (0°/90°) is conducted using a hemispherical punch with a diameter of
100 mm, and the material parameters are obtained from [17] and presented in Tables 1
and 2. A range of friction coefficients (fabric/tooling) ranging from 0.1 to 0.7 are
tested, with both linear and nonlinear models used for the connectors. In order to
better understand the distribution of shear angles and apprehend the effect of friction,
the shear angles along the path shown in Fig. 3 were analyzed for both the linear and
nonlinear models. This analysis enables a better grasp of the shear angle distribution
and evaluation of the influence of friction on these angles.

The evolution of shear angles along the path presented in Fig. 3 is plotted in Fig. 4
as a function of distance from the pole for various friction coefficient values in the
linear model.



188 W. Najjar et al.

Fig. 3 The path where shear
angles are measured and the
three-area specific of a
hemispherical preform
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The results indicate that the shear angle is significantly influenced by changes in
the friction coefficient, with lower friction coefficients leading to higher maximum
shear angles. This observation is consistent with previous research [19], which
suggests that higher tangential contact forces due to higher coefficients of friction can
hinder yarns rotation. Moreover, the curves illustrate that the transient zone is partic-
ularly affected by variations in the friction coefficient. For instance, at a distance
of 33.9 mm from the pole—which corresponds to the transitional zone—the shear
angle is 45.5° when the friction coefficient is 0.1, while it is only 35.7° for a friction
coefficient of 0.7.

It should be mentioned that the shape of the curves obtained changes progressively
for high values of the coefficient of friction. This form passes from a Gaussian curve
to a bimodal form. These two summits represent two maximums of the shear angles,
one on the spherical zone and the other on the plane zone. This is also visible in
Fig. 5b, which shows a quarter of the simulated draw with a high friction coefficient
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(tooling/fabric) of 0.6. Moreover, Fig. 5a shows that for the value of the friction
coefficient 0.2, the most sheared zone is located in the transitional part between the
spherical zone and the plane zone.

Figure 6 shows the evolution of the shear angles along the cited path, for simu-
lations using the nonlinear connectors model, and for different values of friction
coefficient.

The curves in Fig. 6 are in agreement with those obtained by the linear model
in the spherical zone and the transient zone. The transition from Gaussian curves to
bimodal curves is also recovered. However, it can be observed in this case that for
the planar area, an increase in the friction coefficient leads to an increase in the shear
angle.

sove
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(Avg: T5%)
+4.570e+01

s0ve
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(a) (b)

Fig. 5 Shear angle distribution (in degrees °)after preforming simulation using a linear model:
a with a friction coefficient value of 0.2; b with a friction coefficient value of 0.6

Fig. 6 Distribution of shear 50 Cof = 0.4
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sove sove
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Fig. 7 Shear angle distribution (in degrees®) after preforming simulation using a nonlinear model:
a with a friction coefficient value is 0.2; b with a friction coefficient value is 0.6

It is also important to mention that the shear angle iso-contours derived from the
nonlinear model (Fig. 7) exhibit consistency with those predicted by the linear model
(Fig. 5).

The boundary curves of the drawn-in are also studied, Figs. 8 and 9 present the
results, respectively, for the linear and nonlinear model. These results show that the
variation of the friction has an effect on the drawn-in, and that a lower coefficient
slightly favors the sliding of the fabric.

%0 Friction coefficient =0.1 0
'E" Friction coefficient =0,4 -E- 5
E 80 | e Friction coefficient =0,7 E
£ - = %
00 >
e o 1
el »
T s0 ,g 1 Friction coefficient =0,1
B
S w0 | g v Friction coefficient =0,
v
2 a0 .-"'I o * Friction coefficient =0,7
g g o«
20
2 e R 4
B8 1 &,
0.
ol
0 20 a0 50 80 100 o - 5i i
Distance according to x (mm) Distance according to x (mm)

Fig. 8 Impact of changing the friction coefficient on the drawn-in when using the linear model
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Fig. 9 Impact of changing the friction coefficient on the drawn-in when using the nonlinear model

5 Conclusion

In this paper, a numerical hybrid discrete-continuum model that incorporated elastic
shells and linear/nonlinear connectors has been used to investigate the impact of
friction coefficient at the interface between the tools and G1151 preform on the
shear angles distribution of the hemispherical obtained part. The results demonstrate
that friction significantly affects the local distribution, location, and magnitude of
the shear angles, especially in the planar-spherical transition zone. In the future
research, it would be interesting to investigate the impact of shear angles and the
friction coefficient in the case of multilayers forming. Furthermore, our approach
enables the simulation of shaping processes by modifying the constitutive law of the
continuous element. A promising suggestion would be to implement via subroutines a
viscoelastic behavior and specific tribological laws that take into account temperature
variations and the resin behavior, to investigate the influence of resin-induced friction
during the shaping process of the polymerized reinforcement.
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Effect of the Twist and Composite Process | M)
on the Tensile Behavior of Carbon oo
Multifilament Rovings. An Experimental
Investigation Toward the Identification

of Constituents’ Behaviors

Mohamed Medhat Salem, Haifa Mensi, Chayma Soltani, Adel Ghith,
and Xavier Legrand

Abstract The goal of this study was to determine the influence of the yarn twist on
the tensile behavior of the carbon fiber rovings. One aim was to study less explored
areas of the common stress strain graphs such as nonlinearity and plasticity and the
effect of the twist on such areas. These findings should be coupled to other in-depth
investigations in order to more faithfully model the behavior of the yarn as whole.

Keywords Carbon fiber - Tensile behavior - Composites

1 Introduction

In order to predict the mechanical behavior of textile structures, several studies
on finite element analysis have been conducted on microscopic, mesoscopic, and
macroscopic scales. On the macroscopic side, homogenization techniques take into
account the global behavior of the reinforcement by replacing all the constituents
by a single material that responds to homogeneous behavior laws that are easier to
exploit[1, 2]. In order to predict the mechanical behavior of textile structures, several
studies on finite element analysis have been conducted on microscopic, mesoscopic,
and macroscopic scales. On the macroscopic side, homogenization techniques take
into account the global behavior of the reinforcement by replacing all the constituents
by a single material that responds to homogeneous behavior laws that are easier to
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exploit [1, 2]. These techniques can predict the initiation of defects and failures
as well as the in-plane and out-of-plane behavior of the reinforcement. However,
these techniques are not capable of tracking the evolution of these defects [3]. To
have a better simulation, it is necessary to take into account the interaction and
inhomogeneity between the constituents of the reinforcement. Hence the interest of
mesoscopic studies, where the components are modeled with their specific properties
and behavior laws. Mesoscopic modeling gives results that are more faithful to the
behavior of the overall reinforcement but requires higher computing power the larger
the model [4]. Hybrid approaches between macro and meso allow to model the
homogeneous reinforcement with the areas where defects are expected with the level
of detail of a mesoscopic model. This reduces the computational cost considerably
[5].

In order to have a model that is faithful to reality, mechanical tests on impregnated
yarns are performed to determine the mechanical properties and use them in the
constitutive laws [6—8]. In addition, to determine the Young’s modulus of the yarns,
tensile tests are performed. However, in most cases, these tests are only used to
determine the modulus of elasticity and do not give any idea about the heterogeneity
of the roving components (i.e., stress distribution, fiber alignment, level of twist
per meter (tpm), variation of mechanical properties...) [9]. Hence, to identify and
quickly summarize the behavior of carbon yarns, a tensile test is typically done, and
the yield stress and tensile modulus is extracted from the linear slope of the stress/
strain response. Yet this leaves plenty of valuable data in the curves [6]. A typical
stress/strain graph for carbon yarns is not linear and will present different moduli
depending on the aforementioned variables [10, 11].

The goal of this study is to primarily assess the effect that the roving twist coupled
to the composite manufacturing process has on the tensile properties of the roving.
This was done by comparing the behavior of rovings at different tpm either dry,
resented then twisted or twisted then impregnated.

2 Material and Methods

For this study, the “Hextow IM7” 12 K filaments were used. These multifilaments are
fairly widespread, and their characteristics are well documented (Young’s modulus
276 GPa, yield stress 5.7 GPa, and an ultimate deformation of 1.8%). To consolidate
the yarns, an epoxy “Sicomin SR8200” was used (Young’s modulus 3 GPa, yield
stress 67 MPa, and an ultimate deformation of 2.7%).

The yarns are to be twisted using a purposely made twisting device (see Fig. 1).
The levels of twist chosen are 0, 10, 30, 50, 70, and 100 tpm. Three batches were
prepared to be tested in the “INSTRON” tensile bench. The length of the samples
was set to 200 mm.

The first batch is tested with dry fibers. The yarns were twisted in situ by clamping
one end to the top grip of the bench, twisting the lower part and fixing it the lower
grip. The second batch was tested with filaments that were soaked in the epoxy prior
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—

L

Fig. 1 Yarn twisting device that was specifically designed for the study

to twisting. The matrix was allowed to set at the ambient temperature for 24 h. The
third batch was with yarns that were twisted then impregnated and allowed to set in
the same conditions. For each twist level, eight specimens were tested.

Once the composite yarns were tested, the rule of mixtures was used to determine
the weight percentage of fibers and matrix. Assuming no void, the weight of the
fibers part (mf) being already measured, the weight fraction of the fibers (Mf) is Mf
= mf/mc with mc being the weight of the final composite. The weight fraction of
the matrix (Mm) is then Mm = 1 — Mf.

3 Results and Discussions

The results of the weight fractions are displayed in Tablel.

The twist level impacts significantly the impregnation of the matrix in the fibers.
With no twist, the percentage of the matrix is up to 68. This fraction goes down
to as low as 52%. It is also interesting to observe that twisting the yarn before
impregnating it causes the yarn to take in less matrix. The tighter fibers block the

Table 1 Weight fractions of the different samples

Twist level Fiber weight fraction (%) Matrix weight fraction (%)
Resin first Twist first Resin first Twist first

0 32 68

10 325 39 67.5 61

30 40 40 60 60

50 39 39 61 61

70 44 41 56 59

100 44 48 56 52
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epoxy from penetrating to the core of the yarn. For the same final level of twist, the
difference between twisting first and resin first is 4% less matrix.

The yarns then tested on the INSTRON tensile bench gave stress/strain graphs as
presented in Fig. 2. In Fig. 2, we only represent the graph of 0, 50, and 100 tpm as
a general idea. The graphs represent the mean values between eight tests for each
configuration. The area around each mean curve is delimited between the maximum
and minimum registered values for said configuration.

Figure 2c illustrates the different parameters that could be of interest to further
identify the behavior of elementary fibers. E1, E2, and E3 are moduli of the graph.
El can be referred to as a nonlinearity modulus that is indicator of fiber alignment/
uncrimping as the whole yarn is put under stress. E2 is the modulus on the linear part
of the graph and is commonly known as the elasticity modulus or Young’s modulus.
E3 can be referred to as a plasticity modulus where fibers start to break while others

Average stress with minfmax values as a field Average stress with min/max values as a field
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H H
Z 20004 5 2000
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Fig. 2 Examples of tensile tests on dry and impregnated carbon multifilament rovings at 0, 50,
and 100 tpm. Average is represented as a solid line while the range between min and max tests is
represented as a field
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are still in their elastic domain. This confers a certain plasticity to the yarn as a whole.
The yield stress (¢ max) and strain (emax) are also identified.

To sum up the results for all twist levels and processes, the values extracted are
compiled in Fig. 3. E1 and E2 are represented as min and max of the field, and E3
is the line in the middle. Stress and strain are graphed as lines with whiskers that
represent max and min values for a given configuration.

Results show that for dry multifilaments, the trend for up to 100 tpm is that the
nonlinear part is increased as E1 goes down from 1756 to 410 MPa. The linear part
E2 goes down from 2071 to 1061 MPa, and the plastic part E3 goes down from 1943
to 736 MPa.

The twist level makes it so the dry filaments go through a realignment phase
during the test before they are fully constrained and under load. Since the increase in
twist makes the filaments longer in the same roving sample, to get fully constrained,
the yarn must deform further which explains the yield strain increasing 300% from
0.62 to 1.83. The yield stress slightly increases from 1293 to 1604 MPa due to the
introduced inter-fiber friction that increases the roving cohesion and compensates
for early breakages that might reduce its resistance.

Dry multifilament behavior summary resinated/twisted muitifilament behavior summary
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Fig.3 El, E2, E3, and yield stress and strain at different twist levels represented for: a dry
multifilaments, b resinated first multifilaments and ¢ twisted first multifilaments
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As for both composite rovings, the moduli are always fairly close and do not
show a significant non-linearity or plasticity. For the characteristics of the twisted
first rovings, they stay fairly similar till the 50 tpm mark where they start to get lower.
The average moduli go down from 2035 MPa for O tpm to 1808 MPa for 100 tpm (a
loss of 12%). The average yield stress goes down from 2651 MPa to 2113 Mpa (a
loss of 22%). The average yield strain goes down from 1.28 to 1.2 (a loss of 8%). As
for the characteristics of the resinated first rovings, they stay around the + 5% with
no significant modifications till the 100 tpm tests. The moduli go from 2035 MPa for
0 tpm to 2183 MPa for 100 tpm.

(a gain of 7%). The yield stress goes up from 2651 to 3155 MPa (a gain of 19%).
The strain goes up from 1.28 to 1.47 (a gain of 14%).

Comparatively, as the twist level increases, either the twisted first or the resinated
first behaves similarly up to 50 tpm. This is also visible in the weight fraction of
the fibers/matrix where the rovings tend to take in the same amount of matrix. The
matrix is able to prevent early slippages and loss of mechanical properties due to
early fiber breakages by taking in the load where a filament might break but not
debond from the matrix. The higher twist (from 70 to 100) makes it harder for the
matrix to penetrate inside the core of the yarn and bond properly which explains the
difference in behavior compared to rovings that had proper time to take in the matrix.

4 Conclusion

The effect of the twist was investigated experimentally. It was determined that up
to a twist level of 50 tpm, no significant influence was observed. From a twist level
of 70 tpm, the filament density becomes a hinder for a proper impregnation and this
a loss of mechanical properties can be observed depending on the manufacturing
process. The finding of this study will hopefully be used to determine the behavior of
the roving’s basic constituents (i.e., filaments) and their parameters using a genetic
algorithm approach. In the literature, the identification of fiber properties in terms
of peak tensile strength have been investigated using Weibull distribution have been
investigated [12]. These have shown moderate degree of scatter, but cannot show
the intricacies of identifying the distribution of tensile moduli and orientation that
govern the behavior of the roving. The genetic algorithm approach would generate
generations of random populations of carbon filaments with different properties and
chose the most fitting to experimental data.

References

1. Wang, J., Wang, P., Hamila, N., Boisse, P.: Mesoscopic analyses of the draping of 3D woven
composite reinforcements based on macroscopic simulations, Compos Struct, (2020).



Effect of the Twist and Composite Process on the Tensile Behavior ... 199

10.

11.

12.

Hello, G., Schneider, J., Aboura, Z.: Numerical Simulations of Woven Composite Materials
With Voxel-FE Models. In: 16th European conference on composite materials, p. 22-6 (2014).

. El Said, B., Daghia, F,, Ivanov, D., Hallett, S.R.: An iterative multiscale modelling approach

for nonlinear analysis of 3D composites, Int J Solids Struct, 132-133, pp. 42-58 (2018).
Creech, G., Pickett, A.K.: Meso-modelling of non-crimp fabric composites for coupled drape
and failure analysis, J Mater Sci, 41 (20) pp. 6725-6736 (2006).

Iwata, A., Inoue, T., Naouar,N., Boisse,P.,Lomov, S.V.: Coupled meso-macro simulation of
woven fabric local deformation during draping, Compos Part A Appl Sci Manuf, 118, pp. 267—
280 (2019).

ASTM, Standard test methods for properties of continuous filament carbon and graphite fiber
tows, ASTM International, West Conshohocken, PA (2011).

Ji, X., Wang, C., Francis, B.A.P., Chia,E.S.M., Zheng, L., Yang, J., et al.: Mechanical and
interfacial properties characterisation of single carbon fibres for composite applications, Exp
Mech 55 (6), pp. 1057-1065 (2015).

Crabtree, J., Penumadu, D., Young, S.: Tensile properties of carbon fiber: single filament vs tow
based testing, American society for composites: thirty-second technical conference. Purdue
University, west Lafayette, Indiana, October 23-25, 2017. Lancaster, PA, USA: DEStech
publications, inc, p. 11 (2017).

Matthew E. K., Joshua D. C., Stephen Y., Dayakar P.: Concept of limit stress for the tensile
behavior of carbon fiber composite tows, Composites Part B: Engineering, Volume 201 15,
108384 (2020).

Zhifan, C., Tsu-Wei, C., Guoyi, S.: Determination of single fibre strength distribution from
fibre bundle testings. Journal Of Materials Science 19, 3319-3324 (1984).

Yuanxin, Z., Yang, W., Yuanming, X., Shaik, J.: Tensile behavior of carbon fiber bundles at
different strain rates. Materials Letters 64(3), 246-248 (2010).

Sweety, K., Nithya, S., Padmavathi, N., Eswara Prasad, N., Subrahmanyam, J.: Tensile prop-
erties and fracture behaviour of carbon fibre filament materials. J Mater Sci, 45:192-200
(2010).



Investigation of the Properties )
of Developed Abrasives After Abrasion oo
Test

Elaissi Arwa and Ghith Adel

Abstract This paper aims to compare the different abrasive nonwovens developed
from textile waste with mechanical properties and surface states suitable for the
washing treatment of jeans. The abrasives were analyzed using energy dispersive X-
ray analysis (EDX). The abrasive wear behavior of the composites after application
to the washing out of jeans (denim) was evaluated. Response surface methodology
(RSM) was used to understand the overall behavior of the system and to determine the
weight loss of the abrasives. Significant control factors and interactions influencing
abrasives’ weight loss were identified using the Box-Behnken design. Results indi-
cated that the size of the abrasive grain affected the weight loss and the wear of the
abrasive. The percentage of fibers, the concentration of the resin, and the chemical
treatment of the reinforcements (cationization) had little significant influence on the
results. The interactions appeared not very obvious compared to the influence of the
granulometric parameter.

Keywords Abrasive nonwovens - Box—Behnken design + Mass loss interactions

1 Introduction

Abrasive wear of materials is a technology that is always evolving to improve system
reliability. Profitability determines how it is used in the industry. Abrasive wear
of materials is a technology that is always evolving to improve system reliability.
Profitability determines how it is used in the industry.
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Recycling grains and fibers makes the product more economical, efficient, and
environmentally friendly. Bret W. Ludwig’s invention provides a nonwoven abra-
sive comprising a fibrous web of nonwovens, abrasive particles, and a polyurethane
binder binding [1]. Nonwoven fiber webs are selected to be suitably compatible with
adherent binders and abrasive particles while also being processable in combination
with other article components. Cationization treatments have been carried out on the
reinforcements to improve interfacial adhesion performance [2]. Scrap metal repre-
sents one of the materials discarded in large quantities as a by-product of the steel
industry. It is the most commonly used metal in everyday life, usually in the form of
various alloys. It is characterized by its solidity which gives it an abrasive character.
A deeper understanding of the process in terms of the impact of the independent vari-
ables and their interactions on the dependency of the variables can be obtained by
using experience-based optimization methodologies. The evaluation of the variable
parameters was determined using the analysis of variance (ANOVA) of the quadratic
model. A total of 30 sets of experiments were measured and significant regression of
the coefficient between the variables was obtained. Also, measurements were tested
before and after the abrasion test.

2 Experimental

2.1 Fibers Preparation

Cotton-based textile waste and cellulose gypsum tow fibers were first pre-treated to
eliminate any impurities before being used to prepare composite abrasive materials.
The fibers were boiled for 2 h in a flask containing a mixture of 1.5 mL/L NaOH,
3 g/LL Na,COs3, and 4 g/L non-ionic detergents to carry out the scrubbing procedure
(1:40). The treated fibers were then rinsed with hot and cold water for 1 min each
time. Finally, a laboratory oven was used to dry the fibrous material. Under alkaline
circumstances, the fibers were also subjected to a cationization process using a co-
polymer of dimethyl diallyl ammonium chloride and diallylamin as cationic agents
(3 and 6%).

2.2 Nonwoven Manufacturing

To prepare nonwoven composites, the fibers were first opened using a Shirley
machine. Then, the nonwovens were blended from these raw materials using carding/
overlapping/needling technology at different fiber percentages [3—6]. The tow fibers
in the surface and the “Z” direction (across the thickness of the fabric) can be seen
in the cross section of nonwoven fabrics after punching (see Fig. 1).
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Fig. 1 Cross section of
nonwoven fabric after
punching

2.3 Abrasive Grains Preparation

Iron grains were collected from local metallurgical industries. They were washed,
dried, and examined to determine the desired grain size. According to the ISO 3310-
1 standard [7], particle size analysis divides iron grains into two sizes. The powder
grains have a size of less than 0.2 mm. Grains with a size between 0.2 and 0.6 mm
are selected as large grains [8].

2.4 Abrasives Manufacturing

In this research, a thermosetting polyurethane resin named “Politex” is used. The
resin solution and the hardener are poured step by step onto the textile material
in the fabrication of abrasives once the reinforcement is set on the coating table.
The abrasive grains are then thoroughly blended with the second resin layer. The
abrasives’ surface was covered with a third layer of dispersed granules. The thickness
of the layer is determined by the coating technique [9]. Finally, all of the samples
were dried for an adequate period at 140 °C [10].

2.5 Abrasion Test

The Martindale method is included in the ISO 12947 standard for determining fabric
abrasion resistance [11]. The abrasion cycles were carried out on a denim backing
(3% twill) using the prepared abrasives instead of the standard abrasive paper. The
abrasive wear tests were performed at room temperature in a dry state with a constant
speed of 200 mm/s and a load of 9 N [12]. To deteriorate the denim fabric, all created
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composites were submitted to a 5000-cycle abrasion test. A comparison of weight
loss data before and after polishing can be used to establish the specific wear rate
[13]. For each condition, five measurements were obtained and an average value was
determined.

2.6 Techniques of Characterization

Energy dispersive X-ray (EDX) analysis supplied by ThermoFisher was used to
describe the chemical composition of the materials. The surface of the samples was
coated with a very thin layer of gold by vapor deposition at an accelerating voltage
of 25 kV to reduce charging and improve image quality. Energy dispersive X-ray
analysis (EDX) is used to identify the elemental composition of the studied materials.

2.7 Choice of Factors and Field of Study

Based on the Box—Behnken design, which is a subset of response surface method-
ology, the experimental tests are carried out (RSM). It takes prior knowledge about the
procedure to build a statistical model. This optimization process essentially consists
of three steps: carrying out statistically planned tests, determining the coefficients
in a mathematical model, forecasting the response, and assessing the model’s fit
[14, 15].

The preliminary tests conducted on the numerous parameters influencing the abra-
sion of the composites led to the selection of the factors and the study’s focus for the
current investigation. According to reports, the amount of fiber and how it is rein-
forced, the amount of resin present, and the grain size all have an impact on the wear
rates of composite materials. The first three variables in the Box—Behnken program
are continuous, while the grain size represents a two-level category variable. Table 1
lists the level of experimental design that was taken into consideration for this study.

The Box—Behnken design requires 24 design points plus 6 center runs, and there-
fore the number of trials is 30 (Table 2). Each experiment was performed three
times.
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Table 1 Factors and areas of study
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Factors Unit | Code |Levels not coded Levels coded
factor |1 ovel 1 | Level 2 Level 3 Level |Level |Level
1 2 3

Resin % A 20/80 50/50 80/20 20 50 80
concentration

(resin/ catalyst)

Pre-treatments | — B Desized | Cationized | Cationized |0 3 6

3% 6%

Percentage of | % C 20/80 50/50 80/20 20 50 80
cellulosic fibers

(fiber/cotton)

Grain size mm |D <0.2 0.2-0.6 - 2 4

(category

factor)
Table 2 Experimental trials derived from design-Expert software

Number |1 2 |3 4 |5 6 |17 8 9 10 |11 |12 |13* |14* | 152
A 20 |80 |20 |80 |20 |80 |20 |80 |50 |50 |50 |50 (50 |50 |50
B 0O (0 |6 |6 3 3 3 3 0 (6 |0 |6 3 3 3
C 50 |50 |50 |50 (20 (20 |80 |80 |20 |20 |80 |80 |50 |50 |50
D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Number (16 |17 [18 |19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29* |30%
A 20 |80 |20 |80 |20 (80 |20 |80 |50 |50 |50 |50 |50 |50 |50
B 0 (0 |6 |6 3 3 3 3 0 (6 |0 |6 3 3 3
C 50 |50 |50 |50 (20 (20 |80 |80 |20 |20 |80 |80 |50 |50 |50
D 2 (2 |2 |2 2 2 2 12 |2 |2 2 2 2 2 2

4Indicates the focal point of the design

3 Results and Discussion

3.1 EDX Analysis

The EDX scans were taken at four different locations in the lateral direction of the
abrasives. The abrasive contains varying amounts of carbon, oxygen, potassium,
calcium, and mainly iron. Figure 2a specifies the composition of the reinforcements
alone, which is essentially composed of carbon and oxygen. In Fig. 2b and Fig. 2c, the
element iron appears in the intermediate layer of the composites. Figure 2d indicates
the composition of the surface of the abrasives, which is mainly constituted of iron.
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Fig. 2 EDX analysis in the side view of abrasive manufactured by coating process before abrasion
test: a reinforcement, b interface fibers-resin and ¢ interface resin-grains, and d surface

3.2 Box-Behnken Analysis of Loss in Mass of Abrasives

To investigate the impact of the selected components on composite weight loss, RSM
was performed using the design of experiments tool, Design-Expert version 8.0.4.
Each experiment was repeated three times to estimate the random effect (residual
or experimental variation). After carrying out the preliminary tests, the number of
abrasion cycles leading to the deterioration of the specimen at approximately 5000
cycles was fixed. The abrasion cycles were carried out on a denim backing (34 twill)
using the Martindale machine.

3.3 Analysis of the Interaction Diagrams

Interaction graphs are a representation of the averages of response information for
each level of factors. An interaction is present if the response for one level of param-
eters depends on the other levels. The interaction graphs are a representation of the
information averages of responses for each factor level. In an interaction diagram,
parallel lines indicate no interaction. In other words, the response to the one-factor
level is not influenced by the level of the second factor. The more non-parallel the
lines, the greater the degree of interaction. The graphical results of the influence of
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the interactions between the construction factors of the abrasive composite on its
wear are given in Fig. 3.

From the shapes of the obtained curves, we note that the size of the grains prevails
over all the factors. Indeed, the largest grain size causes the most significant degrada-
tion of the abrasive composite whatever the construction factor of the abrasive asso-
ciated with it (treatment, resin concentration, percentage of fibers). This finding is
indicated by the three lower-level diagrams. The interactions between the percentage
of gypsum tow and the factors of the concentration of the resin and the pretreatment
of the fibers have similar variation shapes with small amplitudes and deviations.
Therefore, these interactions are weakly significant and have no important influence
on the wear of the studied abrasive composites.

The interaction between the resin concentration and the pretreatment is more
significant than all the other interactions since the variation lines intersect at the
same point and have the same variation inclination. Based on the results of the
obtained graphs, we can consider that the grain size is the most influential factor in
holding the mass loss of the abrasive composite. The other factors have influences
that are not highly significant. The interactions seem not very obvious because of the
influence of the grain size parameter.

4 Conclusion

In this work, the optimization of the properties of abrasives obtained by iron grains
by analyzing the effect of a certain number of manufacturing parameters has been
reported. Based on the Box—Behnken experimental design, it has been observed that
grain size is the most influential parameter on the appearance obtained. The wear
performance of abrasives can be improved by improving adhesion. The cationization
process improved the interfacial adhesion between the fibers and the polymer. The
mass loss of abrasives composed of cationized reinforcements was lower than that of
abrasive materials based on non-cationized reinforcements. The resin concentration
played a major role in the quality of the interfacial adhesion, which affects the abrasive
wear of the composite. The increase in the percentage of gypsum tow in the fibrous
structure makes it possible to reduce the wear of abrasives and their degradation.
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Contribution to the Improvement )
of Certain Comfort Characteristics L
of Baby Diapers

Wala Kallala, Adel Ghith, and Faten Fayala

Abstract Baby diapers are products that offer optimal hygiene. In fact, at an age
when baby cannot communicate yet, unforeseen events can happen. This means
that there can be an emergency at any time, which is why they must use disposable
diapers. Nowadays, these diapers have become a real concentrate of technology both
in the choice of their components and in their implementation in the product in order
to optimize their own functions and their combinations between them. Today, the
industry has become highly competitive, and all manufacturers are trying to produce
products that will satisfy their customers and they do this by providing attractive
comfort qualities. In this context, and in order to contribute to the improvement of
certain comfort characteristics of disposable baby diapers, we carried out a compar-
ative study called benchmark between four of the most used brands in the Tunisian
market, in order to determine the best composition. In this study, the analysis of baby
diaper characteristics is divided into composition, fabrication and comfort charac-
teristics. Diaper composition, mass, thickness, total absorption capacity, PLUTO
absorption capacity, fluid runoff quantification and measurement of diaper rewets
are all characteristics to be measured or identified. The results indicated that the
most suitable diaper has a total absorption capacity of 1774.34% in saline solution, a
balance of components (33.04% SAP/34.34% pulp/32.59 NAM), an absorbent core
structure (homogeneous) containing 50% pulp and 50% SAP, a total mass of 38.32 g
and average rewet, Pluto, runoff values.

Keywords Benchmark - Disposable baby diaper + Absorbent core *
Superabsorbent polymer + Absorption capacity
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1 Introduction

Baby diapers are one of the most emerging markets for baby care products due to
rising health awareness among consumers. In addition, the increase in the number
of women in employment presents opportunities for countries to expand their work-
forces and generate additional economic growth. In addition, the greater the number
of working mothers, the greater the market growth for baby diapers. In addi-
tion, disposable diapers are convenient, safe, and time-saving materials. Disposable
diapers do not need to be cleaned and can be reused, which is the gospel of working
women. As a result, household demand for diapers has increased, even among less
affluent consumers [1].

The history of disposable diapers began more than a century ago, but they have
been exploited commercially seventy years ago, in the late 1940s, in Europe and
North America.

However, development was far from smooth, and the enormous success it achieved
was unpredictable from the start. When looking at a product in the end, it is helpful
to look at its development over four different times:

e Product invention (before 1930s), when many independent inventors sought better
solutions to traditional diapers.

e Early commercialization (1930s—1950s), as private companies launched diapers
and gradually expanded the market.

e Rapid adoption (1960s to 1980s), a surge in demand as disposable diapers became
affordable.

e Continuous improvement (1990s to present), where leading manufacturers
compete globally to provide consumers with continuously innovative and
improved products [2].

Disposable baby diapers have become a veritable concentrate of technology, it
is one of the most important consumer products of the twentieth century, continues
to evolve rapidly in the beginning of the twenty-first century in terms of shape and
components in order to improve their absorption properties and to solve problems
encountered by the user such as leaks, irritation and is becoming thinner, simpler to
use and more eco-friendly.

Disposable baby diapers have a complex structure as shown in Fig. 1.

The top sheet is the first element in direct contact with the baby’s skin. It has
a softness and a great capacity to keep the baby dry by retaining the fluid away
from the skin, which avoids the problems of irritations [3]. The surface nonwoven is
made of a melt formed polypropylene fiber (spunbond), thermo bonded (melt formed
nonwoven) or a carded web. On the front side, the nonwoven is hydrophilic, allowing
rapid absorption of liquid. On the reverse side, it is hydrophobic, which prevents the
fluid from rising up. The second element is the high loft. The role of this part is to
acquire and then distribute and/or transport the fluid from top sheet to the absorbent
core in various directions in order to make the use of the super absorbent polymer
(SAP) more efficient.
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Topsheet
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Fig. 1 Representative scheme of the baby diaper composition

Absorbent core

The main requirements of this acquisition layer is that it must provide a void to
capture the liquid. It must also generate a capillary force gradient with the absorbent
core to ensure rapid transfer of the fluid leaving these pores empty and ready to
receive further liquid flow. The third element is the absorbent core. This is the most
functional part of the diaper, and it is responsible for the retention of fluids. The
quality of a diaper depends on the absorbency and retention capacity of this part. It
is constructed of a cellulose structure (pulp) and variable levels of super absorbent
polymer (SAP).

Cellulose pulp is a major component of absorbent hygiene products. It can
approximately absorb up to 10 times its weight in fluid.

The super absorbent polymer (SAP) is a hydrophilic material called sodium poly-
acrylate. This polymer, in its raw state, has a powder form and retains at least 20
times its weight in urine. It turns into a gel that traps it when it comes into contact
with urine, preventing it from coming into contact with the baby’s skin.

In addition to the three principal components described before, the baby diaper
contains other elements such as the fastening system, which is composed of a comfort
band in front and fasteners on each side at the back of the diaper and the elastic
between legs and the leakage barriers.

The back sheet is constituted of microporous polyethylene, and it retains the fluid
but lets out the steam. It thus ensures a protection against the leakage.

According to EDANA [4], the main components in baby diapers are FLUFF and
SAP:

e 249 Fluff pulp.

® 33% SAP.

e 21% Nonwovens.

e 13% Elastics and adhesive tape.
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® 5% Polyethylene (PE) film
o 3% Adhesive.
e 1% others.

According to [5], the global baby diapers market has increased from 55.36 billion
USD in 2022 to 59.62 billion USD in 2023, with a Compound Annual Growth Rate
(CAGR) of 7.7%.

The baby diapers market is expected to grow steadily, driven by increasing demand
for practical, eco-friendly products, as well as the rise of e-commerce channels.

Companies in the market need to focus on innovation and sustainability in their
product offerings and marketing strategies, in order to remain competitive and
respond to changing consumer demands [1].

In this context, a competitive benchmarking process was conducted to select the
sample products for this comparative study.

As indicated in the rest of the work, four representative samples of commercial
brands of baby diapers most sold on the Tunisian market are examined. It should be
noted that for reasons of confidentiality and respect, we will maintain the anonymity
of the companies, and their brands will not be mentioned in this study.

The four most used brands in the Tunisian baby diaper market are examined.
These diapers were tested anonymously and were named A, B, C and D. The A and
B diapers are made in Tunisia, the C diaper in Algeria and the D diaper in Egypt.
All the diapers have the same size which is the size 5 in order to obtain comparable
results.

2 Materials and Methods

2.1 Separation Methods of Diaper Components

First, we have to separate the components of the diapers to test them. For this, we
followed the steps below:
Remove the elastic and nonwoven from the diapers and weigh them.

e Weigh the mass of the absorbent core AC
e Separate the SAP polymer from the paste:

— Ifthe structure of the AC is non-homogeneous: the separation of SAP and paste
is easy.

— If the homogeneous structure of the AC where the SAP was bound to the
cellulose pulp: place the AC in a container and then shake it to separate the
SAP polymer from the pulp.
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2.2 Methods of Characterization of Disposable Baby Diapers

2.2.1 Analysis of Diaper Components

Dimensional Measurements of Disposable Baby Diapers

We carry out the dimensional measurements of the baby diapers from the following
sizes:

The width and length of the diapers.
The width and length of the absorbent core.

Measurements of the Widths, Lengths of Baby Diapers

The measurements of the width and length of the diaper are made with a metal ruler
by fixing the ends of the diapers with magnets on a metal plate. The following figure
shows the positions of the lengths and widths to be retained.

Measurements of the Widths and Lengths of the Absorbent Core

We first took off the absorbent core carefully by removing the nonwoven and plastic
outer parts (non-absorbent material, NAM) of the diaper with scissors, and then
measured the length and width with a metal ruler.

Centrifuge Retention Capacity (CRC)

The purpose of this method is to determine the amount of liquid trapped in the SAP
after centrifugation. This method is called the “tea bag” method [6, 7]. For this
purpose, tea bags of size 85*%60 cm were filled with 0.2 g of SAP. The prepared bags
were sealed with the sealing machine. We also closed an empty tea bag to use it as a
tare. Subsequently, we immersed the samples either in distilled water or in a saline
solution of concentration 9 g/l (NaCl + distilled water) for 30 min.

As soon as the time was up, the bags were placed in the centrifuge under a speed
of 1250 rpm for 3 min. Once the centrifugation is finished, the balance is tared with
the empty bag, the other bags filled with SAP are weighed and their final weights
W are noted.

Wy — W,
CRC(g/g) = — — (1)

CRC Centrifuge retention capacity (g/g).
W, Final SAP weight (g).
W;  Initial SAP weight (g).

Free Swell Capacity (FSC)

The free swell capacity (FSC) technique is the most practical and fastest way to eval-
uate the absorption capacity of SAP[6, 8].The purpose of this method is to determine
how much the SAP can absorb when soaked for a defined period of time.
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SAP samples are tested in the same manner as the (CRC) method but instead of
using a centrifuge after the 30 min, the tea bags are left for 5 min to drain off excess
solution, then the balance is tared with the empty bag and the bags filled with SAP
are weighed and their final weights W are noted.

W= W
FSClg/e) = —— 2

FSC Free Swell Capacity (g/g).
W;  Final SAP weight (g).
W; Initial SAP weight (g).

Determination of the Quantity of SAP

This method allows us to calculate the amount of SAP contained in a diaper and to
determine the centrifugal absorption capacity.

First, the dry weight of the diaper was recorded (Wy), then the diaper was
immersed in a bath filled with a saline solution to approximate the urine for 30 min
(PE on top and TNT in front of the bath). The saline solution is called synthetic urine.
The solution is composed of 9 g of NaCl per liter of distilled water. Then, the sample
is removed and put into the centrifuge at 1226 rpm (the nonwoven against the drum).

3 min later, the centrifuge stops and we note the weight W.

Wy — 2% W, NAM
Quantity of SAP — LWL= ¥ Wo)l & (n « NAMD 3)
n * (RCsap — RCyyfr )

Wo Diapers dry weight (g)

W, Diapers wet weight (g)

n Number of diapers samples (n = 1)
NAM Non-absorbent materials (g)

RCsap Retention coefficient of SAP (g/g)
RCpyr  Retention coefficient of the fluff (g/g)
K Correction coefficient.

2.2.2 Analysis of the Fabrication Characteristics of Baby Diapers

Mass of Baby Diapers

Using a scale, we measured the total mass as well as the mass of the absorbent bodies
of the baby diapers. The operation is repeated on several diapers in order to have a
representative average value for each brand of diaper analyzed.

Thickness of Baby Diapers

The thickness of the layer is measured according to ISO 9073-2:1995 using the
thickness meter at three different points on the surface of the CA. Two measurements
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at points near the ends of the layer and one measurement in the center of the layer.
The value considered is the average of the three values obtained.

Density of Baby Diapers

The density of a diaper is defined by the following Eq. 4. For each diaper, we have
calculated this density.

. 3 Mass of the absorbent core (g)
Density(g/cm®) = . “)
L ac(cm) * Wac(cm) * thickness (cm)

Lac Length of absorbent core (cm)
Wac Width of absorbent core (cm)

2.2.3 Analysis of the Comfort Characteristics of Baby Diapers

Total Absorption Capacity

The total absorption of a diaper is measured according to [9] ISO 11948-1 (1996).
First, the dry weight of the diaper is recorded (W). Then, the diaper immersed
in a bath filled with a saline solution (9 g of NaCl per liter of distilled water) for
30 min. After this period, the wet layer is removed and suspended over a crossbar
until no liquid falls for 5 min, then the suspended layer was removed and weighed
(W5). The total absorption capacity of the diaper was calculated according to Eq. 5.

W,
Total absorption capacity (%) = Wz * 100 5)
1

W, The weight of a wet diaper (g)
W, The weight of a dry diaper (g)

PLUTO Absorption Capacity

This method characterizes the diffusion of the liquid in a single direction, which is
the plane of the baby’s diaper as well as its rapid absorption. First, we cut 1 cm from
the beginning of the absorbent core, weigh the sample and note Wy. Then, we put
the sample in contact with a colored saline solution (9 g of NaCl per liter) in the
PLUTO device (plane inclined by an angle of 30°) for 10 min. Once the time is up,
we mark the level of the solution diffused into the sample with a marker and note
the diffusion length. Finally, we weigh the exchange again and record (W ).

CapLyto = W1 — Wy (6)

Capryro PLUTO absorption capacity of a diaper (g)
Wo Initial weight of the diaper
W Final weight of the diaper
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Fluid Runoff Quantification

This test is performed to quantitatively determine the surface effect of diapers
according to ISO 9073-11:2002. First, the diaper was cut in half, then the ends
opposite the center were clamped with a clamp on a 60° inclined table. The diaper
sample was pulled to reduce wrinkles and twists on the surface. The travel distance
was marked 10 cm above the edge of the layer. A glass separating funnel was clamped
1 cm above the travel distance and filled with 25 ml of saline solution mixed with a
few drops of food coloring. At the bottom of the table, a balance was placed with a
tissue folded over the weighing pan to catch any liquid that leaked out. A stopwatch
was set for 10 min, and the tap on the separating funnel was opened.

The tissue absorbs any liquid that flows out. The runoff weight is called the primary
run off value. During a 10 min interval, the process is repeated twice with new tissue,
and the flow weights are named the secondary and tertiary runoff values [10].

Measurement of Diaper Rewets

The rewet was measured according to (ISO 9073-14, 2006) standard.

To do this, we place the rewet device on the diaper by positioning the tube opening
on the micturition area (center of the absorbent body). Then, we weigh D(g) (1st
micturition 100 g, 2nd and 3rd micturition 50 g) of the saline solution (9 g of Na Cl
per liter). We pour it into the plastic tube and start the stopwatch immediately. When
the diaper absorbs all the liquid, we stop the stopwatch, note the time A and leave the
device at the same location on the diaper for 10 min. After these 10 min, we remove
the rewet device and place the 1st set of filter paper (already weighed W(g)) on the
micturition area of the diaper and then place a 2.5 kg mass on top for 2 min. When
the time is over, we weigh again the set of filter papers W(g). For the 2nd and 3rd
micturition, we repeat the same steps mentioned above.

The absorption rate and rewet value are calculated from the following formulas:

_ Di

AR; = — 7
P = @)

AR; Absorption rate.
A;  Acquisition time in seconds relative to the dose D;
D;  Dose of the micturition

R =W; — Wy )
R; Rewet value
Woi Empty weight in grams relative to the sets of filter papers

Ist Set 10 sheets of filter papers
2nd Set 20 sheets of filter papers
3rd Set 30 sheets of filter papers
Wi Wet weight in gram relative to the dose Di
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3 Results and Discussions

3.1 Analysis of Characteristics of Composition

3.1.1 Dimensional Measurements

Table 1 contains the dimensional measurements (width, length) of the baby diapers
of the four brands studied.

The length values of baby diapers vary from 49.68 to 51 cm.
The width values of the baby diapers range from 23.08 to 24 cm.
Absorbent core length values range from 41.05 to 42 cm.
Absorbent core width values range from 10.05 to 12 cm.

The results indicate that the length and width values of the baby diapers as well
as the absorbent core are approximately equal.

Generally, baby diapers with the same sizes have almost the same width and length
measurements.

Structure and Design of Baby Diapers

Figures 2 and 3 show the structure and design of the components of the four baby
diapers studied:

As shown in Figs. 2 and 3, all diapers contain a topsheet, a backsheet, an absorbent
core and a backsheet.

Table 1 Dimensional measurements of baby diapers

Baby diaper Absorbent core (AC)
Length (cm) Width (cm) Length(cm) Width(cm)
A 51+£0.2 24 £0.1 42405 10.05£0.5
B 50.36 £ 0.3 235407 42405 12+05
C 49.86 + 0.4 23.58 £ 0.1 43+0.5 11+0.5
D 49.6 £0.1 23.08 £ 0.3 41.05+£0.5 10.05£0.5
J o Topsheet
SAP + Fluff
1 - ® O Elastic
e @ mmm High Loft
P . . _ Backsheet
Comfort band

Fig. 2 Structure and design of baby diapers A, B and C
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" L ———  Topsheet
= = SAP

—

" o ® O Elastic
mmmm High Loft
_ Backsheet
Comfort band

Fig. 3 Structure and design of baby diapers D

We observe that the structure and design of the components of diaper D
are different from the other diapers. The absorbent core of this diaper is non-
homogeneous, i.e., the SAP is not bonded to the cellulose pulps, unlike the other
structures in the rest of the diapers.

3.1.2 Centrifuge Retention Capacity (CRC)

The CRC method is used to determine the liquid retention from the weight of liquid
lost from the swollen SAP upon centrifugation.

The CRC values are calculated from Eq. 1 and represented in the histogram shown
in Fig. 4.

According to Fig. 4, we note that the retention capacity of SAP decreases in 0.9%
saline solution.

We can deduce that the CRC of SAP varies with the concentration of the solu-
tion: as the amount of NaCl in the solution increases, the retention capacity of SAP
decreases.
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Fig. 4 Histogram of CRC values
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Fig. 5 Histogram of FSC values

The highest SAP CRC value was 33.5 g/g. It is that of diaper B and the lowest
value was 18.95 g/g, which is that obtained for diaper D.

The difference in CRC values is due to the quality of the SAP used.

We can say as hypothesis that the smaller the CRC of the SAP, the higher the
quantity of SAP in the diaper.

3.1.3 Free Swell Capacity (FSC)

Figure 5 shows the FSC values calculated from Eq. 2.
We note from the results shown in Fig. 5:

e The swelling of SAP varies from diaper to diaper.
e As the concentration of the solution increases, the swelling of SAP decreases.

We can say that the swelling behavior of SAP changes depending on the grade
used.

3.1.4 Determination of the Quantity of SAP

From the CRC values found in the previous test, we calculated the amounts of SAP
contained in a baby diaper using Eq. 3.

The results of this test are shown in the following Table 2.

The highest SAP value corresponds to diaper A (12.72 g) and the lowest to diaper
B (12.01 g).



222 W. Kallala et al.

Table 2 SAP quantity and centrifuge absorption capacity

Baby diaper Quantity SAP (g) Centrifuge absorption capacity (%)
A 12.72 £ 0.38 873 £ 21
B 12.01 £0.33 902 £+ 27
C 12.66 £ 0.77 1121 £ 39
D 12.52 + 0.64 1065 + 40

The highest absorption capacity corresponds to diaper C (1121%) and the lowest
to diaper A (873%).

3.1.5 Distribution of Fluff, SAP and NAM

Following the calculations effected in the SAP control test, we deduced the amount
of fluff contained in each diaper, so that the distribution of pulp, SAP and NAM in
the diaper structure can be analyzed.

Table 3 shows the quantities of SAP, pulp and NAM obtained.

As given in Table 3, the cellulose pulp values are different: diaper D contains a
very small amount of cellulosic pulp (2.98 g) in contrast to diaper A and B, which
contain a significant amount. As for the diaper C, the quantity of cellulose pulp it
contains is average. The values of MNA are very close.

The absorbent core is the most functional part in the diaper. It is responsible
for absorption and retention of liquids. The SAP absorbs and traps liquids and the
cellulose pulp improves the absorption capacity and provides diffusion of liquids.

Table 4 gives the percentages of the SAP and pulp in relation to the absorbent
core:

Table 4 gives us that the distribution of SAP and pulp in the AC is different:

Table 3 Distribution of SAP,

pulp and NAM in grams Baby diaper | SAP (g) Pulp (g) NAM(g)
A 12.72 £ 0.38 |23.65+ 0.6 11.63 £ 0.4
B 12.01 £0.33 |20.33+0.3 11.27£0.5
C 12.66 £0.77 |13.17+0.5 1249 £ 04
D 12.52 £ 0.67 298 +£0,33 |10.26+0.3

and pulp in eation o the B0y diaper AP () Pulp (%)
absorbent core A 35 65

B 37 63

C 49 51

D 81 19
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Table 5 Mass-thickness-density of baby diapers of SAP

Baby diaper Total mass (g) Mass of AC (g) thickness(cm) Density (g/cm?)
A 48 +23 3637 £2 0.88 £ 0.57 0.1

B 43.61 £2.2 3234 £2 0.9 £0.38 0.07

C 38.32 £2.8 25.83 £0.38 0.85+04 0.06

D 25.76 £2.4 155+2 0.35 £ 0.56 0.11

Diapers A and B: 60% pulp, 40% SAP.

Diaper C: 50% pulp, 50% SAP.

Diaper D: 20% pulp, 80% SAP.

The results found in the CRC determination explain the percentages of SAP in
the absorbent core, the lower the CRC of SAP, the higher the amount of SAP in the
diaper.

The higher percentage of SAP does not mean an added value to this diaper. This
is due to the poor distribution of the components that appear in the small amount
of cellulose pulp put in the absorbent core, so it is necessary to have a balanced
distribution and distribution of SAP and pulp.

3.2 Analysis of the Fabrication Characteristics: Mass,
Thickness and Density of the Baby Diapers

Table 5 presents the results of masses, thickness and density of the baby diapers.

Table 5 gives that the highest mass (48 g) is for diaper A. On the contrary, diaper
D is the lightest. Its mass is almost equal to half that of diaper A. This characteristic
is very important because the lighter the diaper the more comfortable it is for the
baby.

The diaper B is the thickest diaper and the diaper C is the thinnest (less thick)
compared to the other diapers.

The density varies from 0.07 g/cm? to 0.11 g/cm®.

The diaper B has the highest density, while the diaper C has the lowest density.

3.3 Analysis of Comfort Characteristics

3.3.1 Total Absorption Capacity

The results of the total absorption capacity of diapers in saline solution are given in
Table 6:
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3:;;;3, \:l;(;ltla:sabsorp tion Baby diaper Total absorption (%)
A 1605.73 + 12.32
B 1741.44 + 18.40
C 1774.34 £ 40.89
D 1725.73 + 46.32

According to Table 6, the lowest total absorption capacity 1605.73% is in diaper
A that is relatively low compared to the other values, this may be due to the low
percentage of SAP contained in the diaper.

The total absorption capacity of the other diapers varies between 1774.34% and
1725.73%.

The total absorption capacity is related to the percentage of SAP contained in the
diaper and the quality of SAP used from a CRC and FSC perspective.

3.3.2 PLUTO Absorption Capacity

The results of the diffusion length as well as the PLUTO absorption capacity are
shown in Table 7.

From Table 7, we can see that the highest diffusion length is attributed to the
diaper A and diaper B and then to the diaper C, this length is lower in the diaper D.

We have previously found that the percentages of pulp in diaper A and B are
important, this explains the results of diffusion lengths found. We can therefore
confirm that the cellulosic pulp is responsible for the diffusion of the liquid in the
baby diaper.

Table 8 gives the values of the absorption capacity PLUTO.

Table 7 Values of diffusion

length of the liquid Baby diaper Diffusion length (%)
A 18
B 18
C 17.5
D 8
Table.8 PLUTO absorption Baby diaper Ca PLUTO
capacity values
A 166.36
B 200.56
C 142.02
D 79
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According to the results found, PLUTO absorption is highest in the B diaper and
lowest in the D diaper.

The PLUTO test is a test that describes the capillary rise of liquid in the diaper.

Itis done to measure the mass of liquid absorbed by the diaper, which is maintained
at a 30° angle of inclination in contact with the saline solution. We can say that the
more the quantity of water is important, the more the material is hydrophilic.

The higher PLUTO absorption of diaper B can be explained by the fact that the
pulp of this diaper has more hydroxyl groups on its macromolecular chain.

3.3.3 Fluid Runoff Quantification

To determine the surface effect of the baby diaper, which illustrates the absorption
rate of the liquid, the quantification of liquid runoff was studied from a specific angle.

Figure 6 shows the results of quantitative evaluation of primary, secondary and
tertiary fluid runoff.

The primary runoff values vary from 0 to 0.4 g.

The highest primary runoff value is attributed to the diaper D and the lowest to
the diaper A. This means that, compared to the different diapers, the diaper A absorb
liquids rapidly.

The secondary runoff values are between 0 g and 0.62 g. The tertiary runoff values
are between 0 g and 0.74 g.

The best topsheet is the one with the lowest runoff values, i.e., topsheet A.

Therefore, the topsheet of the diaper A is the best, and it is designed to transfer
liquids fast while remaining soft and dry.

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Weight of fluid run-off (g)

Wm3test W2test W1test

Fig. 6 Fluid runoff quantification for baby diaper in saline solution
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T?lble 9 Rewet values of Baby diaper R1 R2 R3
diapers
A 0.02 0.04 0.31
B 0.03 0.08 0.31
C 0.04 0.09 0.14
D 0.03 0.03 0.99

3.3.4 Measurement of Diaper Rewets

The rewet test results are given in Table 9.

The 1st rewet values vary from 0.02 g to 0.04 g.

The 2nd rewet values vary from 0.04 g to 0.09 g.

The 3rd rewet values vary from 0.14 g t0 0.99 g.

The purpose of this test is to evaluate the rewet of the saline solution. The lowest
rewet values provide a very good ability to keep the baby dry.

According to Table 8, the diaper C has the best rewet values, and this is only a
direct consequences of the results found previously. Indeed, this diaper has a better
total absorption capacity and the liquid diffuses and propagates easily and rapidly
in the structure of this diaper. So the liquid will systematically move away from the
baby’s skin to the inside of the structure where it is trapped and thus keep the baby
dry.

Unlike the diaper D that has bad values of rewet, this is explained by the low
values of runoff found as well as the low length of diffusion.

So the diaper does not absorb liquid easily and the liquid does not spread fast.

Figure 7 shows the values of the absorption rates calculated from Eq. 7.

According to the results obtained in Fig. 7, the diaper C has the highest value of
absorption rate, that is to say that it absorbs the liquid slow unlike the other diapers.

Fig. 7 Values of absorption 4

rates
I II II II I
A B C D

mAD1 mAD2 mAD3

absorption rate
[ N
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4 Conclusion

In this paper, comparative study is carried out whose purpose is to know the best
diaper.

First, the complete structure of the DBD was tested by measuring its dimensions as
well as quantifying the weight of the SAP by using the centrifuge retention capacity
(CRC) method.

The results indicated that even though the diapers were of the same size (size 5),
they had different dimensions and content of SAP, cellulosic pulp and NAM, which
in turn affects the performance of the diapers. This influences the performance of the
diaper, especially in terms of total absorption capacity, PLUTO absorption capacity,
and fluid runoff quantification as well as rewets values.

According to the results obtained in this present study, the diaper C is the best
diaper, this diaper has a total absorption of 1774.34%, the distribution of the compo-
nents is balanced (33.04% SAP/34.34% pulp/32.59 NAM), the structure of the
absorbent core (homogeneous) contains 50% pulp and 50% SAP, the total mass
is 38.32 g, the values of rewet, pluto, runoff are average.

We can deduce that the structure and the composition make it possible to provide
better results from the point of view of absorption and comfort of the baby diapers.
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Abstract Manufacturing issues have always been a hurdle for managers, engi-
neers, and professionals. They can lead to low productivity, poor quality, high costs,
and ultimately loss of customers. Problems should be avoided by fair means and
following well-established methodologies of continuous process improvement. The
main objective of this paper is to standardize a production line of T-shirts by opti-
mizing material, human, and logistic resources using lean management tools. The
DMAIC method as a full approach was used to improve the workstation design and
to decrease human fatigue. The SWOT analysis followed by the QQOQCCP method
was used to define the project; the Pareto analysis coupled with the IO method and
the Ishikawa diagram have been explored the main causes of hazards. The improve-
ments focused on the design of some workstations to change their operating modes
lead to the productivity optimization. New machine arrangement method was made
to develop more comfortable space and less flows disruption. The results lead to
increase the productivity by 40% and decrease the number of needed staff from 22
to 19 workers. The number of daily outstanding was decreased from 254 pieces/day
to 64 pieces/day.
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1 Introduction

Nowadays, there are huge pressures on organizations to improve customer satis-
faction and quality, at the same time to decrease ineffectiveness and reduce the
number of errors [3] #70. Problems should be avoided by fair means and by following
well-established methodologies of continuous process improvement. There are many
different conceptions, methods, and tools that may be used to maintain a good quality
level and help in the continuous development in the company [1] #72. DMAIC
is among many different tools of quality management which may be considered
methods of quality and process improvement. DMAIC consists of five stages that are
connected to each other [3], #73. It is an acronym from the words Define—-Measure—
Analyze—Improve—Control. This method is based on process improvement according
to Deming Cycle [4] #70. It aims to improve, optimize, or stabilize an existing process
by detecting and removing the defects or inefficiencies in the process, specifically
the output defects [2] #71.

The main objective of this paper was to standardize a production line of T-shirts
by optimizing material, human, and logistic resources using lean management tools.
The DMAIC method as a full approach has been used to improve the workstation
design and to decrease human fatigue.

2 Research Methodology

This study presents a step-by-step DMAIC implementation road map to standardize
a production line of T-shirts. The define phase starts with identifying a problem that
requires a solution and ends with a clear standing of the problem. We have used the
WWWWHHW method to identify the problem. The main purpose of this stage is to
verify whether the actions are connected with the priorities in the work frame and
that there is support from management and availability of required resources.

The measure phase consists of measuring the extent of the problem in the manu-
facturing process. In order to evaluate the productivity of the process, the daily yield
of the investigated line was recorded for two weeks (six working days). To have an
idea of the organizational system applied during the distribution of the work among
the employees of the studied chain, we studied the saturation of the various posts
defined according to the time of the line.

The objective of the analysis phase is to investigate the data to find the causes of
the problem and propose solutions and improvements. In this phase, we have to use
instant observation (IO) to list the fundamental causes that ensure fluctuations from
the optimal rate. Indeed, a total of 900 observations were made on 22 stations during
six successive days, with seven observations per post per day made during various
intervals during the day. The activity of the company was estimated at 64% with
a precision of 5%. Pareto analysis by the ABC method is used to identify priority
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hazards to be managed, and the Ishikawa diagram was used to analyze the causes of
each major hazard.

The goal of improving phase is to take necessary information to create and develop
an action plan in order to improve the functioning of the organization issues. In this
phase, we are going to present the changes applied during standardization of the
production of some posts as well as the new distribution of the works between the
employees and the new arrangement of the machines to ensure a less encumbering
flow in the line.

The main purpose of control phase is not only improving the process performance
but also having the improved results sustained in the long run. For this phase, we
have controlled the line productivity, the daily stock, and the workers saturation.

3 Case Study

3.1 Define

The first step of the DMAIC methodology starts by defining the problem and identi-
fying the objectives to be achieved. The results of WWWWHHW method are used
to define the main objectives of this project.

What?: The objective of this project is to standardize the production line of T-shirt.
Who?: Services having a direct effect on production hazards in the quilting room.
Where?: Within the method departments and the production line of T-shirts.
When?: Synthesis of works performed by engineering and technical students
dealing with the same problem between February 2020 and July 2021.

e How?:

Waste hunting
— Pareto
Ishikawa
Flow analysis

e How much?: Make a better estimate of the workforce, have a better estimate of
deadlines and costs, act on manufacturing costs and the necessary resources.

e Why?: Improve performance, reduce daily outstanding rate, reduce uncertainties,
and meet production deadlines.

In this project, we aim to standardize the production line of the T-shirt and the
production lines in order to avoid the difficulties of the manufacturing process in just
time.
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3.2 Measure

The evolution of the line’s yields during two weeks of investigation shows that the
average yield is about 60.7% =+ 18%, and this does not reach the initial target of
80%. The saturation of various posts on this line has been shown that 41% of the
workers were outside the standard range of production stability (six workers were
found with saturations above 110% and three workers with saturations below 90%).
This justifies the fluctuations in the evolution of the average daily output of the line.
The work process observations at the GEMBA workstation showed a huge loss of
time when repairing the defective parts detected during the quality control.

The ratio of defective legs is 5% = 3.3%, and it can reach the value of 10.5% in
some cases. These results show on one side that the rate of defect recorded at this post
exceeds the level of quality accepted in this company considered at 2%, and there
is a significant fluctuation in the daily values reflecting bad stability in the applied
operating modes.

3.3 Analyze

In order to study the activity and the hazards in this company, the obtained results
were divided in activity rate of 59.85% and hazard rate of 40.15%.This value, quite
high, reflects the lack of organization and preparation of work in the stitching room.
Pareto analysis by the ABC method is presented in Figs. 1 and 2.
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Fig.1 Pareto graph
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Fig. 2 Ishikawa diagram

Figure 1 shows that the main hazards, identified by zone A, were the talk (B) with
14.5% of hazards and the wait (Att) with 11.47%. Figure 3 illustrates the Ishikawa
diagram of talk and wait.

3.4 Improve

The improvements focused on the design of some workstations to change their
operating modes leading to productivity optimization. A new machine arrangement
method was made to develop a more comfortable space and fewer flows disruption.
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Fig. 3 Evaluation of the rework rate at the leg assembly station after reorganization

Table 1 Comparative study B
of effective time at the “leg Average (%) Gain
assembly” workstation before ~ Before development 37157 13%
and after reorganization After development 325 + 4

The new implementation has allowed to:

e FEliminate the flow return because of the respect of the progress of conception
T-shirt (Table 1).

e Reduce daily outstanding rate and the rework rate by a better distribution of tasks
(Fig. 3).
Reduce chatter by changing the stations orientations.

e Flow optimizing by removing the works need to move to the next lines.
The three removed employees from the production line are transferred to other
production lines and are considered as replacement workers in case of absence or
major hazards.

3.5 Control

The results show that the labor requirement of the line has decreased from 22 to
19 workers to produce 540 pieces/day with a gain of 40%. This was due to better
control of the distribution of tasks, equal saturation between workers, and the lower
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daily outstanding rate. The average daily yield increased to 79.2%, thus meeting the
company’s overall target.

4 Conclusion

The development of a quality approach through the implementation of the five steps
of the DMAIC method was carried out in order to standardize a T-shirt manufac-
turing chain. This approach allowed us to optimize the production costs thanks to the
reduction in the staff needs, the optimization of flows and daily outstanding rates, the
improvement of workstations productivities, and the reduction of the defects rate.
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The Impact of Acid Blue Dye )
Concentration on Color Strength ek
and the Chromaticity Coordinates

of Raw and Tannery Wool:

A Comparative Study

Olfa Abdellaoui, Harizi Taoufik, Feriel Bouatay, and Msahli Slah

Abstract Globally, the management of wool waste employs a range of strategies
and practical techniques to maximize the value of wool fibers in both clothing and
non-clothing applications. Recent studies have emphasized the importance of wool
waste valorization in establishing a new supply chain for tannery companies. To
utilize wool fibers in clothing, interior textiles, and technical textiles, it is necessary
to first dye and finish them. The aim of this research was to investigate the effect of
acid dyes on tannery wool. In order to properly assess the colorfastness of tannery
wool, this study compared the chromaticity coordinates and color strength with those
of raw wool. Samples of both raw and tannery wool were dyed with an acid dye and
subjected to analysis of K/S values. The results demonstrated that although the dyeing
properties of tannery wool were lower than those of raw wool, the latter possessed
considerable potential that could be developed for use in textile products. Tannery
wool fibers are now being promoted as a sustainable and eco-friendly alternative
material.
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1 Introduction

The present research was therefore aimed to conduct a comparative dyeing study
between raw and tannery wool fiber. The chromaticity of raw and tannery wool
fibers was measured and compared. The hide of sheep was divided into two identical
parts. One part was sheared and identified as raw wool, while the second part was
pulled and recuperated as a tannery wool using the chemical tanning process [1].
Chemical deliming is a process used to remove fibers from animal skins in order to
produce a usable raw material for the manufacture of leather or wool products. The
process involves the use of a chemical agent, known as a deliming agent, to dissolve
the keratin protein that makes up the hair or fiber. This deliming agent is typically a
solution of sodium sulfide Na,S and lime [2], which is applied to the skin of wool
for a set period of time. Once the deliming agent is applied, the hair or fibers are
mechanically removed from the skin.

According to the results obtained, we were able to determine that the raw wool
fibers exhibited a higher color strength (K/S) and better color fastness compared to
the tannery wool fibers. This information can be used to optimize the processing
of tannery wool fibers and improve their dyeability, leading to a higher quality end
product.

2 Experimental

2.1 A Wool Sample

Sheep pelts were obtained from slaughter. The selected pelts refer to male Barbary red
face sheep (BTR). The average mean fiber diameter of the wool samples was 26.94 £
4.21 pm [1]. We were used ten pelts in our investigation. Each hide was divided into
two identical parts. The samples of raw and tannery wool fibers were first scoured
with a sodium carbonate solution Na,CO3 and soap at a moderate temperature (52
=£ 3 °C).Then, they are transformed into wicks to be dyed (Fig. 1).

The dyeing was carried out in the pots of Ahiba (Datacolor, AHIBA IR®). The
dyeing was conducted in the presence of (C.I. Acid Blue 25), using the Agent of
unison ALBGAL (CIBA-GEIGY), sodium sulfate, acetic acid. The chemical struc-
ture of the applied dye is shown in Fig. 2. A Calibration Lab Benchtop pH Meter
was used to measure the pH values of the dyeing bath.

2.2 SEM Analysis

Scanning electron microscopy (SEM) analysis was carried out with a JEOL JSM5400
microscope at 15 kV acceleration voltage after gold coating.
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Fig. 1 Wicks of raw and
tannery wool

Fig. 2 The chemical

structure of C. I. Acid Blue O N H2
25, C.10.62055, molecular

formula: CyoH 3N2NaOsS,

; SO3Na
molecular weight: 416.38 g/
mol [3] “

O H'N

2.3 Methods

Dyeing Method

The wool samples were dyed with different concentrations of Acid Blue 25 in pres-
ence of acetic acid (pH = 4.5), with a liquor ratio L.R = 40:1.The raw and tannery
wool yarns were introduced to the dyeing baths at 40 °C, and the temperature was
raised to 100 °C at a constant rate and kept for 60 min. The dyed samples were
thoroughly rinsed with cold water and dried at ambient temperature.

UV-visible Spectrophotometer

A UV-visible DR 6000 spectrophotometer was employed for absorbance measure-
ments using a quartz cell of 1-cm path length. The maximum absorbance wavelength
of the applied dye Acid Blue 25 was recorded at 605 nm using spectrophotometer.
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Colorimetric Measurements
The color values of dyed samples were recorded on spectrocolorimeter. CIEL* a
* b * color parameters and color strength (K/S) values were automatically calcu-
lated from reflectance data using Color iMatch software. The average color depth
(K/S avg) over a wavelength range of 400—700 nm is reported in this research.

The K/S value was also calculated by Eq. (1):

K/S=(1—R)?/2R (1)

where R is the measured reflectance, and K and S are the absorption and light
scattering coefficients, respectively [4].

3 Results and Discussion

3.1 Morphological Study

Wool is a natural fiber, which intrinsically has a rough surface. The SEM images of
examples of raw and tannery wool fiber are shown in Fig. 3. For raw wool, presented
in Fig. 3a, it can be clearly observed that scales have sharp edges and the cuticle
layer has a smooth surface. However, for the tannery wool, represented in Fig. 3b,
the scales appear slightly damaged. Thus, the chemical treatment has an etching
effect on the surface of the wool fiber. For wool fiber, it is evident that the damage is
essentially caused by the attack of protein by the alkaline treatment [5].

At pH 4.5, the acid blue dye exists primarily in its anionic form, meaning that it
has a negative charge. Wool, on the other hand, is amphoteric, meaning that it can
have either a positive or a negative charge depending on the pH of the solution it is
in.

(a)

l8prm B48817 18rm B48817

Fig. 3 Scanning electron micrographs of a raw and b tannery wool fibers (x 1000)
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When wool is exposed to acid blue dye at pH 4.5, it can form several types
of chemical bonds with the dye molecules. One of the primary types of bond is
electrostatic attraction, which occurs between the negatively charged dye molecules
and positively charged sites on the wool fibers. These positive sites on wool can
come from several sources, including amino groups on the wool protein molecules
and acidic functional groups present in the wool fibers.

Another type of bond that can form between wool and acid blue dye is hydrogen
bonding. Hydrogen bonding occurs between the hydrogen atoms in the dye molecule
and oxygen or nitrogen atoms in the wool protein molecules.

Finally, covalent bonding can also occur between the dye molecules and the wool
fibers, although this is typically a less common type of bond. Covalent bonding
involves the sharing of electrons between the dye molecule and wool fiber, resulting
in a strong, permanent bond.

Overall, the specific types of chemical bonds that form between wool and acid
blue dye at pH 4.5 will depend on several factors, including the pH of the solution,
the concentration of the dye and wool, and the specific chemical structures of the
wool protein and dye molecules.

3.2 Color Strength (K/Saveg)

Figure 4 represents the effect of different concentrations of Acid Blue 25 on the color
depth (K/Savg) values of raw and tannery wool yarns dyed. Significant variations
were observed in the average K/S values. The variations in the K/S values depend
upon the nature and the extent of the interaction developed between wool fiber and
dye [6].

At lower dye concentrations, raw wool shows a higher adsorption capacity than
tannery wool. This may be due to the more regular scales structures of raw wool
and the presence of porous, which can facilitate dye adsorption. However, as the
dye concentration increases, tannery wool begins to behave similarly to raw wool in
terms of adsorption capacity.

Fig. 4 K/S values of the 3.00 wool
wool samples dyed with 250 = Tannery wool
Acid Blue 25 in different
concentrations % 2.00
£ 150
@
% 1.00
0.50
0.00

0,10 0,25 0.5 1,00 1.5 2,00

Dye concentration (%)
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This change in behavior may be due to several factors. First, as the dye concentra-
tion increases, there are more dye molecules available to be adsorbed onto the wool
fibers. This may mean that tannery wool begins to saturate with dye molecules at a
higher concentration than raw wool, which increases its adsorption capacity.

In addition, the structure of tannery wool may be modified by the tanning process,
which can affect its adsorption behavior. In fact, the tannery wool has a different wool
fiber surface from that of raw wool, which could affect how dye molecules interact
with it. In fact, damaged cuticles of tannery wool can make dyeing more difficult as
they can act as a barrier to uniform dye absorption. This can also affect the regulation
of dye absorption and diffusion into the fiber, which can have an impact on the speed
and uniformity of dyeing.

3.3 Color Parameters (L* a* b* C* h°)

Table 1 provides measurement data for two types of wool, raw wool and tannery
wool. It shows the values of the L*, a*, and b* color parameters for raw wool and
tannery wool at different concentrations of dye.

The measurements include color values of L*, a*, b*, C*, and h° for each sample.
The values of L*, a*, and b* are color coordinates in three dimensions in the CIELAB
color space, while the values of C* and h° are measures of saturation and hue. L*
represents the lightness values of the wool, with higher values indicating brighter or
lighter colors, and lower values indicating darker colors. The a* value represents the
red—green axis, with positive values indicating more red colors and negative values
indicating more green colors. The b* value represents the yellow—blue axis, with
positive values indicating more yellow colors and negative values indicating more
blue colors.

In general, as the concentration of dye increases, the values of L* tend to decrease,
indicating an increase in the darkness of the color. This is particularly evident for
raw wool, where the values of L* decrease significantly as the dye concentration
increases. However, for tannery wool, this trend is not as pronounced. From Tablel,

Table 1 L*, a*, b*, C*, and h° values of dyed raw and tannery wool at different concentrations of
the Acid Blue 25

D C (%) | Raw wool Tannery wool
L* a* b* Cc* h° L* a* b* Cc* h°

0.1 45.60 | — 7.53 | — 20.07 | 21.43 | 249.44 | 61.11 | — 11.21 | — 13.13 | 17.26 | 229.50
0.25 40.93 | —5.97 | —26.97 | 27.62 | 257.52 | 54.43 | — 9.94 | —16.25 | 19.05 | 238.54
0.5 39.59 | — 6.69 | —25.27 | 26.14 | 255.18 | 40.21 | — 7.07 | —25.94 | 26.88 | 254.76
1 3378 | —3.92 | —27.15|27.43 |261.78 |39.18 | — 8.23 | —21.88 | 23.38 | 249.39
1.5 3098 | —0.37 | —29.43 |29.43 | 269.27 | 33.27 | — 3.35 | —26.93 | 27.14 | 262.90
2 29.21 1 0.34 —29.18 129.18 | 270.66 |31.05 | — 1.50 | —27.98 | 28.02 | 266.92
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it can be observed that at low concentrations of dye (0.1 and 0.25%), raw wool
generally has lower L* values than tannery wool, indicating that tannery wool is
brighter in color than raw wool. However, at higher concentrations of dye (0.5% and
above), the difference in L* values between raw wool and tannery wool becomes
smaller. This suggests that tannery wool may have a lower capacity for absorbing
dye at lower concentrations, but at higher concentrations, it can behave similarly to
raw wool.

Regarding the values of a* and b*, there seem to be subtle but consistent variations
in the hue of the color. For example, as the concentration of dye increases, raw wool
tends to take on a more red hue. An increase in dye concentration results in an
increase in color saturation (C*) for both types of wool, while the hue angle (h°)
varies depending on the type of wool.

Recovered wool from tanning waste can be different from raw wool in terms
of texture, color, and chemical composition. This difference can impact how the
wool is dyed. Firstly, the recovered wool from the tannery can be altered by the
chemical treatment it underwent during tanning. For example, the recovered wool
may contain residue of chemicals such as tanning agents, acids or solvents, which
can affect how color is absorbed and fixed during the dyeing process. Therefore, it
may be necessary to thoroughly clean the recovered wool before dyeing to eliminate
all chemical residues.

Moreover, the tannery wool may have a different base color from that of raw wool
due to the chemical treatment it underwent. The base color of the tannery wool may
be more uniform than that of raw, as the chemical treatment may have eliminated
natural color variations in the raw wool. However, this can also mean that the tannery
wool is more difficult to dye, as it may have fewer dye-fixation sites.

Finally, the texture of the tannery wool may differ from that of raw wool. The
tannery wool may be more compact and dense than raw wool due to the tanning
process. This can make the recovered wool more difficult to dye as it may require
more time to absorb and fix dyes.

4 Conclusion

The results of the present research study prove that raw wool has a higher adsorption
capacity than tannery wool at lower dye concentrations, but both types of wool behave
similarly at higher concentrations. This may be due to differences in the structure and
properties of raw and tannery wool fibers, as well as the available dye concentration
for adsorption.

In summary, wool from the tannery can differ from raw wool in terms of texture,
color, and chemical composition, which can affect how it is dyed. It is important to
take these differences into account during the dyeing process to achieve the desired
results.
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Smart Textile Industry: Threats )
and Opportunities oo

Aref Meddeb

Abstract Smart textiles, also known as e-textiles or electronic textiles, are fabrics
that integrate sensors, actuators, and communication devices, to create new function-
alities. These are used in a variety of applications, from sports, entertainment, and
fitness, to healthcare, safety, and military mission critical applications. The integra-
tion of Industry 4.0 and smart textiles can lead to significant advances in manufac-
turing and product development. Smart textiles can enable new product functionali-
ties, such as monitoring of vital signs or biometric data, and provide valuable insights
into the collected information. While the integration of Industry 4.0 and smart textiles
represents a significant opportunity for innovation and growth in various domains,
it comes with some tricky security challenges. Thus, there is an urgent need for the
development of new skill sets among stakeholders. This paper provides a compre-
hensive overview of the challenges encountered in the context of smart textiles.
We advocate the need to adopt straightforward, streamlined, simple, and standard
solutions to provide smart, seamless, scalable, safe, and secure user experience.

Keywords Smart - Cyber * Security - Textiles - 4.0 Industry

1 Introduction

Smart textiles can provide enhanced functionality, such as monitoring vital signs
or providing location-based services, which can improve quality of life [1]. Smart
textiles can also be used in safety applications, such as monitoring worker health
in hazardous environments or providing alerts in emergency situations. Increased
connectivity is a key feature of smart textiles, which can connect to devices such as
smart phones or other wearables, enabling seamless integration and communication.
Smart textiles can further provide a wealth of data that can be analyzed to gain
insights into user behavior, preferences, and health conditions.
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The integration of Industry 4.0 and smart textiles can lead to significant advances
in manufacturing and product development. For example, the use of sensors and
data analysis can help to optimize production processes, reduce waste, and improve
product quality. The combination of Industry 4.0 and smart textiles can enable the
creation of more personalized products, which can be customized based on individual
preferences and needs. This can lead to greater customer satisfaction and improved
loyalty.

While the integration of Industry 4.0 and smart textiles represents a significant
opportunity for innovation and growth in various industries, it also presents chal-
lenges, such as the need for increased security and the development of new skill
sets among employees. Smart textiles can collect and transmit sensitive data, such
as personal health or location information. The risk of unauthorized access, data
breaches, and misuse of this information is a significant concern. Proper encryp-
tion, access controls, and data anonymization techniques should be implemented to
protect user privacy.

Smart textile products often include embedded sensors, microcontrollers, and
communication modules, which can be vulnerable to malware attacks and hacking
attempts. Manufacturers should ensure that these devices have robust security
measures, such as secure boot mechanisms and regular firmware updates, to mitigate
the risk of unauthorized access or control during the entire product lifecycle.

Further, smart textiles rely on wireless communication protocols, such as Blue-
tooth or Wi-Fi to transmit data to other devices. These wireless transmissions
can be intercepted if proper encryption and authentication mechanisms are not in
place. Adequate encryption protocols and secure communication channels should be
implemented to prevent data interception and tampering.

Furthermore, the smart textile industry involves complex supply chains with
various components and suppliers. The risk of compromised components, coun-
terfeit products, or insecure manufacturing processes can lead to vulnerabilities in
the final products. Manufacturers need to ensure the security and integrity of the
supply chain to minimize the risk of introducing security weaknesses. In fact, smart
textiles are expected bring more comfort, safety, and security to our lives than threats
and discomfort.

This paper provides a comprehensive overview of the threats encountered in the
context of Smart Textile. In Sect. 2, we describe the enabling technologies used in
smart textiles. In Sect. 3, we describe some applications of smart textile. Section 4
describes cybersecurity issues raised by smart textiles. Section 5 presents some
standards and regulatory measures for smart textiles. We conclude the paper by
summarizing the most important findings and by providing some future research
directions.
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2 Smart Textile Enabling Technologies

Smart textiles rely on various technologies to integrate electronics and function-
ality into fabric or textile materials [2]. These technologies work together to trans-
form traditional textiles into intelligent and functional products. Some key enabling
technologies used in smart textiles include:

e Conductive materials that enable the transmission of electrical signals and are
used in smart textiles to create circuits and sensors. Conductive materials can be
incorporated into textiles using conductive fibers or by coating the textile with
conductive polymers or metals.

e Sensors used to detect and measure various physical parameters such as temper-
ature, pressure, humidity, and motion. These sensors can be incorporated into
textiles to create smart garments that can monitor the wearer’s vital signs, activity
levels, and other biometric data.

e Actuators that convert electrical signals into physical actions. These are used in
smart textiles to create garments that can respond to environmental changes or
user inputs. Examples of actuators include shape memory alloys, electroactive
polymers, and piezoelectric materials.

e Power sources that operate the electronic components. Power sources can be
integrated into the garment, such as batteries or solar panels, or they can be
provided through external devices such as wireless charging pads.

e Wireless communication: Smart textiles can communicate with other devices
wirelessly through technologies such as Bluetooth, Wi-Fi, or Radio Frequency
ID (RFID). This allows for real-time data collection and analysis, as well as
remote control of the garment’s functions.

e Data processing and storage: Smart textiles generate a large amount of data that
needs to be processed and stored. This can be done through microcontrollers or
other embedded computing devices that are integrated into the garment.

The components of a smart textile fabric are illustrated in Fig. 1. By integrating
electronics, sensors, communication capabilities, and data processing into textile
fabrics, smart textiles can offer a wide range of applications, including healthcare
monitoring, sports performance tracking, fashion-tech, and interactive textiles for
various industries.

2.1 Sensors Used in Smart Textiles

Smart textiles rely on various types of sensors to collect data and enable function-
alities [3]. The specific sensor types used in smart textiles depend on the desired
applications and the data needed for the intended functionality. Common sensors
used in smart textile include:
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Actuators

Fig. 1 Smart textile fabric components

e Temperature sensors that can detect changes in temperature and can be used to
monitor body and ambient temperature, or changes in temperature caused by
physical activity.

e Pressure sensors that can detect changes in pressure and can be used to monitor
posture, movement, and pressure points.

e Stretch sensors that can detect changes in fabric stretch and can be used to monitor
movement and position.

e Accelerometers that can detect changes in acceleration and can be used to monitor
motion and position.

e Electrocardiogram (ECG) sensors that can be used to monitor heart rate and
rhythm.

e FElectroencephalogram (EEG) sensors that can be used to monitor brain activity
and detect changes in cognitive state.

e Light sensors that detect changes in light levels and can be used to monitor
exposure to light or changes in ambient lighting.

e Moisture sensors that can detect changes in moisture levels and can be used to
monitor things like sweat levels and hydration.

e Gas sensors that can detect changes in gas levels and can be used to monitor air
quality or detect the presence of specific gases.

e Proximity sensors can detect the presence of nearby objects and can be used to
monitor things like distance and movement.
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These sensors, when integrated into smart textiles, enable various functionalities

such as health monitoring, activity tracking, environmental sensing, immersive, and
interactive experiences.

2.2 Conductive Materials Used in Smart Textile

Conductive materials play a key role in enabling the integration of electronics and
electrical pathways within smart textiles [4]. These materials allow for the electricity
flow and facilitate the connection of electronic components. Some commonly used
conductive materials in smart textiles include:

Conductive yarns, which are made with conductive fibers such as metallic fibers,
carbon fibers, or conductive polymers. They can be woven, knitted, or embroidered
into the fabric to create conductive pathways.

Conductive inks, which contain conductive particles such as silver, copper, or
carbon. They can be printed onto the fabric to create conductive traces, circuits,
Or Sensors.

Conductive coatings, which contain conductive materials such as metal oxides,
carbon nanotubes, or graphene. They can be applied to the fabric to create
conductive surfaces or electrodes.

Conductive adhesives, which contain conductive particles such as silver or copper.
They can be used to attach electronic components to the fabric or to create
conductive joints between different parts of the fabric.

Conductive foams, which contain conductive particles such as carbon black or
metallic particles. They can be used to create soft and flexible electrodes or sensors.
Conductive films, which are thin layers or sheets made from conductive mate-
rials, such as metals or conductive polymers. These films can be laminated onto
textiles or incorporated as adhesive layers. Conductive films provide a flexible and
conductive surface for attaching electronic components or creating conductive
pathways.

Conductive elastomers, which are stretchable materials infused with conductive
particles, allowing them to maintain conductivity even under stretching or defor-
mation. These materials are used in applications that require both flexibility and
conductivity, such as stretch sensors or wearable electrodes.

Conductive nanomaterials, such as carbon nanotubes or graphene, which offer
exceptional conductivity and mechanical properties at the nanoscale. They can
be incorporated into textiles through various methods, such as coating, printing,
or composite fabrication. Conductive nanomaterials provide high-performance
conductivity and enable advanced functionalities.

Smart fibers and coated fibers are textile fibers that are infused or coated with
conductive materials. These fibers can be integrated into textiles during the spin-
ning or weaving process, providing conductive pathways, or sensing capabilities
within the fabric structure.
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These conductive materials enable the integration of electronic components,
sensors, and conductive pathways into smart textiles, allowing for functionalities
such as sensing, actuation, data transmission, and energy management. The choice
of conductive materials depends on factors like conductivity requirements, flexibility,
durability, as well as the manufacturing processes.

2.3 Actuators for Smart Textiles

Smart textiles typically incorporate a variety of actuators, which are devices that
convert electrical, thermal, or mechanical energy into physical actions such as move-
ment, sound, or light [5]. These actuators are responsible for enabling the smart textile
to respond to its environment in various ways. These are components that execute
physical actions or produce a response to external stimuli. Common actuators include:

e Shape memory alloys (SMAs)—These are materials that can change shape in
response to heat or electrical currents. They are often used in smart textiles to
create fabrics that can change shape or stiffness in response to a stimulus.

e FElectroactive polymers (EAPs)—These are materials that can change their shape
or size in response to an electrical current. They are often used in smart textiles
to create fabrics that can contract or expand in response to an electrical signal.

e Piezoelectric materials—These are materials that generate an electrical charge
when they are subjected to mechanical stress. They are often used in smart
textiles to create fabric that can generate an electrical signal when it is stretched
or compressed.

e Shape memory polymers (SMPs)—These are materials that can change shape
in response to a stimulus, such as heat or light. They are often used in smart
textiles to create fabrics that can change shape or stiffness in response to a specific
environmental condition.

e Micro-electromechanical systems (MEMS)—These are small devices that can be
integrated into smart textiles to provide various functions. They combine mechan-
ical and electrical components on a very small scale. MEMS devices typically
consist of microstructures, sensors, actuators, and electronics integrated onto a
single chip.

e In some cases, smart textiles utilize pneumatic or hydraulic systems as actuators.
Soft inflatable chambers or channels can be embedded within the fabric to enable
controlled inflation or deflation, resulting in shape changes or mechanical move-
ments. Pneumatic or hydraulic actuators can be controlled by valves and pumps
to provide dynamic functionality.

The choice of actuators used in a particular smart textile depends on the desired
functionality and the specific application of the textile.
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2.4 Power Sources Used in Smart Textile

Power sources include batteries or solar panels, or they can be provided through
external devices such as wireless charging pads [6]. Power can also be generated
by movement or pressure. The power sources used in smart textiles depend on the
specific application and the type of electronic components involved. Common power
sources include:

e Batteries: Rechargeable or non-rechargeable batteries can be integrated into
smart textiles to provide power for electronic components such as sensors,
microcontrollers, and LEDs.

e Solar cells: Photovoltaic cells can be incorporated into the fabric to convert
sunlight into electrical energy, which can power the electronic components.

e Piezoelectric materials: These materials can generate electrical energy when they
are mechanically deformed. This energy can be used to power small electronic
devices.

e Thermal energy: Thermoelectric materials can convert temperature differences
into electrical energy, which can be used to power small electronic devices.

e Wireless power transfer: Smart textiles can be designed to receive power wire-
lessly from a nearby power source, such as a charging pad or a wireless power
transmitter.

Often, a combination of power sources and energy harvesting techniques is used
to provide continuous or sustainable power to smart textiles. The choice of power
source depends on the specific requirements of the smart textile application, such
as the amount of power needed, the duration of operation, and the environmental
conditions.

3 Smart Textile Applications

Smart textiles have a wide range of applications across various industries [7]. They
find extensive use in the healthcare sector [8]. They can be used for monitoring vital
signs, such as heart rate, respiration rate, and body temperature. These textiles can
incorporate sensors and conductive fibers to collect data and transmit it wirelessly
to medical professionals or monitoring systems. Smart textiles can also be used
for pressure sensing in bedsore prevention, postural monitoring, and drug delivery
systems.

Smart textiles have also made significant advancements in sports and fitness appli-
cations [9]. They can monitor biometric data, such as heart rate, breathing rate, and
movement, to provide insights into an individual’s performance and optimize training
regimes. Smart textiles can be integrated into sports apparel, such as shirts, socks,
and compression garments, to enhance comfort, monitor hydration levels, or provide
muscle support.
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In [10], textile engineers have developed a fabric woven from ultra-fine nano-
yarns composed in part of phase-change materials and other advanced substances
that combine to produce a fabric that can respond to temperature changes to heat
and cool its wearer as needed. By combining the yarns with electro-thermal and
photo-thermal coatings that enhance the effect, they essentially developed a fabric
that can both quickly cool the wearer and warm them up when conditions change.
The T-shirt can also be controlled by the smart phone. A piece of fabric that can keep
track of how much the wearer is sweating, and then “open” to cool them down is
described in [11].

Moreover, smart textiles have a growing presence in the fashion industry, enabling
innovative and interactive designs [12]. They can incorporate LED lights, flexible
displays, or color-changing properties to create visually appealing and customiz-
able garments. Smart textiles in fashion can also include temperature-regulating
fabrics, moisture-wicking properties, or embedded sensors for enhanced comfort
and functionality.

Safety and protection are other example of smart textile applications to enhance
personal safety and monitor environmental conditions. For instance, they can inte-
grate sensors to detect harmful gases, temperature extremes, or impacts, providing
early warnings or activating safety mechanisms. Smart textiles are also used in
firefighter suits, military uniforms, and protective clothing for industrial workers,
offering enhanced functionality, comfort, and safety features.

Smart textiles are also employed in the automotive and aerospace industries to
improve passenger comfort, safety, and functionality. They can be integrated into car
seats to monitor the driver’s vital signs, detect drowsiness, or adjust seating positions.
In aerospace, smart textiles can be used for pressure sensing in seats, temperature
regulation, or embedding antennas for wireless communication within the aircraft.
For example, Dutch custom textile manufacturer By Borre (https://byborre.com/) has
developed the fabrics for BMW’s future interactive car interior. The cabin’s interior
upholstery was turned into a tactile three-dimensional knitted surface interface. The
embedded smart materials offer the passenger an integrated, naturally intuitive, and
interactive experience of control and demand over the car’s interior [13].

Further, smart textiles can be utilized in home textiles and interior design appli-
cations to enhance comfort and functionality. They can include self-cleaning fabrics,
energy-efficient curtains that adjust transparency based on light levels, or textiles
with integrated sensors for home automation. Smart textiles can also be incorporated
into bedding for sleep monitoring or temperature regulation.

Furthermore, smart textiles play a vital role in military and defense applications,
providing enhanced capabilities and protection to soldiers. They can include fabrics
with camouflage properties, ballistic protection, and integrated sensors for moni-
toring vital signs or detecting chemical agents. Smart textiles are used in military
uniforms, body armor, and wearable communication systems.

Moreover, smart textiles enable new modes of human—computer interaction, such
as gesture recognition or touch-sensitive interfaces. Fabrics with integrated sensors
or conductive materials can turn clothing into interactive surfaces, allowing users to
control devices or access information through simple gestures or touch interactions.
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Smart textiles can also be designed to generate electricity through various mech-
anisms. These electricity-generating smart textiles are often referred to as energy
harvesting textiles [14]. Further, a full-duplex enabled wireless power transfer system
via textile for miniaturized IMD is presented in [15]. Finally, searchers from China’s
Fudan University built a fabric that can turn into a working keyboard, light up like
a display, or even help send texts all while being bent, folded, and even washed like
any other piece of clothing [16].

4 Cybersecurity in the Smart Textile Context

The smart textile industry has experienced rapid growth in recent years with the devel-
opment of innovative fabrics that incorporate electronics, sensors, and other tech-
nologies. While these advancements offer exciting opportunities for enhancing func-
tionality and connectivity, they also come with significant cybersecurity threats [17].
It is essential to prioritize cybersecurity in the design, development, and deployment
of smart textiles to minimize the risks and maximize the benefits.

4.1 Cyber Threats

Since unsuspected communication and storage devices can be disseminated in
clothes, hair, garments, or even inside the body, this raises some new threats such as
broadcasting malicious software or capturing and storing sensitive information on
hidden writable devices. With the large number of connected devices that one may
wear, it is very hard to keep track of their individual status and it is easy to forget
some of them, leaving the door open to unsuspected attacks. One can be connected
without even knowing it.

Attacks of the future will behave like “natural disasters” that might be predictable
but unavoidable, and users will be asked to “get off the net” when these attacks are
close to them. There will be seasons of wide scale attacks, like flu seasons, or isolated
attacks, like headaches.

When someone travels with his wearable devices, he may catch a virus and bring
it home, contaminating all the devices including his car, fridge, and smart TV. We
may need agents which will act like antibiotics and security guards behaving like
vaccines.

A smart shirt with embedded sensors could be hacked to steal the wearer’s
biometric data, such as their heartbeat and breathing rate. One could intercept the
data transmission between the shirt and its companion app, and then use the data to
create a fake biometric profile of the wearer. A smart glove with embedded sensors
could be hacked to control a drone. One could manipulate the glove’s sensors to
mimic the movements of a person’s hand, and then use those movements to control
the drone’s flight path.
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Smart textiles collect and transmit a vast amount of sensitive data, such as personal
health information or location data, making them attractive targets for cybercrimi-
nals. Malware can be embedded in smart textiles through compromised software or
hardware, enabling cybercriminals to take control of the device, steal data, or damage
the fabric’s functionality. Smart textiles may be targeted by physical attacks, such as
tampering or theft, which can compromise the integrity and security of the fabric.
The smart textile industry is relatively new, and there is a lack of regulation around
cybersecurity, making it challenging to ensure the security and privacy of end users.

Smart textile components may constitute several sources of vulnerabilities.
Sensors, actuators, and conductive devices may pose serious threats. If a hacker takes
control of a sensor, he/she might order an actuator to excessively increase pressure
on the body or increase/decrease the temperature above/below normal. Conductive
yarns, ink or foam may be physically altered, causing unexpected behavior of the
wearable fabric. While it is very easy to get rid of a smart phone or tablet when it is
hacked, it may be less straightforward to remove a “smart” T-Shirt in public places.

4.2 Privacy Versus Security

Connected wearable devices raise an overwhelming number of security and privacy
challenges [17]. Tiny and numerous connected devices raise obvious security and
privacy concerns. While security issues are quite straightforward, mainly from
background knowledge, privacy issues are more complex and may constitute chal-
lenging obstacles to large-scale deployment of connected devices. In fact, unprotected
personal information may expose sensitive and embarrassing data to the public.

Privacy may be an anomaly, Vinton Cerf said [18]. Privacy constitutes a rather
tricky and intriguing concept even for ITC experts. Technology have evolved far
beyond any expectations, and we are not prepared to deal with it. McNealy further
pointed out: ““You have zero privacy anyway. Get over it!” [19].

Consumers may want to have the ability to control the security level they use.
From an industry perspective, privacy is a matter of user conduct and responsibility.
Consumers need to be trained to understand how by storing their personal data on
various devices, they expose themselves to various types of attacks. Consumers may
not be able to figure out if they are being “watched.” Often, there is no mean for users
to know whether their personal data are being tracked or “stolen” by third parties.

The contextual nature of consumers’ comfort level with data sharing reveals that
acceptance depends on device and on the perceived value in return for sharing the
data. For instance, sharing location information with Google Maps may be accepted
by travelers but not by residents. Also, in disaster situations, users are much more
likely to divulgate their locations and identities.



Smart Textile Industry: Threats and Opportunities 255

4.3 Impact on Health

Itis important to be aware of the potential health risks associated with the use of smart
textiles and to take steps to minimize these risks. This might include choosing prod-
ucts made with safe and non-irritating materials, properly maintaining and calibrating
devices, and limiting exposure to electromagnetic radiation. It is also important to
use only standard and homologated materials and equipment. Common health threats
include:

e Radio waves exposures, which may harm human tissues and cells if the specific
absorption rate (SAR) is exceeded or if they are exposed for long periods of time
[20]. This can be especially concerning if the smart textiles are worn close to
the body, such as fitness clothing or wearable medical garments. SAR provides a
straightforward means for measuring the RF exposure characteristics of on-body
connected devices to ensure that they are within the safety guidelines.

e Skin irritation: Some smart textiles are made with materials that can cause skin
irritation or allergic reactions, especially if they are worn for long periods of time.
This is particularly true if the smart textiles contain chemical components or are
made with synthetic materials.

e Disruption of sleep patterns: Smart textiles that emit light can disrupt the body’s
natural sleep patterns and lead to sleep disturbances.

e Psychological effects: The use of smart textiles can also have psychological
effects, such as anxiety or stress related to constant monitoring or tracking.

e Inaccurate data: If smart textiles are not properly calibrated or maintained, they
can provide inaccurate data that could lead to incorrect diagnoses or treatment
recommendations.

e Malfunction or failure: Like any electronic device, smart textiles can malfunction
or fail, potentially leading to inaccurate data or even injury. For example, a smart
garment that malfunctions and overheats could cause burns.

e Addiction or dependency: The constant monitoring and tracking provided by smart
textiles could lead to addiction or dependency on the technology, with negative
consequences for mental and physical health.

4.4 Designing Adequate Security Solutions

Designing adequate security solutions constitutes a rather challenging task, even for
the most skilled developer [21]. Since many consumers often use easy to remember
and similar (and often identical) passwords in various systems, protecting data
becomes somewhat a utopia. Vinton Cerf: “figuring out how to make a security
system work well that doesn’t require the consumer to be an expert is a pretty big
challenge.”

Nevertheless, designing adequate security solutions for smart textiles is essen-
tial to ensure the privacy and protection of the data and functionalities associated
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with these textiles. Some considerations and strategies for designing robust security
solutions for smart textiles include:

Authentication and access control to ensure that only authorized users can access
and control the smart textile’s features. This can involve user authentication
through passwords, biometric data (such as fingerprints or facial recognition),
or wearable authentication devices like smart watches or RFID tags.

Data encryption to protect the data transmitted between the smart textile and
external devices or networks. Encrypting the data ensures that it cannot be easily
intercepted or accessed by unauthorized parties. Strong encryption algorithms and
secure key management practices should be employed.

Use secure communication protocols, such as HTTPS or MQTT with Trans-
port Layer Security (TLS), to establish secure connections between the smart
textile and external devices or networks. These protocols encrypt the data during
transmission and provide authentication and integrity checks to prevent data
tampering.

Ensure that personal data collected by smart textiles is handled with utmost
privacy. Implement privacy policies and practices that adhere to applicable data
protection regulations. Minimize the collection and storage of sensitive data and
provide transparency and control to users over their personal information.
Regularly update the firmware or software of the smart textile to address security
vulnerabilities and apply patches for known issues. Establish a secure update
mechanism to prevent unauthorized or malicious updates that could compromise
the system.

Consider physical security measures to protect the smart textile from unautho-
rized physical access or tampering. This can include secure enclosures or tamper-
evident features to deter unauthorized opening or manipulation of the textile’s
components.

Implement intrusion detection and prevention systems to monitor and detect any
unauthorized access attempts or malicious activities targeting the smart textile.
This can involve technologies like anomaly detection, behavior analysis, or
network monitoring to identify and respond to security incidents promptly.
Educate users about the security features and best practices for using smart
textiles. Provide guidelines on secure usage, such as avoiding connecting to
untrusted networks, using strong passwords, and being cautious of phishing or
social engineering attempts.

Adbhere to established security standards and guidelines specific to smart textiles
and IoT devices, such as the IoT Security Foundation’s IoT Security Compliance
Framework or industry-specific standards like ISO/IEC 27001 for information
security management.

By incorporating these security measures and best practices, the risks associated

with smart textiles can be mitigated, ensuring the privacy, integrity, and security of
both the user and the data transmitted or stored by the textile [21].
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4.5 Life Cycle of a Thing

Some key new security features that go beyond current paradigms are to consider
the lifecycle of a thing as shown in Fig. 2. Things such as fabrics and wearables
go through various stages during their lifecycle: Manufactured, Installed, Commis-
sioned, Running, Updated, and Reconfigured. In the manufacturing and installation
phases, the thing is Bootstrapped, while during the commissioning and running
phases, the thing is Operational. In each stage, security credentials and ownership
information need to be updated.

Before we design, develop, or use smart textiles, we should understand their life-
cycle. This suggests knowing what data was/is/will be collected, stored, processed,
transmitted, shared, and deleted. Users and developers should be aware of the poten-
tial threats and vulnerabilities that can compromise the data at any stage, such as
hacking, tampering, interception, unauthorized access, or loss. By understanding
the lifecycle, we can identify the risks and implement the appropriate measures to
mitigate them.

5 Smart Textiles Standards

Standards play a crucial role in the development, manufacturing, and integration
of smart textiles. They provide guidelines, specifications, and protocols that ensure
interoperability, safety, and quality of smart textile products. Standardization of smart
textile is still in its infancy. Nevertheless, some very interesting actions are being taken
to put in place a general framework for terminology, systems, and requirements for
smart textile applications.

5.1 Mainstream Standards for Smart Textiles

e ASTMD8248-20: Standard Terminology for Smart Textiles. Provides terminology
and definitions related to smart textiles such as electrical textiles and wearable



258 A. Meddeb

electronics are included as well as the fiber, yarn, and fabric that compose them,
and end products.

e BS EN IEC 63203-101-1:2021: Wearable electronic devices and technologies
Terminology. Provides terminology frequently used in the literature related to
wearable electronic devices and technologies in the IEC 63,203 series. This
list includes wearable electronic devices and technologies, near-body wearable
electronics, on-body wearable electronics, in-body wearable electronics, and
electronic textiles.

e BS EN IEC 63203-201-1:2022: Wearable electronic devices and technologies
Electronic textile. Measurement methods for basic properties of conductive yarns.
Specifies provisions and test methods for measurement of properties of conduc-
tive yarns. Conductive yarns covered in this document have conductivity of a
level that can be used for transmission of electric signals, supply of electric power
and electromagnetic shield. They do not include high-resistance conductive yarn
used for antistatic and heating use. Conductive yarns are the basic material in
electronic textiles and are mainly used as conductive traces in clothes-type wear-
able devices, as well as with secondary processing (woven, knitted, embroidered,
non-woven, etc.) to provide conductive fabrics. This document does not define the
required characteristics of the conductive yarn; rather, it specifies the handling and
measurement methods for general and electrical properties of conductive yarn.

e TEC 63203-201-2:2022: Wearable electronic devices and technologies Electronic
textile. Measurement methods for basic properties of conductive fabrics and insu-
lation materials. Specifies the provisions for conductive fabrics and insulation
materials used for electronic textiles and measurement methods for their prop-
erties. Conductive fabrics covered by this document are basic materials in elec-
tronic textiles and are mainly used as conductive traces, electrodes, and the like
in clothes-type wearable devices. This document does not cover high-resistance
conductive fabrics used for antistatic purposes and heater applications. Insulating
materials handled in this document are materials used for electrical insulation of
conductive parts in electronic textiles. They include materials for covering the
conductive parts, and general fabrics constituting the basic structure of clothes-
type wearable devices. This document does not define the required characteristics
of the conductive fabric and insulation materials; rather, it specifies measure-
ment methods for general and electrical properties of the conductive fabric and
insulation materials.

e BS EN IEC 63203-201-3:2021: Wearable electronic devices and technologies
Electronic textile. Determination of electrical resistance of conductive textiles
under simulated microclimate. Specifies a test method for the determination of
the electrical resistance of conductive fabrics under simulated microclimate within
clothing. The microclimate is the climate of the small air layer between the skin
and clothing having a specific temperature and humidity. This test method can be
applied to conductive fabrics including multilayer assemblies for use in clothing.

e BS EN IEC 63203-204-1:2023—TC: Tracked Changes: Wearable electronic
devices and technologies Electronic textile. Test method for assessing washing
durability of e-textile products. Specifies a household washing durability test
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method for e-textile products. This document includes testing procedures for e-
textile products with electrically conductive components and sensors to collect
the data of the user.

e PD CENISO/TR 23383:2020: Textiles and textile products — Smart (Intelligent)
textiles — Definitions, categorization, applications, and standardization needs
(ISO/TR 23383:2020). Provides definitions in the field of “smart” textiles and
textile products as well as a categorization of different types of smart textiles.
It briefly describes the current stage of development of these products and their
application potential and gives indications on preferential standardization needs.

e PD CEN/TR 17945:2023: Textiles and textile products. Textiles with integrated
electronics and ICT. Definitions, categorization, applications, and standardiza-
tion needs. Provides definitions in the field of e-textiles and electronic textile
systems, as well as the categorization of different types of electronic textiles and
electronic textile systems. It briefly describes the current stage of development of
these products and their application potential and gives indications on preferen-
tial standardization needs. This document also provides guidelines to determine
general verification of claimed performance, innocuousness, durability of prop-
erties, product information, and environmental aspects of textile electronics. This
document is not intended for products which are placed inside or are (permanently)
attached to the human body. It also does not specifically address the electronics
information communication link between the textile with integrated electronics
and external data processing. This document therefore also does not focus on the
design of software to be implemented in electronic textiles of textile systems.

e PD IEC TR 63203-250-1:2021: Wearable electronic devices and technologies
Electronic textile. Snap fastener connectors between e-textiles and detachable
electronic devices. This document reviews the use cases of conductive snap
fasteners applied as electrical connectors for e-textile products available on the
market and provides guidance on future standardization work.

e PDIEC/TR 62899-250:2016: Printed electronics Material technologies required
in printed electronics for wearable smart devices. This part of [EC 62899, which is
a Technical Report (TR), explores a new technological field to establish standard-
ization activities in TC 119 (Printed electronics) in particular, and to contribute
to the development and market expansion of wearable smart device (WSD)
technology.

e IEEE 360-2022: /[EEE Standard for Wearable Consumer Electronic Devices —
Overview and Architecture. Provides an overview, terminology, and categorization
of wearable consumer electronic devices (wearables). An architecture for a series
of standard specifications that define technical requirements and testing methods
for different aspects of wearables — from basic security and suitableness of wear
to various functional areas, such as health, fitness, and infotainment — is further
outlined.

e Bluetooth SIG: The Bluetooth Special Interest Group (SIG) sets standards for
Bluetooth wireless communication technology. Bluetooth standards are crucial
for the interoperability of smart textiles with other devices, such as smart phones,
tablets, or wearable devices, enabling seamless connectivity and data exchange.
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e NFC Forum: The NFC (Near Field Communication) Forum develops stan-
dards for NFC technology, which enables short-range wireless communication
between devices. NFC standards are relevant to smart textiles with NFC capabil-
ities, allowing them to interact with NFC-enabled devices for applications like
authentication, payment systems, or data transfer.

5.2 Regulation of Smart Textiles

e Specific regulations and standards may vary across countries and regions. Orga-
nizations such as international standardization bodies, industry associations, and
government agencies often collaborate to develop harmonized standards and
guidelines for smart textiles to facilitate global trade and ensure consistent product
quality and safety. Here are some considerations regarding the regulatory aspects
of smart textiles:

e Privacy and Data Protection: Smart textiles that collect and transmit personal
data are subject to privacy and data protection laws. In the EU, the General Data
Protection Regulation (GDPR) regulates the collection, processing, and storage
of personal data. In the USA, laws such as the California Consumer Privacy
Act (CCPA) and the Children’s Online Privacy Protection Act (COPPA) provide
similar protections.

e Product Safety: Smart textiles must also comply with product safety regulations.
In the EU, the General Product Safety Directive (GPSD) sets safety requirements
for all consumer products, including smart textiles. In the USA, the Consumer
Product Safety Commission (CPSC) regulates consumer products to ensure their
safety.

¢ Electromagnetic Compatibility (EMC): Smart textiles that emit or receive elec-
tromagnetic signals must comply with EMC regulations to ensure that they do not
interfere with other electronic devices. In the EU, the EMC Directive regulates
electromagnetic compatibility, while in the USA, the Federal Communications
Commission (FCC) regulates the use of the electromagnetic spectrum.

e Medical Devices: If a smart textile is intended to be used as a medical device, it
must comply with regulations set by the relevant regulatory agencies. In the United
States, the Food and Drug Administration (FDA) regulates medical devices,
including smart textiles that are intended for medical use. The EU has similar regu-
lations in place, such as the Medical Device Regulation (MDR) and the In-vitro
Diagnostic Medical Device Regulation (IVDR).

e Energy Efficiency: Smart textiles often incorporate batteries, energy harvesting
systems, or power management technologies. Energy efficiency standards and
regulations may be in place to ensure that smart textiles optimize energy usage
and minimize environmental impact.

e Labeling: Regulations may require clear labeling and product information for
smart textiles. This includes information about the functionality, limitations, main-
tenance requirements, and any potential risks associated with the product. Proper
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labeling helps consumers make informed decisions and understand how to safely
use and maintain smart textiles.

e Intellectual Property: Intellectual property rights, including patents and trade-
marks, play a role in the regulation of smart textiles. Companies and inventors
may seek patents to protect their technological advancements, while trademarks
can be used to differentiate their smart textile products in the market.

5.3 Risk Assessment

The risk assessment should consider the entire lifecycle of the product, from design
and development to manufacturing, use, and disposal. The development of smart
textiles involves incorporating electronic components and advanced technologies
into fabric, which can introduce new risks and challenges compared to traditional
textiles. It is important to conduct a risk assessment when working with smart textiles
to identify potential hazards and develop strategies to mitigate them.

Once the risks have been identified, strategies can be developed to mitigate or
eliminate them.

This may involve design modifications, improved manufacturing processes, the
use of protective equipment, or the development of user instructions and warnings.
Regular monitoring and evaluation should also be conducted to ensure that risks are
effectively managed throughout the lifecycle of the product. Combining electronics
and textiles, which both are relatively short-lived mass consumer goods, would inten-
sify product obsolescence and lead to even shorter life cycles and abandonment of
products. Some key smart textile risk assessment includes:

e Health and safety risks: The use of certain materials or chemicals in smart textiles
may pose health risks to workers and end users, such as skin irritation or allergic
reactions.

e Electrical and fire hazards: Smart textiles may involve electrical components
and batteries, which can pose risks of electrical shock, fire, and explosions if they
are not designed and manufactured correctly.

e Cybersecurity risks: Smart textiles that are connected to the internet or other
networks may be vulnerable to cyberattacks, which could compromise user
privacy and data security.

e Environmental risks: The use of certain materials or chemicals in smart textiles
may pose risks to the environment during manufacturing and disposal.

e Regulatory and standard compliance: Smart textiles may be subject to
various regulations and standards, such as those related to electrical safety,
electromagnetic compatibility, and environmental protection.

¢ Functional reliability: Smart textiles rely on the proper functioning of integrated
electronic components and systems. Failure or malfunctioning of these compo-
nents can impact the intended functionality, leading to potential safety risks or
inaccurate data.
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5.4 The 9S8 Design Paradigm

End users seek smart, seamless, scalable, secure, and safe solutions to widely adopt
smart textile solutions. To this end, we need to consider only straightforward, stream-
lined, simple, and standard solutions as illustrated in Fig. 3. Such solutions are more
viable options to provide a great user experience than proprietary ones, leading to
acceptance and confidence among stakeholders.

6 Conclusion

Smart textiles have already started to revolutionize the textile industry, and they are
expected to have a bright future. One of the major areas where smart textiles are
expected to make a significant impact is in the healthcare industry. Smart textiles
can be used to develop wearable medical devices that can monitor vital signs, detect
health issues, and even deliver drugs or other treatments directly to the patient’s body.

The future of smart textiles is promising, and we can expect to see a plethora
of new and innovative applications emerging in the coming years as the technology
continues to evolve and mature. Smart textiles have the potential to transform the
fashion industry by offering new ways to personalize clothing and accessories.

With the help of embedded sensors and other technologies, clothing could be made
to adapt to the wearer’s body temperature, adjust to different lighting or weather
conditions, or change colors in response to different stimuli.
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Smart textiles are also expected to play a role in the automotive and aerospace
industries. Textiles with integrated sensors could be used to monitor the structural
integrity of vehicles, while fabrics with built-in heating elements could help to reduce
energy consumption in cars and planes.

Nevertheless, smart textile raises some serious concerns with respect to safety,
privacy, and security. All stakeholders including manufacturers, end users, providers,
regulators, and standard bodies must cooperate to increase confidence in smart
textile products and raise awareness of the potential risks when these are misused.
Regular updates, usage of adequate security credentials, proper commissioning and
decommissioning during the lifecycle of the product must be meticulously applied.
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Bo Xing, Qingqing Shao, Xianyi Zeng, and Jun Wang

Abstract Fabric texture reconstruction is a critical task in the textile industry, with
applications in computer-aided design, quality control, and production optimiza-
tion. However, traditional methods suffer from limitations such as poor accuracy,
slow convergence, and low robustness. To address these issues, this study proposes
a novel approach that combines multilayer dictionary learning-based encoding
and variational autoencoder (VAE) for fabric texture reconstruction. The proposed
method utilizes multilayer dictionary learning-based encoding to extract deeper
fabric texture features and generates new fabric images with similar texture features
using VAE. Experiments on a publicly available dataset of fabric images demonstrate
the superiority of the proposed method in terms of accuracy, robustness, and effi-
ciency compared to state-of-the-art methods. The proposed method has significant
implications for the textile industry.

Keywords Texture reconstruction + Multilayer dictionary learning + Variational
autoencoder

1 Introduction

Fabric texture reconstruction [ 1] is a critical task in the textile industry with significant
implications for computer-aided design, quality control, and production optimiza-
tion. The complexity of fabric textures, which are characterized by intricate patterns
and a high degree of variability, makes this task particularly challenging.
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Traditional methods for fabric texture reconstruction have been largely based
on image processing techniques. These methods often involve the use of filters or
transform to extract texture features from fabric images, followed by a reconstruction
process to generate a representation of the original fabric texture. However, these
methods often suffer from limitations such as poor accuracy, slow convergence, and
low robustness.

In recent years, machine learning techniques have been increasingly applied to
the problem of fabric texture reconstruction. These techniques, which include deep
learning and dictionary learning, have shown promise in improving the accuracy and
efficiency of fabric texture reconstruction. Similarly, dictionary learning has been
used for sparse representation of images and has shown potential in texture analysis.
Inlight of the above, we propose a novel approach that combines multilayer dictionary
learning-based encoding and VAE for fabric texture reconstruction. The proposed
method overcomes the limitations of traditional methods and achieves high accuracy
and reliability in fabric texture reconstruction.

2 Experiments Details

The fabric texture images were collected to form a dataset. We collected 300 images of
pieces of fabric, subdivided into plain, satin, and twill weave fabrics. These images
were resized to 56 x 56 pixel. Data augmentation techniques, including rotation,
zooming, and horizontal flipping, were applied to generate a total of 18,000 samples.
The dataset was split into 15,000 training images and 3000 testing images. Hyper-
parameters, including a learning rate of 0.001, a batch size of 32, and a dropout rate
of 0.5, were selected based on empirical tuning and the literature recommendations

(Fig. 1).

3 Methods

The proposed approach for fabric texture reconstruction consists of the following
steps:

3.1 Multilayer Dictionary Learning-Based Encoding

Multilayer dictionary learning is utilized to extract fabric texture features from input
images. The K-SVD algorithm is used to learn the dictionary and represent the texture
features as sparse codes. Multiple K-SVD layers [2] are stacked to extract deeper
texture features, providing a more comprehensive representation of the underlying
fabric texture features.
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(a)Plain texture

(b)Twill texture

(¢)Satin texture

(d)Data Augmentation

Fig. 1 Few samples from datasets

A single level of dictionary learning plays an important role in latent representation
of data and dictionary atoms which is provided by multilevel dictionaries in the deep
dictionary learning structure. In classic dictionary learning, X, D, and Z are data,
dictionary, and sparse representation, respectively. In the synthesis, dictionary is
firstly learned. Then, sparse representation is obtained according to the dictionary.

X =DZ (1)

Multilayer basic deep dictionary learning is shown in Fig. 2. Mathematical
representation is given in Eq. 2:
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Following the suggested model and training algorithm proposed by Tariyal et al.
[3] we took the gradient of the norm with respect to y, require that it equals zero,
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Fig. 2 Proposed method for fabric texture reconstruction
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and solve for the optimal y. Therefore, solving the optimal y yields:
2= (DiDT) ' Dizy 3)
Similarly, we can solve for the optimal D, using least squares, and we obtain:
Dy = (2]) ' 0ae! )

In a similar manner, we can extend the above formulations to a batch of observed
signals.

3.2 Variational Autoencoder-Based Texture Generation

After the encoding process, the texture features are fed into the decoder part, which
consists of a VAE-based [4] texture generation network. The VAE-based texture
generation process is composed of an encoder and a decoder network. The encoder
network maps the input features into the latent space, where the mean and variance
of the distribution of the latent features are computed. Then, the decoder network
generates new fabric images by sampling the latent features from the distribution
and decoding them into images.

3.3 Regularization Terms

To further improve the quality and robustness of the reconstructed fabric textures,
regularization terms are introduced in both the dictionary learning and VAE training
processes. The L1 norm of the sparse codes is used as a regularization term in the
dictionary learning process, and the KL divergence [5] between the predicted and
actual distributions of the latent features is used as a regularization term in the VAE
training process.

The proposed approach is trained on a dataset of fabric images using a combi-
nation of the above steps. During the training process, the input fabric images
are encoded using multilayer dictionary learning-based encoding, and the resulting
texture features are used to generate new fabric images using the VAE-based texture
generation network. The regularization terms are used to improve the performance
and robustness of the reconstructed fabric textures.
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4 Results

Experiments on a publicly available dataset of fabric images demonstrate that the
proposed approach achieves superior performance in terms of accuracy, robustness,
and efficiency compared to state-of-the-art methods. Multilayer dictionary learning-
based encoding significantly improves the quality of the reconstructed fabric textures,
as it captures deeper and more detailed fabric texture information. Additionally, the
VAE-based texture generation process ensures the generated textures are realistic
and accurate. The regularization terms introduced in the approach further improve
the performance and robustness of the reconstructed fabric textures (Fig. 3).
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2-Layer 3-Layer 1-Layer 2-Layer 3-Layer

Plain
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1-Layer 2-Layer 3-Layer 1-Layer 2-Layer 3-Layer

Fig. 3 A visualization of the reconstructions for proposed models
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Table 1 Comparing reconstruction performance with varying activation functions and generative
models

Activation function-layers | Recons loss (RL) | AE-RL | GAN-RL | Proposed model-RL
Identify-1 1.122 1.153 1.345 0.861
Identify-2 5.763 6.249 7.855 5.165
Identify-3 30.786 14.256 | 10.569 8.149
Tanh-1 2.367 3.101 3.879 1.876
Tanh-2 5.964 6.501 7.865 7.254
Tanh-3 10.452 15219 | 12.328 9.357
ELU-1 2.557 3.321 4.231 4.657
ELU-2 8.621 9.315 |10.418 10.234
ELU-3 18.249 17.892 | 16.152 11.846
ElliotSig-1 1.512 2.389 3.214 2.236
ElliotSig-2 6.841 7.623 8.734 8.982
ElliotSig-3 12.118 18.908 | 13.908 12.187

5 Discussion

The proposed approach effectively combines multilayer dictionary learning-based
encoding and VAE to achieve high-quality and robust fabric texture reconstruc-
tion. The multilayer dictionary learning-based encoding extracts deeper fabric
texture features and provides a more comprehensive representation of the under-
lying fabric texture features. By doing so, the proposed approach is able to capture
more detailed fabric texture information and generate more accurate and realistic
reconstructed fabric textures. Moreover, the regularization terms introduced in the
approach improve the performance and robustness of the reconstructed fabric textures
(Table 1).

The proposed approach has significant implications for the textile industry, as it
can be used for computer-aided design, quality control, and production optimization.
The accurate reconstruction of fabric textures can help designers create realistic fabric
models, identify and correct fabric defects, and optimize fabric production processes.

6 Conclusion

This study presents a novel approach that combines multilayer dictionary learning-
based encoding and VAE for fabric texture reconstruction. The proposed approach
effectively overcomes the limitations of traditional methods and achieves high accu-
racy and reliability in fabric texture reconstruction. The results of experiments on
a publicly available dataset of fabric images demonstrate the superiority of the
proposed approach in terms of accuracy, robustness, and efficiency compared to
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state-of-the-art methods. The proposed approach has significant implications for the
textile industry and can be applied in various applications such as computer-aided
design, quality control, and production optimization.
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Application of the Desirability Function )
for Optimizing the Use of Calcium L
Carbonate Used in the Production

Process of PVC-Coated Textile

Stambouli Mouna, Chaouech Walid, Gargoubi Sondes, Zouari Riadh,
and Msahli Slah

Abstract The application of calcium carbonate (CaCOj3) particles as functional
fillers has been a judicious idea for many industrial plastic products in recent years.
This paper deals with an evaluation of the quality of coated textiles used as a
furnishing article, by changing the amount and the size of calcium carbonate parti-
cles using the desirability function. Referring to the literature studies, the desirability
function remains an appropriate method that allows a level of flexibility over a graph-
ical tool in defining and evaluating quality. It was concluded that the ideal mechan-
ical properties of polymeric layers used for PVC furnishing articles (breaking load,
tearing strength, elongation to break, and abrasion resistance) largely depend on
calcium carbonate amount and particle size where the smallest particle size gave the
highest values compared to the others. For the content effect analysis, the applied
contents influenced mechanical properties significantly.

Keywords Coated textile - PVC - Synthetic leather - Layer - Mechanical
properties

1 Introduction

The coating becomes increasingly important to add value to textiles. It aims to develop
the functional properties of textiles and to improve certain characteristics [1].

The coating is used to guarantee that fabrics meet performance parameters that
would not be achievable from uncoated fabrics [1].

Today, coated fabrics are essentially polymer-coated textiles, and the principles of
polymers used for industrial products with textile substrates are polyvinyl chloride
and polyurethane.
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Polyvinylchloride (PVC)-coated fabrics also called artificial leather fabrics are
widely used in daily life [2], and they represent a group of lightweight materials
currently used in a wide variety of industries, So far, the significance of their prop-
erties is much more accentuated due to their application in different domains such
as footwear, automotive, upholstery, and clothing. These fabrics usually consist of a
topcoat, middle coat, base coat, and backing cloth [3].

The advantage of PVC leather fabrics is easy processing, low cost, consistent
appearance, and others [4]. Their main components are polymer (PVC), stabilizer,
plasticizer, and filler. These components are uniformly mixed to form plastisol [5],
and they are very important for the general behavior of PVC synthetic leather. The
filler characteristics are a key issue in determining many technical properties of PVC.
Fillers are also used to make final products cheaper [6].

Approximately 80% of the filler used in PVC is calcium carbonate (CaCO3).
Titanium dioxide is second at about 12%, followed by calcined clay at about 5%.
The remains are other materials, including glass and talc [7].

Calcium carbonate is one of the most common fillers for the PVC leather industry
[7]. The special properties of this product, such as its low cost as well as its availability,
encourage industries to enhance its performance and optimize its use [8].

Traditionally, CaCOs filler was considered an additive, which, because of its
reduced surface area and unfavorable geometrical features, was used to lower the
cost, increase the melt viscosity, and moderately increase the modulus of the final
product, whereas strength tensile and deformability remained unchanged or even
decreased in some cases [9].

Recently, the particle shape and size distribution, the content of filler, and the
degree of dispersion have been reported to exhibit markedly additional properties
over PVC leather filled with calcium carbonate [10]. The outstanding properties of
the final product are attributed to the small particle size and large interfacial area of
the calcium carbonate particles, which lead to strong interfacial adhesion between
the filler and the plastisol [5].

Extensive research work has been carried out to correlate the particle size and
the content of calcium carbonate with the properties of PVC materials. Shuisheng
et al. [8] showed that the tensile and impact strength of PVC greatly increases with
decreasing CaCOj particle size. Nakamura et al. [9] observed that the yield stress of
PVC composite decreases while increasing the filler content.

Conducted research has generally been carried out on PVC plastics and composites
[1, 3, 5, 8], and very little work has been performed concerning the PVC-coated
fabrics [11].

In order to find a suitable method for a practical application of this filler, this
work aims to investigate the effects of calcium carbonate content and particle size on
microstructural properties, breaking load, tearing strength, and elongation to break
of PVC-coated fabrics. Desirability function is used to optimize this multiresponse
system.
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Table 1 Different types of

CaCOs used with different L1 P Particle size(y)
particle sizes Fine natural calcium carbonate (Type 1)

5S 2.7

2S 1.8

Ultra-fine coated calcium carbonate made from extremely
white marble (Type 2)

SMC 2.5
2AMC 1.4

Extremely fine natural calcium carbonate made from the
marble of exceptional whiteness (Type 3)

2M 1.8
95SM 0.9

2 Materials and Methods

2.1 Raw Materials

PVC resin, plasticizer (DINP), stabilizer, CaCOj fillers with different types and
particle sizes (Table 1), blowing agent (azodicarbonamide), kicker, transfer paper, and
textile fabric were generously donated by PLASTISS Company (Monastir, Tunisia).

2.2 Synthesis of PVC Synthetic Leather

In this work, PVC plastisol has been used to create PVC foamed layers. 100 parts
PVC resin, 80 parts DINP, four parts azodicarbonamide, two parts kicker, and 1.5
parts stabilizers were homogeneously combined in a mechanical stirrer to create
PVC plastisol. The fillers (calcium carbonate) were then added at 25, 50, 75, 100, or
125% (by weight) and stirred until a uniform mixture was achieved.

To create PVC synthetic leather, we used the transfer coating technique. On the
first coating head, a blade is used to spread the plastisol on the transfer paper while
adjusting the thickness. The created layer called the superficial or skin layer is then
dried at 140 °C for 20 s and chilled. On the second coating head, the plastisol of
the second layer called foamed layer is applied to the superficial layer using a blade
at a specific thickness. The knitted poly-cotton fabric is afterward attached to the
resulting PVC layers, and the complex therefore created is then placed in the main
furnace at 180 °C for 80 s where cellular expansion and gelling take place.
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2.3 Desirability Approach

The desirability function is widely used to optimize an industrial process and espe-
cially to learn which combination of input variables provides the most satisfactory
output.

This method is used to find the best formulation that can provide a product that
can satisfy different properties.

In this case, the PVC synthetic leather layers used for furnishing products require
the satisfaction of different characteristics at the same time.

These characteristics are essentially mechanical properties including tearing
resistance, breaking strength, and elongation to break.

The desirability function approach transforms each response function f; to a
desirability function di; it is a value between O and 1.

Ji: [Ymin,» Ymax] — [0, 1]
Y; — di(V}) (D

Three types of desirability functions are proposed: desirability function to
minimize, maximize, and achieve a target range of the property [10].
To maximize, we use the following:

0 if Y; < Ymin
s .
di = Yiarget ((Yl - Ymin)/(Ytarget_Ymin)) if Yiin < Y )
1 if Y; > Y, target

To minimize this, we use the following:

L if Yi > Ytargel

. . s .
di = Ymax ((Ymax_Yl)/(Ymax_Ytarget)) if Ytarget < Yl (3)
0 if ¥i > Yiax

To achieve a target range of the property:

0 if Yl < Ymin
S .
di = ((Yi_Ymin)/(Ytarget_Ymin)) if Ymin < Y, < Ytarget (4)
S .
((Ymax_Yi)/(Ymax_Ytarget)) if Yiarget < Yi < Yiax
0 if ¥; > Yiax

Here, Y nin is the lower value, Y, is the upper value, Y o i the target value, and
S is the exponent determining how important it is to attain the target value. Y; is the
input vector.
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The overall desirability function is made by multiplying all other functions by the
power of the inverse of R, where R is the number of functions.

R 1/R(1)
DG = (]‘[ dr> 5)
r=1

3 Results and Discussions

3.1 Quality Assessment

To meet the customer demands of the furniture sector, the main properties that char-
acterize PVC synthetic leather layers have been defined, under the direction of the
PLASTISS company managers, which are mainly mechanical properties (strength
at break, elongation at break, abrasion resistance, and tear resistance).

3.2 Choice of the Tolerance Interval

The standard PLASTISS furnishing article is considered to have “good” mechanical
properties, which practically satisfies customer demands; nevertheless, improvement
of its mechanical properties is still desired.

Twenty tests for each layer, still using the standard PLASTISS formulation, were
carried out. The different mechanical tests were then carried out, the smallest value
among the results found was considered a minimum value, and the average value
found was considered a target value.

It has been found that for the superficial layer, the elongation at break must have
a value greater than 201% but not more than 270%, as extra flexibility may affect
the quality of the finished article.

Any value above 92 N is acceptable for breaking strength, any value above 5 N is
approved for tear strength, and a loss of mass not exceeding 25% of the initial mass
of the sample is allowed for abrasion resistance.

For the expanded layer, any value above 82% for the elongation at break is accept-
able, but any value above 150% is rejected because an excessively soft expanded layer
affects the quality of the final article, with 94% being the target value.

Any value above 0.52 N is acceptable for tearing strength, and any value above
17 N is allowed for breaking strength.
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3.3 Optimization of the Production Process of Coated
Textiles Used in Furniture Manufacture

Our study aims at experimenting with the process of valorization of the use of calcium
carbonate in the manufacturing process of PVC synthetic leather used for furnishing
articles.

For this purpose, three types of calcium carbonate with two different particle sizes
each were used, and the amount of calcium carbonate was varied from 0 to 125 g
in the superficial and expanded layer formulations. Thus, 31 samples for each layer
loaded with the different types of calcium carbonate at different particle sizes and
amounts were studied.

Individual Desirability. The desirability function is based on the idea that the quality
of a product that requires several features is unacceptable if any of them is outside
a “desirable” limit. Its objective is to find a good compromise between the different
characteristics to provide the right solution [12].

Thus, to define the overall desirability of each layer, the desirability of each
separate mechanical property, called individual desirability, must, first of all, be
studied [13].

Individual Desirability for the Superficial Layer. In our case, for the elongation at
the break, we have to reach a certain target, and the breaking strength and the tear
resistance should be maximized. On the other hand, the abrasion resistance expressed
in terms of mass loss must be minimized.

dAll, dFr, dRd, dRab, the series of graphs showing the individual desirability of
each property characterizing the superficial layer are shown in Fig. 1.

Individual Desirability for the Expanded Layer. In our instance, for the elongation
at the break we have to reach a certain target, the breaking strength and the tear
resistance should be maximized.

dAll, dFr, dRd, the series of graphs showing the individual desirability of each
property characterizing the expanded layer are shown in Fig. 2.

Overall Desirability. Once the n variables (factors and response levels) are trans-
formed into individual desirability functions, they are combined into a single function
to find the best solution called overall desirability (D) [14].

n 1/3n
1

With r; is the importance of each variable to the others, according to Luciana Vera
Candioti et al. [15]. This value is established by the analyst and can vary from 1 for
the least important variable to 5 for the most important variable.

In our studies, the values of r; were assigned for the different mechanical prop-
erties to be checked (set according to the specifications of the furniture article) by
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Fig. 1 Graphical representation of the desirability functions for the different superficial layer

properties

PLASTISS with the help of the company’s experts and were established as follows

regardless of the type of the layer (Table 2).
The value of D gives the overall assessment of the desirability of all the product

characteristics; it lies in the interval [0—1] [16]. D increases if the balance of properties
becomes more favorable, so it can be seen that the value of D increases when the
desirability of the corresponding quality characteristic increases. In this way, a high
D value means that the investigated sample fulfills almost all the required quality
requirements [17]. Taking into consideration the opinions of PLASTISS experts,
these conditions were set to find the best-performing product:

— If D = 0, the product quality is unacceptable.
— If0.1 <D <0.6, this value is considered to be far from the target value 1, reflecting

a lack in one or more properties that must necessarily be improved.
— If D > 0.7, the product quality is considered acceptable.

The value of D closest to 1 expresses the most desirable quality.

Overall Desirability of the Superficial Layer. The overall desirability D of the super-
ficial layer varies between 0 and 0.95, and the diagram of the overall desirability of

each sample is shown in Fig. 3 (Table 3).
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Table 2 Attributing weight . ]
to the different properties Tests Weight (r:)
studied Breaking load (N)

Elongation at break (%)

Abrasion resistance (Pete de masse (g))

W | | W | W

Tearing strength (N)

Only the quality of the superficial layers Ps2, Ps26, and Ps32 is acceptable, so it
can be concluded that for each type of calcium carbonate, only the amount of 25 g
of small particle size filler in the superficial layer formulation will give the best final
quality (Fig. 4 and Table 4).

Overall Desirability of the Expanded Layer

Only the quality of the expanded layers Pe2, Pe3, Pe4, Pe9, Pel5, Pe21, Pe26, and
Pe33 is acceptable. Thus, it can be concluded that for each type of calcium carbonate,
the amount of 50 g in the formulation of the foamed layer will give almost the best
final quality.



283

Application of the Desirability Function for Optimizing the Use ...

R A A AR RN

1|Ps2

 “ANqersap [[B19AQ

Product, Ps

Fig. 3 Diagram of the overall desirability of superficial layer samples

Table 3 The overall desirability values for each sample of the superficial layer

o (@)
o 5
DOOOOOOOOOOOOOOOOOO
o
i3 < 0
T|IO|—= OO || |0 ||| |O|O
g
T~ ||| OO ||| |00 OO |O|O
= o
< o+ ©
T IO || || OO |0 ||| |O0|O|IOC|IO|OC|O (OO
—
=
||| OOV | H|O OO0 O|O|O|O
-
3
= Ol N || n» |O | >~
0123456789111111111
LT B> N B 7 B B o B S < B S o B R B > B R’ » N SN B > B S« B B > B R @ » B ¢ I B> B B ¥ B B o B ¥ ]
Al A A A A A A A A A A A A A A A A A A
o ®© <
~| — —
g
=3
2
(5]
RS @)
ol = p=
o m m
2l [2»
= > =
A &= B

(continued)



S. Mouna et al.

284

Table 3 (continued)
Particle size (um)

0.96

0.79

dFr

dRd

dAll

0.99

0.95

0.73

dAbr

0

0
0

1

0
0

1

0
0

Product
Ps19

Ps20
Ps21
Ps22
Ps23
Ps24
Ps25
Ps26
Ps27
Ps28
Ps29
Ps30
Ps31

Ps32
Ps33
Ps34
Ps35
Ps36

2.5

1.8

2.7

TYPE S

Pe26

Pe2l

QRN

e

L L,
OOO,O,O,s,s,O,OOOrry,y,O,O

R R R RN

.

 ‘ANIQeIIsap [[PIAQ

Product, Pe

Fig. 4 Diagram of the overall desirability of expanded layer samples
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Table 4 The overall desirability values for each sample of the expanded layer

285

Particle size (jLm) Product dFr dRd dAll D
TYPEM 0.9 Pel 0 0.16 0 0
Pe2 1 1 0.95 0.95
Pe3 1 1 0.85 0.95
Pe4 1 1 0.7 0.7
Pe5 0 1 0.9 0
Pe6 0 0 0.86 0
1.8 Pe7 0 0.16 0 0
Pe8 0.15 0.5 0.4 0.01
Pe9 1 1 1 1
Pel0 0 1 0.79 0
Pell 0 0.69 0.66 0
Pel2 0 0 0 0
TYPE MC 1.4 Pel3 0 0.16 0 0
Pel4 1 1 0.47 0.47
Pel5 1 1 0.92 0.92
Pel6 0.79 1 0.82 0.56
Pel7 0 1 0.98 0
Pel8 0 1 0.98 0
2.5 Pel9 0 0.16 0 0
Pe20 0.15 1 0 0
Pe21 1 1 091 0.91
Pe22 0 1 0.95 0
Pe23 0 1 0.82 0
Pe24 0 1 0 0
TYPE S 1.8 Pe25 0 0.16 0 0
Pe26 1 1 0.96 0.96
Pe27 1 1 0.61 0.62
Pe28 0.77 0.65 0.39 0.13
Pe29 0 0.05 0.9 0
Pe30 0 0 0.94 0
2.7 Pe31 0 0.16 0 0
Pe32 0 0.51 0 0
Pe33 1 0.96 0.77 0.72
Pe34 0 0.38 0.14 0
Pe35 0 0.04 0 0
Pe36 0 0 0 0
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A desirability function method is a decision support approach. Thus, the present
results leave it to the company’s experts to choose from the best values found the
most suitable formulation for the two polymeric layers to produce the final leatherette
article.

4 Conclusion

The results of the present study showed that the PVC synthetic leather layer’s formu-
lations can be filled with different types of carbonate calcium at different levels, to
provide an increase in the mechanical properties of the final product. Increase in
CaCOs; concentration in the mixture of both superficial and internal layers affected
their quality than the final product significantly; decrease in the CaCOj particle size
affected positively the quality of the layers more than the final product.

The desirability approach showed that the different carbonate calcium particle
sizes and content can be used effectively for the PVC synthetic leather, but depending
on the overall acceptability of the final product, only 95 M, 5 MC, 2 AMC, 5 S, and
2 S at a level of 25 phr can be used for the best result for the superficial layer.

For the internal layer, 95 M at 50 phr and 75 phr, 2 M at 50 phr, 2 AMC at 50 phr
and 75 phr, 5 MC at 50 phr, and 2 S and 5 S at 50 phr for each one represent the best
results.

The desirability function method is a decision support approach. Thus, the present
results allow the company’s experts to choose from the best values found the most
suitable formula for the two polymeric layers to produce the final leatherette article.
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Ergonomic Study on Ironing Stations )
in Tunisian Clothing Companies L

Slim Boussaadoun, Nejib Sejri, and Mohamed Hamdaoui

Abstract Human health at work mostly consists of physical health. The majority
(60%) of musculoskeletal disorders (MSDs) experienced by employees in Europe.
According to a study by the CNAM in Tunisia, the country’s MSD rate was almost
80%. According to the American Bureau of Labor Statistics (BLS), MSDs were about
30% in 2020; however, they are around 85% in France. The OWAS approach and the
stratified method will be used to achieve this study’s goal in this situation. This sample
technique evaluates the organizational risk factors and musculoskeletal risk factors
of Tunisian staff in northern Tunisia within a group of four ISO 45001 and SA8000-
certified businesses using the responsibility approach: corporate social responsibility
(CSR) in the textile and clothing sector and implementation of standards in the ironing
trades. The overall average total percentage of MSDs in these companies is 65%, and
the areas of discomfort observed in the workers studied are as follows: legs (54%),
right hand (24%), back (20%), hand left (19%), shoulders (19%), and neck (17%).
There have been improvements made to this task, such as reducing one position’s stop
time by 19.75% and the average stop time for all other positions by 15%, increasing
performance by 10%, and improving work quality by 10%. Appropriate solutions
must be implemented in order to promote employee well-being, avoid occupational
illnesses, improve recruitment procedures, eliminate sources of non-compliance,
correct errors and defects, and try to lower the percentage of MSDs.
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1 Introduction

The prevalence of musculoskeletal disorders (MSDs), also known as “troubles
musculosquelettiques” (TMS), is alarmingly high in Tunisia, highlighting the need
for effective ergonomic diagnostic tools to address this issue. Iterative surveys on
working conditions conducted in France and Europe since the 1990s indicate that
preventive measures have helped reduce exposure to traditional hazards such as
physical constraints, chemicals, and psychosocial and organizational stressors [1].
In addition, occupational diseases in Tunisia according to the latest statistics were
represented, in 2020, 1860 cases including 1496 suffering from musculoskeletal
disorders (MSDs). In addition, 762 cases were reported in companies in the textile—
clothing sector, which represent 41% of the percentage of the population affected
by MSDs. The last few years have seen a considerable increase of around 80% in
the number of occupational diseases declared to the National Health Insurance Fund
(CNAM) [2]. According to SUMER in 2017, 97% of workers experience at least
two constraints: organizational and physical (45%). A study conducted in 2006 by
occupational physicians in Tunisia on MSDs in the garment sector showed cases of
illness mainly affecting the back (75.8%), neck (60.4%), and shoulders (65.4%) [3].

Despite the changes that Tunisia has undergone in recent years and the resulting
impact on its economic growth, exports, and particularly the products manufactured
in Tunisia for the European community, the sector has demonstrated remarkable
adaptability [4].

As a result, today’s society requires operators, who play a crucial role in the
production process, to perform their tasks efficiently while adhering to the “quality,
cost, time” triad to ensure compliant products or services. Fortunately, the search
for improvement continues to have a positive impact on working conditions and the
physical well-being of employees who are subject to muscular physical constraints,
optimizing their health and safety [5, 6].

Musculoskeletal disorders (MSDs) resulting from poor working conditions are
defined as periarticular conditions that affect the soft tissues such as muscles, tendons,
nerves, vessels, and cartilage of the upper and lower limbs in workers. Regardless
of their location, MSDs can result in permanent damage and even lead to serious
disabilities [7].

According to the “Global Burden of Disease” study, musculoskeletal disorders
are the second largest contributor to potential overall disability resulting from the
mechanisms involved in these pathologies. Workplace risk factors are associated
with the onset of health problems. It can be directly responsible for the onset of a
health problem and can be considered a trigger for an MSD.

The factors contribute to the appearance of musculoskeletal disorders (MSDs)
in the workplace. These factors can be biomechanical, personal, psychosocial, or
additional such as environmental conditions [8, 9]. According to a study that was
done in 2020 in Tunisia in the clothing sector shows that ironing stations in the
clothing manufacturing process are one of the most stressful 15.4% [ 10]. Participatory
ergonomics is considered a basis for studying professional activity and preventing
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MSDs [11]. Participatory ergonomics involves the participation of workers in both
the technological and organizational aspects of the process [12, 13]. This was the
case in a recent study conducted on a sample of Tunisian employees working in
ironing sections who have been applying ergonomic standards and corporate social
responsibility principles for the past five years [14].

2 Methods of Work and Materials Used

In this study, we used a participatory approach as follows: mobilization, investigation,
mastery, evaluation, and data collection regarding confidentiality:

(1) To mobilize and investigate indicators related to the company’s operation, we
considered factors such as absenteeism rates of less than 3%, an 8-h work
schedule, defect percentages of less than 5%, a monitoring rate of around 10%,
average performance levels of around 75%, versatility, average age, and average
experience in the industry. We also evaluated indicators related to employee
health and safety, such as the prevalence of musculoskeletal disorders (MSDs),
which were reported by around 10% of workers in the ironing sections of the
company, exposure time, and other related factors.

(2) To achieve mastery, we constructed a list of indicators that should be understood
and followed by all employees in the company. We also collaborated with the
company’s staff to establish an ergonomic questionnaire to assess and improve
working conditions.

(3) To achieve mastery, we constructed a list of indicators that should be understood
and followed by all employees in the company. We also collaborated with the
company’s staff to establish an ergonomic questionnaire to assess and improve
working conditions.

In this study, we utilized various methods, tools, and standards, including:

The first tool used was stratified sampling. This method involves dividing a hetero-
geneous population into subgroups or strata. The goal is to obtain the same propor-
tions of each stratum in the sample as in the target population, based on the charac-
teristics selected for the study. [15] For this study, a confidence level of 95% and an
accuracy rate of 0.05 were used. The second tool used in this study was the OWAS
method, which is a technique used for observing and evaluating the static working
postures of all body parts [16]. The method is used for evaluating the constrained
postures of the human body during work and can be applied to the neck, back, upper
limbs (shoulders, elbows, and hands), chest, and legs. The method was first intro-
duced in 1977 and has undergone several improvements, including the one made
in 1992 [17]. The BORG scale is a tool for judging the level of subjective effort,
graduated from O to 10: The method consists in explaining this scale to the operators
who themselves evaluate the level of force for each operation carried out, relating to
the body area concerned (Fig. 1).
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Fig. 2 Distribution of discomfort in the ironing section

Moreover, we have devised a questionnaire to investigate the discomfort experi-
enced by the workers while performing tasks such as ironing and sections. The main
objective is to pinpoint the areas of discomfort and analyze them subsequently to
devise preventive and remedial measures. The weights of these quizzes will be noted
as shown in Fig. 2.

0-1-2: no pain/4-5: moderate pain/6-7: severe pain 7-8: very severe pain/9-10
extremely severe

To evaluate the scores, we focused on severe and extreme pain, which corre-
sponded to scores of 7, 8, 9, and 10. By analyzing these scores, we were able to
assess the extent of discomfort experienced by participants and gain insights into the
severity of the pain. One commonly used method to define obesity is through the
calculation of the body mass index (BMI), which measures the ratio of an individual’s
weight in kilograms to their height in meters squared [19]. In addition to IT tools like
XLSTAT Premium and Excel version 2016, we used video and photo software like
CyberLink PhotoDirector and Movie Maker. The CSR method was employed with
the aim of not only attracting and retaining employees but also fostering a sense of
pride among them and improving performance. This method involves developing a
policy that encourages employee involvement and participation by selecting a line of
work that aligns with their interests and goals. To determine the timing of different
work phases involving bent postures, we measured the duration of each phase within
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well-defined time intervals such as [9:30 a.m. to 10:30 a.m.], [11:30:30 a.m. to 12:30
p.m.], and [2:30 p.m. to 3:30 p.m.]. We also accounted for the standard 30-min
breaks that companies typically offer, which occur on alternating days at either 10
a.m., 10:30 a.m., or 11 a.m., as well as at 11:30 a.m.

To conduct our study, we relied on several recognized standards, including the
international standards IN ISO 12228-3 and 12,226, which provided guidelines for
studying postures and repetitive gestures. We also consulted the Deutsch Institute
Standard, developed by the Deutsch Institute of Normalization, to obtain anthropo-
metric measurements that informed the design of workstation heights. Furthermore,
we applied the NF EN ISO 14738 standard for designing workstations, as well as
the international standard NF IN 1005-5, to ensure compliance with established
ergonomic principles.

3 Results

This study involved a participatory approach aimed at assessing ergonomic and orga-
nizational factors, which consisted of two parts. In the first part, we conducted a
detailed analysis of the risk factors to identify problem areas. To achieve this, we
used statistical tools and the OWAS method to evaluate the work environment in
the ironing sections of four companies. The second part of the study was focused
on proposing solutions to address the issues identified in the first part. Our analysis
yielded the following results.

3.1 Discomfort Quiz and MSD Risk Factors

The first set of results was obtained through a quiz, which was administered to each
operator and is presented in Table 1. By analyzing the responses, we were able to gain
insights into the level of discomfort experienced by workers in the ironing sections of
the four companies included in the study and identify specific areas for improvement.

Following were the findings of the body discomfort quiz and survey, which
measured the degree of discomfort felt by workers in the ironing sections while
standing on an ergonomic mat: 54% of the participants said they had musculoskeletal
symptoms in their legs, 24% in their right hand, 20% in their back, 19% in their left
hand and shoulders, and 17% in their neck and eyes. The necessity for interventions
to address the ergonomic issues experienced by workers in these fields is highlighted
by these self-assessments. Based on the self-assessments acquired through the body
discomfort quiz, Fig. 2 provides a clear visual picture of the distribution of discomfort
experienced by workers in the ironing sections. The graph displays the frequency of
musculoskeletal problems in various regions of the body, providing valuable insights
for developing targeted interventions.
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In this study, which focused specifically on ironing clothes, we used 30 partici-
pants with an average age of 33.8 years, an average difference in study size of 7.6,
and averages for weight, stature, and mass index of 78 kg, 161 cm, and 30.09 kg,
respectively. Body mass index, or BMI, is determined as follows: [20].

BMI = weight (kg)/height x height (cm) @))

Table 2 presents risk factors such as BMI, age, and degree of versatility according
to MSDs parameters.

This table’s findings show that there is a proportional association between age
and work adaptability, particularly among women. The greater their level of work
adaptability, which lowers their risk of MSDs, the earlier they begin learning. The
accompanying table, which summarizes the prevalence of risk factors for MSDs at
work by job category, demonstrates that when BMI rises, so does the likelihood of
developing MSDs. A rise in the average age of female workers may possibly be a
factor in the emergence of TMS.

Additionally, it is apparent that a correlation exists between these factors, with
a lesser degree of adaptability being associated with a higher percentage of female
workers being targeted by MSDs. As a result, these criteria as well as additional orga-
nizational aspects are a priority for resolution, as they can influence both production
and work quality.

Additionally, we have obtained the following results through Table 3 to assess the
neck posture of three female workers.

Table 2 Risk factors according to parameter

N | Risk factors parameters | Parameters Prevalence and percentages
Men and women (of the population
affected by MSD)

1 MSDs BMI It is around 30% among women in the

target population
It increases with time, around 10% in

women
2 MSDs Ages
<20 years * MSDs is 1% in women
20-30 years *MSDs is around 4% in women
3040 years * MSDs is around 15% of the affected
female population
> 40 years * MSDs is around 45% in women
3 MSDs Degree of versatility
*< 3 operations *The prevalence of MSDs is around

55% among women

*3-15 operations | *The prevalence of MSDs is around 5%

*> 15 operations *The prevalence of MSDs is about 5%
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Table 3 Neck posture summary

Posture Extension/flexion (frontal axis) % of | Lateral bending in % | Rotation
Name of the worker | M€

«H» 39 4 14

«I» 44.6 29 21

«S» 53 5 34

Fig. 3 Bent posture of the
worker’s neck

Interpretation

We observe that all workers have a percentage higher than 30%, and this posture can
lead to a risk of MSDs (ISO 11228, 2007) (Fig. 3).

3.2 Monitoring of Leaning Posture and Measurement
of Arduousness

The significance of constantly checking the workers’ posture is to spot unsafe
postures and gathering posture data to spot risky tasks. Surveys on the pain or
discomfort experienced by employees can be used to assess whether preventative
measures have been successful. The evaluation of work-related strain is valuable for
evaluating the effectiveness of preventive measures. Finally, regular posture checks
and strain measurements are necessary to effectively prevent MSDs. The following
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findings were made before correcting the operator’s hunched posture and assessing
the current situation:

Before Improvement

Ten measurements of the bent position (flexion/extension) were taken to get the
numbers in Table 4 above. We discovered a maximum duration that was 22.22 h per
week, or more than 20 h per week. (5.5 days in a week) Stress at work results from
this. Additionally, Fig. 4 provides a clear explanation of the lean time threshold.

Interpretation

Figure 4 demonstrates that the percentages of controls (x 1, x4, x5 ..., x 10) ranging
between 48 and 57% surpass the ceiling for the longest permissible length, which
is only 45%. Only the values of x 2 and x 3 are acceptable, and roughly 65%
of the work is produced while 80% of it is of high quality. This demonstrates that
the employee’s posture needs to be corrected right away. Keep in mind that a 44-h
workweek equates to 20 h every week, or 45.45%.

Table 4 Measurement of leaning posture (ironing)

Control X1 X2 [X3 X4 X5|X6|X7|X8 X9 |X10 |Average | % of | % en
numbers % of an heure/
time hour | semaine
in
min
% time in 50 (45 |40 (49 |51 |55 |48 |54 |57 |56 |50.5 32,9 |22.22h
leaning posture
> 20 h/week

Ironing Posture Time Check Card

57 56
51 22 54

60 5o 49 48

50
40

45

—0— % of max threshold time
30 /week

20 «=@==9% of min threshold time
10 /week

OO Qe Qe Qe Qe Qe Qe Q=D .
0 —O— % ofaverage time per

control

Percentage of time of the
leaning posture > at 20h

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

Control numbers

Fig. 4 Neck bent posture time control chart
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After Improvement

The following outcomes were attained after raising awareness among the workers
to break the habit of leaning forward and enhancing and changing the height of the
ironing table to the worker’s stature (Table 5).

This results in a gain of 19.75% ((% hours/week before improvement — % hours/
week after improvement)/%hours of work/week) * 100 = ((22.22 h — 13.53 h)/44 h/
week). Additionally, Fig. 5 depicts the 20° correction angle.

So, Fig. 6 explains well control improvement by reducing time of leaning posture
ironing.

Interpretation

The analysis of altering the operator’s posture to attain more pertinent percentages
of time (between 28 and 42%) of the duration of each control is summarized in the
graph (above). It demonstrates that the majority of posture percentages fall below
the 45% threshold. Performance has improved by 85%, while quality has improved

Table 5 Control and measurement of leaning posture (ironing)

Control X1 [X2|X3 [X4|XS5 |X6|X7|X8|X9|XI10 | Average | % of | % en
numbers % of an heure/
time hour | semaine
in
min
% time in 38 |28 [39.5]40 |38.5 /30 |25 |32 |28 |42 |30.75 20 13.53 h
leaning
posture > 20 h/
week

Fig. 5 Correction of the
bent posture of the worker’s
neck
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Ironing Posture Time Check Card
50

40 o0 o

/ . / 42 .
30 ?k'/ 39.5 40 385 \. e/ ®— % of average time per
30\\\‘/ 3 @ control

20 28 5 28 «=@= % of max threshold time

/week

10 e=@==% of min threshold time

/week

Percentage of time of the
leaning posture > at 20h

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

Control numbers

Fig. 6 Neck bent posture time control chart after improvement

by 95%. This enables us to draw the conclusion that the condition of the operator is
better and less exhausting.

4 Discussion on the Results

Comparison of what was found with other studies in Tunisia’s apparel industry: The
new figures we discovered in terms of MSDs sensation (54% for legs, 24% for right
hand, 17% for neck ...) are quite relevant compared to the national scale which is
around 80% and the European scale which is around 60%. Ergonomic studies in
Tunisia are quite recent and require more effort, equipment, human, and financial
resources.

Additionally, the findings of this study show that the average BMI is 30.09 9.4, and
that 30% of the population was found to have BMIs that were higher than the standards
advised, with “normal” body weight being between 18.5 and 24.9 kg/m?, especially
for women under the age of 35, who had a BMI of 25 kg/m? and above. Additionally,
gaining weight and having an unhealthy BMI might make musculoskeletal pain from
work and work-related psychosocial stress worse. One of our goals in this topic is to
ascertain how BMI affects musculoskeletal problems associated with the workplace.
Furthermore, this study revealed that the designed ergonomic ironing arrangement
causes more discomfort and work-related stress for older individuals with a BMI >
30, who make up 30% of the population. Additionally, TMS has less of an impact on
younger workers under the age of 30. The only persons who are affected are those
with high BMI ratios compared to approved standards. People are more likely to
develop TMS than those who participate in a wider range of activities if they engage
in repetitive physical activity or spend a lot of time in uncomfortable positions. They
move and position themselves in a wider range of ways during the day. By limiting
the abuse of specific body components and allowing for appropriate recovery, greater
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variety can aid in the prevention of TMS. In this study, we have found that the workers
who are most negatively impacted are those whose level of variety is less than three
procedures.

5 Recommendation

It is impressive in this context to lessen and eliminate MSDs by taking preventative
measures and incorporating them into the company’s occupational risk management.
The effectiveness of preventive strategies in lowering the risks of MSDs should be
regularly assessed for their relevance. Workstation customization: Stretching should
be promoted to employees on a regular basis, as needed, before, during, and after
work. It is essential to educate and train staff members, managers, and supervisors
about MSDs and how to prevent them. This will help them spot the early warning
symptoms of these conditions and motivate them to adopt healthy postures and
motions. Regular observation: to assess in real time the efficacy of adopted measures
and adjust them appropriately, it is critical to routinely monitor MSD indicators,
such as sick leave due to MSDs and complaints of pain and discomfort. Alternating
between jobs will allow workers” muscles to rest; selecting the proper instruments
(a light iron for ironing, for example); adjusting the ironing tables’ height to fit the
stature of each operator; setting up a different ironing station for a seated position
between other workstations. This study revealed that some workers were not strictly
employing ergonomic mats, which supports a rise in the proportion of leg discomfort
along with other factors, including a body mass index that is higher than the threshold
level. Out of a total of eight hours (one workstation/five operators), each operator
spends two hours every day sitting down, alternating between sitting and standing
postures during apprenticeship training. For instance, they would sew for the first
part of the day and then swap ironing duties with other trainees for the second.
In conclusion, it is critical to take preventative steps and promote consideration of
postures and gestures.

6 Conclusion and Perspectives

To conclude, these factors have played an important role in calculating the risk
factors. It is critical to familiarize yourself with studies on work parts, pinpoint the
root problems, and weigh the importance of potential solutions. Companies in the
worker/employee category must do more for their staff members. To further the goals
of the CSR project, the organization must forge international partnerships. 65% of
people have MSDs, and women over 40 are the most likely to have one because of
things like age, BMI, and a lack of flexibility, among other things that need more
research. Moreover, they (women between the ages of 20 and 40) represent 15% and
4% of the population, while young women under 20 years’ old who start their careers
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early are less affected if the working conditions are favorable (better ergonomic
conditions). The results obtained with these ergonomic methods and tools, such as
reducing the posture of leaning and decreasing monotony in ironing positions by 15%
through alternating positions, have resulted in positive improvements in performance
by 5-10% and in work quality by 10%. These outcomes show that the staff is making
an effort to meet the goals. Based on these results, this group of companies is still
working on how to develop its managerial and organizational strategy for sustainable
development projects with SMART objectives at various levels, including health,
safety, ergonomics, quality, and productivity, in accordance with priorities and the
urgency of problems as they arise. To reach a maximum of 5% of our goals, efforts
should be undertaken to lessen the limitations that MSDs cause by 5% annually.
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An Algorithm at Incoming Quality )
Control of Raw Woven oo
Fabrics—Cottonade Jacquard

Tashka Ivanova Koleva and Ivelin Rahnev

Abstract The quality control procedure of the fabrics between the weaving produc-
tion and the subsequent dyeing and finishing processes is mostly intermediate in
nature. From the removal of the raw fabric from the loom, to the final grading and
storage, fabrics have the properties of semi-finished products. At the output of each
process, the fabric exits with output lab results, which are sometimes checked at the
input of the next process. The intermediate nature of the previous quality control
consists in the speed of obtaining a quality assessment and adopting a technological
decision for the upcoming processing. The subject of this article is a complex of
laboratory tests and qualitative analysis arranged algorithmically for the selection of
raw fabrics. The purpose of the development is to compile an operative procedure for
the incoming control of the QMS for the correct direction of the raw fabrics during
dyeing, printing and finishing.

Keywords Textile -+ Metrology - Fabrics

1 Introduction

Like any organization, a textile enterprise with a vertical structure conducts inter-
mediate quality control in the transition between the weaving mill and the finishing.
Two factors determine the proper routing of the raw fabric to subsequent dyeing,
printing, or finishing operations. The first one is the complex of physico-chemical
properties of each fabric roll. The properties and overall quality of the fabric are a
consequence of the combination of the input parameters of the fibrous raw materials,
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the construction of the threads and the fabric, as well as the general machine mode.
And the slightest change in any of the input parameters leads to a deviation of the
properties of the fabric, such as areal mass and its distribution, background colour
of the surface, and isotropy of mechanical resistance. Knowledge of the properties
predetermines the general mode of subsequent treatments. For example, for a fabric
roll with the same composition and construction, the shades of the raw surface deter-
mine whether the fabric will be dyed in dark, saturated colours or — clear, light tones.
The second factor is the effectiveness of the chain of custody implemented, which
tracks each fabric roll from the incoming weaving threads to the off-loom raw fabric.
Even in the case of a complete match of both factors, an additional evaluation of the
fabric rolls is required. The goal is to avoid accidental deviations that would lead to a
deterioration in the quality of the finished fabric. The non-admission of inappropriate
processing during the refinement of the raw fabric requires a mandatory intermediate
control between the weaving loom and the finishing.

The subject of this article is a complex of laboratory tests and qualitative anal-
ysis arranged algorithmically for the selection of raw fabrics. The purpose of the
development is to compile an operative procedure for the incoming control of the
QMS for the correct direction of the raw fabrics during dyeing, printing, and finishing.
Tasks: literature research, technological observations, sampling, laboratory tests, and
qualitative analysis.

2 Theoretical Prerequisites

The declared construction parameters of the raw fabric can serve as a starting point
above all for the partial rejection of some laboratory tests, such as checking the
fibrous composition and, the type of weaving threads and the weave.

As appropriate, the intermediate quality control covers the following indicators:
width and areal mass in the middle and both ends of the fabric, surface fastness, and
mechanical resistance on warp and weft. The final quality assessment is based on
the laboratory determined colour shade of each roll of raw fabric against a suitable
benchmark. The width of the fabric is measured under ISO 3801 [1] conditions, where
one to three consecutive measurements are recorded and then averaged. Clause No.
6.7, method 5 for determining the mass per unit area by means of small samples
according to ISO 3801 is applied for the determination of the areal mass.

The average surface mass of the fabric in one roll is important when grouping
several rolls in one group to achieve uniformity in dyeing and finishing. Of greater
importance is the uniform distribution of the surface mass across the width of the
fabric. The evaluation of the non-uniformity of the weight distribution is universally
represented by the coefficient of variation by mass relative to the middle and both
ends of the fabric. The limit value of the coefficient of variation (Cv(weight) < 5.0%)
above which the fabric is declassified was established by a long experimental work
by Andonova and Rimini in 2020 [2].
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Another main indicator for the selection of raw fabric with relatively uniform
properties is the colour shade of the face and the reverse surface. Colour differences
are usually applied in case of inconsistencies in the fastness of dyes and textile mate-
rials. It is a complex of prescriptions and recommendations collected in the series of
standards ISO 105. Part A02 (ISO 105-A02) [3] describes the “5-level grey scale”
as a means of assessing colour deviations between a standard and a test specimen.
The primary purpose of grey scale is to allow evaluations and judgement of match/
mismatch between reference and sample. The means and method are suitable for oper-
ational quality control of a discrete nature (0/1). The duration of visual observation,
comparison and subjective inference is small, but does not have a detailed numerical
value of the deviation. Therefore, grey scale is not suitable for mass selection and
classification in groups of large volume of samples or rolls of fabric.

The colorimetric system CIE 1964 10° [4] of CIELAB colour space represents
colour by three values: L—for the light/dark characteristic of colour and (a* and b*)
for the four single colours of human vision: red, green, blue, and yellow. Despite
the receptor differences, the system is extremely useful in industry for detecting
small colour differences. This system uses the standard St-D65 daylight [8]. The
total colour difference is calculated according to the well-known formula from 1976
with known parameters of saturation and colour deviation, respectively— [AL] ,

[Aa) *and [Ab] *:

AE*, =/ AL? + Aa*> + Ab* (1)

The essential contribution of the application of the AE CieLab colorimetric system
and the datacolour spectrophotometer is obtaining a numerical estimate of the colour
difference between the selected standard and each of the samples row.

The presence of a numerical row of single values for each sample allows gradation
from minimum to maximum difference, as well as grouping of samples according
to acceptable limit values. The values of each group are limited to the interval of
1020 which corresponds to an evaluation level of 4-5 of the 5-point grey scale.
The evaluation and application of numerical data from spectrophotometers acquire
the meaning of a practical guide from the experimental studies of Staneva and his
team [5]. In some cases, the weaving threads or the raw fabric go through a treatment
that is the deposition of a thin layer of optical bleachers/brighteners. The fluorescent
properties given to the fabrics sharply distinguish them from the others. Mixing
optically bleached with untreated fabrics during dyeing or printing risks failure of
an entire production batch. Practically useful for the identification of fluorescent
substances are the experimental studies of Staneva and colleagues [6].

Various complex fabric grading systems are known. Such a system is the Tiger
of Sweden Standard Trading Procedure (STP) point system, [7]. In this system, as
in others, the focus is on the correspondence between the declared and established
quality of the fabrics. Derivative results from these systems relate to the final ranking
of fabrics and the awarding of corresponding trade values. These systems do not
consider the properties of fabrics as a prerequisite for future technological adjustment.
The advantage of the presented algorithm consists in the targeted application of the
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established quality indicators to the corresponding machine mode of processing and
equalization of the quality of the general population.

3 Experimental Work

The experimental work was carried out in the production conditions of E. Miroglio
EAD and reflects the working procedures for the application of the QMS in the
internal quality control.

3.1 Experimental Set

The subject of the experimental work is raw jacquard woven fabric—cotton type.
The fabric consists of 79% cotton, 18% polyamide, and 3% elastane in the weft. The
width of the raw fabric is 145 cm with a surface mass of 190 g/m?.

The warp has a density of 900 threads/dm and consists of polyamide monofilament
with a linear density of Tt 3.6 tex. The wefts have a density of 300 threads/dm and
consist of cotton core spun yarn with a linear density of Tt 37.2 tex. Figure 1 shows
microscopic photographs of the fabric face.

A standard circular scissors and an electronic scale provide the main laboratory
equipment for the weight selection of the fabric. The optical properties of the fabric
face were tested with a Leica MS5AmScope microscope and a MU100 3B camera,
a Datacolour 600 spectrophotometer, and a very vide SAC 120 UV light camera.

Fig. 1 Jacquard cottonade face view
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3.2 Description of Experimental Tests

From the available general population of the reportable fabric, individual samples
from each roll are separated, labelled, and sent for testing.
The measurements are arranged in the general procedure as follows:

e measurement of the area mass in the middle and near the two selvedges of the
fabric;

e determination of fluorescence response for use of optical bleachers on fabric;

e measurement of the surface colour of the face of the fabric compared to a reference
white colour (Datacolour—white plate) on the spectrophotometer.

3.3 Experimental Results

The results of the fluorescence reaction are discrete in nature (0/1). The performed
inspection facilitates the separation of the optically bleached rolls of fabric for the
appropriate subsequent treatment. Figure 2 shows the light response of an optically
bleached sample and an untreated sample under the action of a UV lamp.

The selection and grouping of the population is based on areal mass measurements
and photometric measurements. According to the order of the general procedure, the
measurements take place in two stages:

Fig. 2 Optical bleachment
UV identification
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Table 1 DeltaE CieLab levels
Groups levels of DeltaCieLab

Light Medium Light Medium Dark Dark
Min Max Min Max Min Max Min Max
2.88 3.88 3.89 4.86 4.94 5.88 5.89 6.89

Table 2 Surface mass levels Groups levels of surface mass, g/m?

Light Heavy
Min Max Min Max
177.0 188.0 189.0 199.7

First, the photometric properties of the fabric face are measured. Numerical values
from colour measurements—DeltaCieLab—are presented in Table 1.

At the second stage, the weights of the small samples are measured across the
width of the fabric. The measurement data are given in Table 2.

As a result of the measurement of one property—surface mass after processing,
two main indicators are obtained. The first indicator is the average surface weight
of the fabric roll, and the second indicator is the unevenness of the surface weight.
Both indicators are equally important when selecting the rolls and grouping them
into relatively uniform lots.

4 Analysis and Discussion

From the obtained results, three numerical series are obtained—of the colour differ-
ences, the average mass, and the unevenness in the distribution of the surface mass.
These three numerical series: colour, weight, and unevenness become clear after their
arrangement in ascending order and graphical visualization. In Fig. 3, the distribution
functions of the three indicators are given in three graphs.

First of all, it should be pointed out that this arrangement only shows the increasing
nature of the distribution functions. That is, these functions are not equally related to
the fabric roll, but according to their value. Without direct relevance to the purpose
of this paper, the distribution functions are linear in nature. This means that among
the rolls of fabric there are no extraneous rolls that accidentally fell into the general
assembly. Furthermore, the linear nature of the property variation suggests a harmo-
nious grouping of the rolls. In this way, the smooth transition of properties between
individual groups will be preserved.

The groups will be a prerequisite for adjusting the subsequent treatments so that
finally a general population with relatively uniform quality is obtained.
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Fig. 3 Numeric series development

The first grouping selection is by colour. Colour differences range from 2.88 to
6.89 DeltaCieLab. Considering that the permissible deviations are within the limits of
ACieLab = + 1029 then all the rolls are grouped into four groups: light, medium
light, medium dark, and dark. This is how all the rolls from the general population
are initially grouped.

The second selection is the rejection of rolls with weight unevenness Cv(weight)
> 5% from their colour groups and setting them aside as potentially non-conforming
product.

The third selection involves the rolls, grouped into four colour groups. The general
assembly consists of a common batch of one type of fabric with the same raw mate-
rials, construction, and properties. From the weight distribution functions, it is found
that the margin varies from —10 to + 10% relative to the surface mass average value.
The requirement not to allow deviations greater than 5% necessitates the regrouping
of the rolls into two subgroups: light and heavy. Thus, each of the colour groups is
divided into two subgroups: light and heavy.

Thus, eight groups are formed with internally uniform properties in terms of colour
and weight. In order to practically ease the technological flow in the production
program, the fourth colour group “dark” is combined and includes both the light
and heavy rolls, as well as the uneven ones from the second stage of selection. The
seventh group formed in this way contains rolls of fabric with properties and quality
that are borderline to the non-conforming product.

Algorithmic sequence of the work procedure.

Sampling;

Labelling;

UV optical bleaching identification;

DeltaE CieLab colour differences measurement;
Small sections weight measurement;
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5

Fabric face colour selection and groupment;
Unevenness mass selection and groupment;
Surface mass selection and groupment.

Conclusion

The present paper is predominantly experimental in nature. The development reflects
a practical solution to optimize incoming quality control of raw or finished fabrics.
The proposed algorithmic sequence of operations can constitute a work procedure
from the QMS of a textile or sewing enterprise. As a direction for future research, the
need to determine the correlation dependences between the weight characteristics
and the optical properties of the face of the fabrics is outlined.
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Application of Multi-objective Ant m
Colony Algorithm to Resolve Textile oo
Color Matching Problem

Sabrine Chaouch, Ali Moussa, and Neji Ladhari

Abstract Color formulation is a crucial aspect of colorimetry, especially in the
dyeing and finishing industries where it poses a significant challenge. To address this
issue, this study proposes a multi-objective ant colony algorithm designed to resolve
textile color matching problem by optimizing the reproduction step of requested
target color. The algorithm achieves this by minimizing both color difference and
metamerism between the proposed and the target color. To test the developed algo-
rithm, reactive and direct dyestuffs were used for dyeing cotton samples, resulting in
impressive results. All the obtained color differences were either below or within the
acceptable threshold of 1, and approximately 75% of the samples displayed minimal
metamerism, indicating a good match.

Keywords Color recipe prediction * Ant colony algorithm - Color matching -
CMC color differences + Multi-objective function - Metamerism index

1 Introduction

Color has become a critical factor in the selection and quality of many products
today, especially in textiles, where colors are obtained through dyeing or printing.
The challenge in textile industries is to formulate the right color, which involves
predicting the optimal recipe of compatible dyestuffs and their respective quantities
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required to attain an identical color match. Over the years, various methods have
been developed to predict color recipes [1, 2], with the majority derived from the
Kubelka—Munk approach [3]:

K  [1—RWP
S 2x RO

(1)

where R, K, and S are the reflectance, the absorption, and the scattering coefficient
at a given wavelength A, respectively.

However, assumptions are needed to formulate differential equations when
employing the Kubelka—Munk theory [2]. These assumptions dictate that the absorp-
tion and the scattering coefficients of single dyes are proportional to their quantities
and are additive in a blend. Moreover, each dyestuff in a blend behaves independently,
with the substrate contributing significantly to the scattering. There is also a linear
relation between the concentration C; of every dyestuff D; and its (%)I valor, which
makes it possible to determine the concentration of each dyestuff in any specific
mixture [2] as follows:

K K - K
<§>mix - <E>sub * ;Cl . (E>z (2)

where mix, sub, and i stand for mixture, substrate, and dye D;, respectively, and n is
the total number of mixed dyes.

Various approaches and techniques have been elaborated to tackle the problem
of textile color matching, including colorimetric and spectrophotometric methods
[4-7]. For example, Agahian and Amirshahi have proposed a new color matching
algorithm based on the equalization of the principal component coordinates of sample
and target. Results indicate some types of improvements in comparison with similar
previous algorithms [4]. Shams-Nateri has also proposed in this context an algo-
rithm based on the derivative of the principal components as well as the derivative
of the Kubelka—Munk function [5]. Moussa has proposed a new approach based
on linear programming optimization to solve the textile color formulation problem
which showed very good results with very small values of errors and color differences
[6]. Furferi and Carfagni have proposed a mathematical assessment of spectrophoto-
metric color matching which showed satisfactory results [7]. Other researchers have
proposed artificial intelligence techniques for color formulation problem [8—12]. In
1991, Bishop et al. have developed a neural network algorithm for recipe prediction.
The application of this method represented a radical departure from conventional
mathematical treatments, and this initial study suggested that the approach may be
successful [8]. This technique was subsequently improved by several researchers,
to improve the performance of the prediction system, and Almodarresi et al. have
combined the neural network and the scanner technique [9]. Jawahar et al. have also
developed an artificial neural network model to predict color recipe based on tristim-
ulus values given the concentration of dyes. Results showed that this method has the
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potential to give better predictive performance than the conventional Kubelka—Munk
model [10]. Genetic algorithm was also used in color prediction. It is a metaheuristic
technique inspired by the process and the evolutionary ideas of natural selection
and genetics (selection, crossover, and mutation) [12]. Another artificial intelligence
technique was introduced by Chaouch et al. who proposed a new method of predicting
recipes by applying the ant colony algorithm [11].

Howeyver, as far as we know, no research has been carried out on the use of multi-
objective ant colony optimization algorithm to resolve the textile color matching
problem. Additionally, no one of cited studies have combined both color difference
and metamerism as optimizing criterion within the same multi-objective function for
selecting the optimal dyeing recipe, during the recipe selection process. Instead, color
differences were calculated under a second illuminant after the recipe had already
been chosen, which often required corrections to the recipe.

So, to sum up in all the mentioned methods researchers have developed some color
formulation algorithms whose objective was to optimize the color recipe prediction
step in reproducing the desired shades by minimizing only the color differences
between the target color and the color obtained by the proposed recipe. They did not
introduced the phenomenon of metamerism as an objective criterion simultaneously
with color differences from the start and before choosing the recipe. In fact, after the
choice of recipe, some researchers calculated the color difference under the second
illuminant that generated sometimes some corrections in the proposed recipe.

Given that metamerism phenomenon is a crucial problem in all textile color
matching steps, we introduce an ant colony optimization algorithm with a multi-
objective function allowing the prediction of the most suitable color dyeing recipe
that reduces both color difference and metamerism from the beginning of color repro-
duction process. This way, the developed algorithm selects the recipe that minimizes
both criteria simultaneously from all available dyes. The algorithm efficiency was
tested and proven.

2 Experimental

2.1 Materials

The textile samples utilized in this study were 100% bleached cotton fabrics. Two
sets of dyes were employed to dye these samples, including three reactive dyestuffs
(CI Reactive Blue 235, CI Reactive Red 238, and CI Reactive Yellow 145) and four
direct dyestuffs (CI Direct Black 22, CI Direct Orange 34, CI Direct Blue 85, and CI
Direct Red 227) obtained from Huntsman Company without any further purification.

To ensure compatibility and uniform dyeing properties among the dyestuffs
blended in the same dyebath, their compatibility was evaluated and confirmed using
the same methodology as described in the literature [13].
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Table 1 Optimal recipes of Type of dyes Stage | Product Value
dyeing
Reactive dyestuffs | A Reactive dyes X%*
Wetting agent 3 mL/L
B Electrolyte Yb
C Caustic soda i
Direct dyestuffs A Direct dyes X%*
Wetting agent 3 mL/L
Sodium carbonate | Y®
B Sodium sulfate zb
X% is the concentration of used dyes
Y and Z are determined depending to the concentration of used
dyes
2.2 Dyeing

The optimal dyeing recipe and procedure, for the two range of used dyes, are
presented in Table 1 and Fig. 1, respectively.

Cotton fabrics were dyed with reactive and direct dyestuffs in a laboratory dyeing
machine (Ahiba Nuance Top Speed) maintaining the material and liquor ratio of
1:10, at different dye concentrations from 0.05 to 4%. To test color reproducibility,
each dye was performed three times.

2.3 Color Evaluation

The color of the dyed cotton fabrics was evaluated using a spectrophotometer (Spec-
traflash 600 Plus) under specific measuring conditions (measurement range: 400
to 700 nm, illuminants: D65 and A, standard observer: 10°). To reduce errors in
reflectance measurements, three measurements were done at different locations for
each sample [14].

To assess the color difference between the proposed and the target color, the CMC
equation was used [15]:

2 2 27172
AE _ (AL + act + AHT 3)
CMC(l:c) — lSL CSC SH
where SL, SC, and SH are weighting functions that adjust the CIE differences
depending upon the location of the standard in CIE 1976 color space. (AL¥*) is the

lightness difference, (AC¥*) is the chroma difference, and (AH*) is the hue differ-
ence. The [ (lightness weight) and ¢ (chroma weight) were included to allow different
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Fig. 1 Optimal process of dyeing. a Reactive dyestuffs; b direct dyestuffs

weights to be used depending on the circumstances. The best / and ¢ values, in textiles,

have been found to be 2 and 1, respectively [16].
To calculate the index of metamerism M/ in this study, the following equation

was used [17]:

12
Mlpssja = [(DLpgs = DL} + (DChos — DCL)’ + (DHjpes — DH;)’
“4)

where DL* = ?TL:, DC* = éTCC* and DH* = AS—IZ* calculated under illuminants
D65 and A.
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2.4 Multi-objective Ant Colony Algorithm

The ant colony optimization (ACO), an optimization algorithm that was introduced
by Dorigo and Caro in the 1990s [18], is purely inspired from the foraging behavior
of real ants. In their search for food, the process begins with ants exploring the
surrounding area randomly while leaving a chemical pheromone trail as they move.
The pheromone acts as a guide for other ants, as they are able to smell it and are
more likely to choose paths with higher pheromone concentrations. If an ant locates
a source of food, it will assess the quality and quantity of that food before bringing
it back to the ants nest. On the way back, the ant may leave a stronger pheromone
trail if the food is of higher quality or quantity. Through indirect communication via
pheromone trails, ants are able to discover the shortest itinerary between that source
of food and their nest [19].

In a single-objective ACO, we try to solve a problem by optimizing one single
objective or criterion. While, in multi-objective ACO, we try to solve a problem by
optimizing several objectives or criterions simultaneously.

To solve color matching problem in textile industries, our developed algorithm
operates under the assumption that the reference color acts as the source of food,
while the various dyestuff concentrations constitute the paths discovered by ants
in looking for this source. The optimal dyeing recipe, which minimizes both the
CMC color differences and the metamerism between the proposed and the reference
colors, is likened to the shortest path between the ants nest and the source of food.
The algorithm’s multi-objective function f consists in our work to minimize both the
CMC color difference and the index of metamerism at the same time, using weights
(2 and 1-2) for each one of the two objectives:

f=AEcyce1)- QL+ Mlpes)a.(1 — 2) @)

where f is the multi-objective function, AEcpc(2:1y is the CMC color difference,
M Ipes;4 is the index of metamerism, and §2 is the weight of factor to balance
AEcmce:1y and M Ipgs; 4 (0 < £2 < 1). £2 was fixed to 0.5 to have the same importance
of the two criteria.

In effect, in the developed algorithm, each ant in the colony is required to randomly
select a concentration Cj; for each available dye in the first iteration and follow well-
defined probabilities in subsequent iterations. As the ant moves through the path,
which is a solution, it selects different concentrations of dyes to form a dye recipe.
By implementing each predicted solution in dyeing, the resulting color is compared
to the desired color, and some color differences and metamerism are obtained. The
best solution is the one that minimizes the multi-objective function f, which aims to
minimize both AEcyc(2:1) and M1 pgs simultaneously.

At each iteration ¢, the choice of the concentrations is done randomly, based on
the probability value P;;:
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(0.

Pjt)= —————%
Dent Til (1)1

(6)

where:

P;;(t) is the probability to choose the concentration j of the next dye after choosing
the concentration i of the current dye;

7;; is the value of pheromones between the concentration i of the current dye and
the concentration j of next dye;

nij = % is the visibility between these two concentrations i and j;

Ni" is the set of concentrations of dye that the ant has not yet chosen at the moment
L

o and B are the parameters controlling the relative importance between the rate of
pheromones and visibility.

The updating of pheromone values is done as follows:
;1) = p.1;;(t — 1) + Az, (7N

where p is the evaporation parameter of pheromones and At;; = %

The process of the proposed ant colony algorithm consists of several steps as
shown in Fig. 2.

The performance of our proposed algorithm depends on the choice of its param-
eters; they have an impact on the quality of the obtained results. So, in order to
optimize the ACO parameter values, a full factorial design was performed. The vari-
ation levels considered for each parameter are presented in Table 2. The values were
selected according to previously researches. The result analysis was achieved using
MINITAB statistical software with 0.05 significance level.

3 Results and Discussion

To test the efficiency of the proposed multi-objective ACO, 40 reference samples
were prepared using various mixtures of direct and reactive dyestuffs. The objec-
tive is to predict the optimal recipe for each standard color using both reactive and
direct dyestuffs simultaneously. The optimal recipe is the one that minimizes both
the AEcuc2:1) and Ml pes/a criteria between the proposed and the reference color,
combined in f. To achieve this, the developed ACO is applied to select the most
suitable dyes from all available options and estimate the ideal dyeing recipe.

The ACO algorithm parameters have been set depending to the results of the full
factorial design. Indeed, the optimization plot presented in Fig. 3 proposes that those
factors including Nz, Naus, @, B, and p should be at 2000, 81, 0.5, 0.5, and 0.1,
respectively.
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Fig. 2 Process of the proposed multi-objective ACO

Table 2 ACO parameters

.. Variation levels
and variation levels

Parameter

Number of iterations Nz, 500; 1000; 2000

Number of ants N s 2;20; 81

Pheromone rate « 0;05;1;2;5

Visibility rate 0;0.5;1;2;5

Evaporation ratep 0;0.1; 0.5;0.9; 1
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Fig. 3 Optimization plot of algorithm parameters

Figures 4 and 5 show the results of applying the developed multi-objective ACO
algorithm in proposing dyeing recipes for the 40 standard samples. For each standard
sample, five simulations were carried out, so the obtained values of AEcyc(2:7) and
Ml pesipare the results of five different simulations. We observed in Fig. 4a great
color match between all the predicted color recipes and the reference colors. In fact,
all AE cpreq2:1) values are significantly less than the textile threshold of 1 [20], except
samples 25 and 36 which its maximal values of AEcyc2:1) are close to the limit of
textile threshold.

Concerning the metamerism index shown in Fig. 5, we notice that about 75% of
predicted color recipes present a good color match, it has lowMI pgs/s values (less
than 1). The highest M1 pgs/4 values for other samples (greater than 1) can be related
to the use of dyestuffs different from those used in reference sample preparation. It
therefore needs further analysis.
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Fig. 4 Optimal values of CMC color differences AEcuyc(2:1) between colors reproduced by the
ACO and the reference colors
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Fig. 5 Optimal values of metamerism index M1 pss/4 between colors reproduced by the ACO and
the reference colors
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4 Conclusion

This study describes a new algorithm for solving textile color matching problem,
which uses multi-objective function to reduce both AE cyc(2:7) and M1 pess/a between
the obtained and the reference color. The technique of combining AEcpyc2:7) and
MT pes/a in the same algorithm function f is helpful in achieving good results in color
matching process. Application of this algorithm to reformulate standard colors results
in satisfactory outcomes, along with most proposed recipes having small values of
color differences and minimal metamerism. These initial findings demonstrate the
potential of the developed multi-objective ACO and suggest further investigation is
warranted.
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Abstract Fabric defects can be attributed to various factors such as raw material,
spinning, weaving, knitting, and dyeing processes. These factors are the main causes
of fabric defects, which are a major quality issue in the garment industry. The demand
for high-quality fabrics has increased, and customers are now more aware of “non-
quality” issues, leading to higher quality requirements. In this paper, we propose
a deep learning approach based on neural networks for defect detection. In fact,
we have developed a new methodology for detecting DENIM weaving defects to
facilitate fast, efficient, and accurate decision making. Our neural network model is
based on the VGG16 architecture, which generates convolutional feature maps. A
classifier was used for our specific classification case. The proposed methodology
was tested on a dataset containing a large number of images with and without defects.
This approach showed an excellent overall model accuracy of 98.52%.

Keywords Textile defect - Deep learning + Convolutional neural network
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CvV Computer Vision

SGD  Stochastic Gradient Descent
ACC  Accuracy

CPU  Control Processing Units
GPU  Graphics Processing Units

1 Introduction

Fabric defects can arise from various sources, including raw materials and the produc-
tion process. These defects can occur at any stage of fabric manufacturing and have
a significant impact on the fabric’s quality and usability. Faulty yarns or incorrect
machine settings can lead to different defects, affecting the fabric’s properties and
influencing its sale. Detecting these defects is crucial for DENIM fabric production
and quality management. However, manual inspection is subjective and often lacks
precision, with quality control personnel only able to detect around 70% of fabric
defects [1]. The presence of fabric defects not only compromises quality but also
diminishes profits. Moreover, prolonged exposure to intense light during inspec-
tion poses risks to workers’ eyesight. Consequently, there is a growing demand for
automated inspection systems to address these challenges.

Fabric defects are typically classified into minor, major, and critical categories
based on their impact on product purchase and fabric ranking. Minor defects have
minimal influence on the purchase decision, while major defects affect the purchase
process, and critical defects significantly lower the fabric’s ranking. Surface defects
are further classified into two quality standards: surface color change and texture
irregularity. These defects, such as yarn defects, weaving defects, isolated defects,
pattern defects, and wet processing defects, stem from raw materials or the production
process. A collection of common DENIM fabric faults is illustrated in Fig. 1.

The objective of this research is to develop an efficient and fast approach for
detecting DENIM fabric defects using deep learning and neural network techniques.
To address the variety of production defects, a dataset of high-definition images of

Hole Serried Missing pick

Fig. 1 Examples of DENIM faults
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DENIM fabric was collected from a prominent DENIM fabric company in Tunisia.
The dataset encompasses major defects such as knots, holes, and oil stains, which
were identified through visual inspection and confirmed by experienced fabric inspec-
tors. The defect details are clearly outlined, covering a comprehensive range of major
defects in DENIM fabric.

CNN:gs, or convolutional neural networks, are a category of deep neural networks
used in the field of deep learning. They are specifically designed to process grid-
structured data, such as images, using convolutional and pooling layers. CNNs
are highly effective in extracting important features from images and performing
tasks such as recognition and classification. Compared to linear models like SVM
and logistic regression, CNNs have the advantage of learning more complex and
nonlinear data representations, making them particularly suitable for solving chal-
lenging imaging problems and achieving better performance. It is worth noting that
the use of techniques such as transfer learning (VGG16, ResNet, Inception, etc.) can
also help overcome the lack of data by leveraging previously acquired knowledge
from pre-trained models on large datasets.

Indeed, deep learning (DL) is a powerful method of machine learning that allows
algorithms to learn autonomously from datasets. Convolutional neural networks
(CNNs or ConvNets) have emerged as the most effective and widely used algo-
rithms in computer vision (CV) since the early 2000s. CNNs consist of layers with
diverse functionalities, including trainable parameter layers and layers dedicated to
function implementation.

Machine learning (ML) is the field that enables computers to learn and improve
from experience without explicit programming. During the training process, the ML
model receives input data and extracts natural patterns and salient features from them.
Based on these features, the model learns to associate attributes with each sample or
assign samples to identified clusters. This enables the model to make predictions on
new, unseen data. CNN architectures such as FCN [2], U-Net [3], SegNet [4], and
their successors share common components like convolution, pooling, and activation
functions. The pooling layer plays a crucial role in preventing overfitting and reducing
spatial dimensions. Deep networks can consist of more than 100 convolutional layers,
for instance, VGGNet [5] with 16 layers and ResNet [6] with 152 layers. To enhance
the segmentation of fine structures, additional processing is incorporated into CNNs
to refine the coarse CNN outputs.

2 Materials and Methods

We have designed and produced a device that simulates the fabric displacement in
an inspection machine and a loom to scroll the DENIM fabric (see Fig. 2). A fixed
camera was installed to capture faults. We used a 13 MP camera and D65 10W/IP
65 lighting. Choosing the lighting is essential for the quality of a shot. It facilitates
subsequent evaluation of the image.
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Fig. 2 Fabric scrolling device

A resizing of the image base is necessary. In deep learning, resizing images is a
critical preprocessing step in CV. Principally, deep learning models train faster on
small images.

GPUs are processors suitable for training neural networks. The GPUs accel-
erate the parallelizable computation-intensive portions of code, while the remaining
sequential portions are processed by the CPUs. Neural networks require many matrix
operations, which are accelerated when distributed across the thousands of GPU
cores. The training of our model was carried out on a workstation with Intel(R)
Xeon(R) W-1250P CPU @ 4.10 GHz, 16 GB installed RAM (15.7 GB usable), 64-
bit operating system, x 64 processor and Inte]l UHD graphics P630 with 6 cores and
12 threads, and a maximum turbo frequency of 4.7 Ghz. The increase in calcula-
tions offered by our workstation, allowed us to speed up our processing of standard
routines such as activation functions.

Our model uses transfer learning with the VGG16 model. We start by loading
the pre-trained VGG16 model and then add fully connected layers on top of it.
The model is created using the sequential class from Keras, where the first layer is
the VGG16 model added using the add() method. Next, a flatten layer is added to
convert the outputs of the VGG16 model into a one-dimensional vector. To introduce
non-linearity and learn more abstract representations of the data, two fully connected
layers are added. The first layer has 256 neurons with ReLLU activation, and the second
layer has 128 neurons also with ReLLU activation. Finally, a last fully connected
layer is added, corresponding to the number of classes to predict, using the softmax
activation function to obtain a probability distribution over the classes.

The learning rate used in this model is set to 0.001. The learning rate controls
the magnitude of weight updates in the model during training, which affects the
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Fig. 3 CNN model flowchart

convergence speed. A higher learning rate allows for faster convergence but may
lead to oscillations or instability. On the other hand, a lower learning rate allows
for slower but more precise convergence. In this model, a learning rate of 0.001 is
chosen for the SGD optimizer to strike a balance between speed and accuracy.

The neural model (see Fig. 3) is trained using the stochastic gradient descent
(SGD) optimization algorithm, and the weights are updated using the error back-
propagation algorithm. The goal of the gradient descent algorithm is to adjust the
weights in such a way that the error is reduced at each iteration, effectively following
the slope of the error surface. The training process of our model is facilitated by the
KERAS fit generator libraries, which handle the gradient descent and optimize the
network’s cost function.

To train our network, we divide the images into an 80-20% ratio for training
and validation, respectively. This means that the model learns from the training
set and then evaluates its predictions on the validation set. Both datasets are labeled,
indicating whether or not the images belong to the defect class. The dataset comprises
331 images of size 4160 x 3120 pixels, which are resized to 224 x 224 pixels. The
dataset is further divided into 230 training images, 71 test images, and 25 prediction
images. The distribution between the training and validation sets is illustrated in the
following diagram (see Fig. 4).

3 Results and Discussion

By applying transformations to the input images, we were able to improve the perfor-
mance of the network. We specifically utilized image augmentation techniques with
the KERAS image data generator to increase the variability in our dataset. This
approach is commonly used in deep learning to generate additional samples and
enhance the efficiency of the network, particularly when working with a limited
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dataset. As a result, our approach achieved a high level of accuracy in accurately
identifying DENIM defects. The outcomes of our model are illustrated in Fig. 5.

The accuracy of the model, represented by the curve (see Fig. 6), demonstrates the
progress over the course of multiple epochs. An epoch refers to a complete iteration
of the training data through the algorithm, evaluating the model’s prediction accuracy
against the actual data. In this study, we had 331 samples for training, out of which
the model correctly classified 326 samples, resulting in an accuracy of 98.52%.

The curve (refer to Fig. 7) demonstrates a good fit, which is characterized by a
gradual decrease in both training and validation losses, reaching a point of stability
with minimal deviation between the two final loss values.

Comparing the accuracy of our model with some previous works, as shown in
Table 1, we notice that the effectiveness of our method is better than the others,
which is based on the combination of a CNN model classification to predict whether
the image has a defect or not with the automation of the image extraction process, is
clear.

The equipment used, which works with the developed method, can be easily
installed on an inspection machine or a loom to respond to a real industrial need and
to allow the online detection of DENIM defects on these machines. On a loom, the
developed device allows not only the detection of defects but also the readjustment
of the machine settings in order to obtain the desired fabric quality.
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Table 1 Accuracy reached by some previous works

Paper Reference | Year | Accuracy
Computer vision for automatic detection and classification of | [7] 2019 |96.55%
fabric defects employing deep learning algorithm

Fabric defect detection using computer vision techniques [8] 2020 |97.8%
Fabric defect detection based on a deep convolutional neural | [9] 2021 | 96%
network using a two-stage strategy

Method of wavelet transform for fabric defect classification [10] 2022 |92.98%
Our method 2023 | 98.52%

4 Conclusion

Fabric defects are the main problem in DENIM production. Today, human inspection
is still insufficient, and fabric inspection by a CV-based fabric defect detection system
would allow better quality assurance. In this work, a deep learning algorithm has
been developed for an on-loom fabric defect inspection system based on the VGG16
method, chosen according to the analysis of feature extractors. The choice of the
extractor was crucial because the number of parameters and the types of layers
directly affect the speed and performance of the detector. Our approach was able to
identify DENIM defects with an excellent model accuracy of 98.52%.

In order to obtain satisfactory results, the use of a high-resolution image acquisi-
tion tool is recommended for the detection of certain delicate DENIM defects, such
as the boot bar defect or the dropped weft. The developed methodology can also be
successfully applied to knitting images.
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Modeling of Textile Materials )
and Structures: Some Numerical ek
and Experimental Aspects

Hassen Hedfi and Hédi BelHadjSalah

Abstract In this paper, we present, in a synthetic way, the practice of modeling
textile materials and structures. To this end, we consider two aspects in this investi-
gation: first, the numerical aspect of the modeling and then the experimental aspect
as a tool for the identification of the constitutive equations invested in the modeling.
It is a question, initially, of bringing a methodological approach for the modeling of
the textile structures, in particular the woven structures, the formulation of laws of
behavior making it possible to describe the response of these structures to mechanical
solicitations. We present and discuss a review of the main models used. Secondly,
we introduce a methodological approach for the experimental identification of the
parameters of these constitutive laws.

Keywords Numerical modeling - Textile structures + Identification of constitutive
equations

1 Introduction

Research in fabric modeling began within the textile engineering community since
the 1930s. Research in this field underwent a significant evolution in the mid-1980s
with the contribution of the computer graphics community. One of the main concerns
of this community is to reproduce the appearance of the fabric effectively. Indeed,
for the graphic designer, efficiency, stability, and visual realism are more important
than the accuracy and physical reality of the material. On the other hand, researchers
in textile engineering are interested in modeling fabrics in order to predict, in a
sufficiently precise manner, the highly nonlinear behavior of these structures.

We can thus situate the practice of modeling woven structures, for the textile
community, on two levels. The first, being the need to find a model that is both
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representative of the textile structure and simplifying. Indeed, we recognize that
textile fabrics are very complex and dependent on several factors (construction,
material, and mode of deformation) so trying to study them directly is a difficult
challenge to take up without going through simpler models.

The second plan relates to the objectives of the study of textile structures. Indeed,
textile fabrics we do the modeling of this structures to predict and study their behavior,
to simulate and animate them. We do this practice for applications starting from pure
theoretical investigations, to pure animations of virtual objects in the field of computer
graphics, passing through the development of computer-aided design (CAD) and/or
computer-aided manufacturing (CAM) tools for industrial applications. This makes
it possible to reduce the reaction time and provide great flexibility for the entire
textile chain. The interest of this practice extends to the performance of virtual
characterization tests.

In the field of modeling and simulation of textile fabrics, the first models were
static models, and more precisely, they are geometric models allowing the study of
the response of the textile structure to particular stresses such as tensile forces or
shear forces or bending forces, without any consideration of the effect of the mass
of the structure considered immobile.

Static and/or kinematic modeling of textile fabrics is useful in animation appli-
cations or simulation of the behavior of these materials under conditions where the
inertia effect can really be neglected (simulation of a traction, a shear test, and, at
the limit, a bending test). However, in applications where one wants to model more
complex modes of deformations (such as fabric drape and fabric formability) or to
make the virtual animation of a dress worn by a dancing woman or of a curtain
subjected to the action of an air current, the static and kinematic models cease to be
applicable.

In this context, we can define the dynamic modeling of textile structures as being a
modeling that takes into account the effect of inertia on the deformation and behavior
of these materials. A dynamic model will also make it possible to consider the
movement of the structure and the effect of this movement on the stresses undergone
by the textile. Such modeling will therefore make it possible to predict the shape
taken by the textile material following the application of a force (including inertial,
collision, and friction forces) and/or when it is in motion.

In this paper, we present a sort of mini-review on the modeling and simulation
of the mechanical behavior of structures and textile materials. This mini-review will
focus on some characteristic and distinctive aspects of the behavior of this type of
materials and structures.

Namely, we can cite their great deformability, under low stresses, their ability
to develop curvature and bending deformations that are quite complex and difficult
to predict, as well as shear deformations that are so complex and significant that
their predictions also become quite difficult. Added to this is the low thickness of
these structures and their low surface mass density, which cause and amplify the
complexity of the deformations undergone by the textile structures and make their
modeling and simulations difficult and complex.
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The second point highlights certain aspects relating to the experimental investi-
gation that one can be carried out for the characterization and determination of the
physical and mechanical properties necessary and possibly sufficient, at the writing
and parametrization of mathematical models of textile structures.

2 Modeling of Textile Materials and Structures

2.1 Textile Materials and Structures

Textile materials and structures have several shapes and dimensions in space (i.e.,
one-dimensional 1D, two-dimensional 2D, or three-dimensional 3D).

We start from one-dimensional discontinuous structures, which are textile fibers.
These fibers are of nature, origin, and structure: natural fibers (e.g., wool, cotton,
silk, and linen), artificial fibers (e.g., viscose), and especially synthetic fibers (e.g.,
polyamide, polyester, and acrylic). Therefore, there will arise fibers with different
and varying properties.

From these fibers, the transformation into yarns begins, which are continuous one-
dimensional structures with different and variable structures and therefore properties.

Subsequently, we can transform threads into two-dimensional structures or textile
surfaces. One can do this by knitting, giving rise to knitted structures, called knits,
with variable properties depending on the way in which the knit is constructed and
according to the finishing treatments that it subsequently undergoes.

A second transformation making it possible to obtain textile surfaces is weaving,
giving rise to woven structures, having properties, which depend on the construc-
tion parameters, and the properties of the yarns used. However, we can modify and
modulate according fabrics properties using appropriate finishing treatments.

Once we have a 2D structures (e.g., woven or knitted structures), we can make it
to have a garment occupying a 3D domain in space. We mention the work of Long
et al. [1] in which the authors elucidate the hierarchical relationships between the
properties of fibers, yarns, and fabrics and their influences on the end-use properties
and performance of garments. We also note that Fig. 1 is inspired, in part, from this
work.

For further information on the attributes of textile fibers, mainly natural cellulosic
fibers (e.g., cotton, hemp, and flax), and their distinctive properties, as well as their
impacts on textile properties, we refer to the review article by Shuvo [2].

In Fig. 1, we summarize the main textile structures, their modes of transformation:
from fibers to garments, the hierarchical relationships between the properties of
fibers, yarns, and fabrics and their impact on the end-use properties and performance
of garments, and the different scales of these structures from micro to macroscopic
scale. We have also reported the same pattern for nonwovens as textile structures and
products obtained from the fibers directly.
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Fig. 1 Main textile structures, their modes of transformation: from fibers to garments

2.2 Fabric Modeling: Main Historical Milestones, Typology,
and Finalities

In the field of modeling and simulation of textile fabrics, the first models were static
models and more precisely, and they are geometric models allowing the study of
the response of the textile structure to particular stresses such as tensile, shear, or
bending forces without any consideration of the effect of the mass of the structure
considered immobile.

Static and/or kinematic modeling of textile fabrics is useful in animation appli-
cations or simulation of the behavior of these materials under conditions where the
inertia effect can really be neglected (simulation of a traction, a shear test, and, at
the limit, a bending test). However, in applications where one wants to model more
complex deformation modes such as drape and formability, or to animate a virtual
dress worn by a dancing woman, or a curtain subjected to action of an air current,
the static and kinematic models cease to be applicable.

However, we can define the dynamic modeling of textile structures as being a
modeling that takes into account the effect of inertia on the deformation and behavior
of these materials. A dynamic model will also make possible to consider the move-
ment of the structure and the effect of this movement on the forces undergone by the
textile. Such modeling will therefore make possible to predict the shape taken by the
textile material following the application of a force (including inertial, collision, and
friction forces) and/or when a movement animates it.

In Table 1, we have reported, in a summary and general way, the main areas where
we can make use, more and more important, frequent and systematic of the modeling
and simulation of structures and textile materials, in first approach. However, this
extends, in a more general way, to surface structures and deformable objects, as a
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Table 1 Some applications of modeling and simulation of textile materials and structures

Field Applications

Textile engineering and industry: (clothing or/ | -Clothing computer-aided design CAD

and furnishings) -Virtual prototyping (CLO, Maya Clothing)
-E-commerce of clothing and deformable
objects

Composites and technical textiles industry -Modeling and optimization of composite

manufacturing and forming
-Prediction of the aging of composite materials

Computer graphics and virtual animation -Cinematography: animated films, video
games
-Dressed Avatars

The medical field -Simulation of medical devices (such as
sutures)

-Simulation of interaction with living tissues
-Simulation of shape-memory textile used for
functional rehabilitation

The field of learning and training -Textile engineering/materials engineering

second approach. We have also listed, for each area, a certain number of applications,
without claiming to be exhaustive.

In Table 2, we have reported a comparative study between the different models
used textile fabrics modelling and simulation. We have briefly indicated its principle,
its advantages, and its limitations of each model. The last column is devoted to
indicating the pioneers and the main contributions. We refer the reader to the articles
of Ng et al. [3] and Jevsnik et al. [4] for more details.

3 Continuous Models Formulation and Numerical Solving

3.1 General Formulation

The examination of the different models and works dedicated to the modeling
of textile structures, in particular, woven ones, we propose the following general
formulation:

- —>
,07 +flnl — fext (1)

In this equation, we note:
-The mass density of the object: p.

2—>
__d°X

. —
- The acceleration vector: d = “5-.

-The density of forces per unit volume: fi™.
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—_

-The external forces: .

We denote by t the time and X = ?(xl , X2, X3, ) is the position vector. The
coordinates x;,, (i = 1, 2, 3), are written as a function of material coordinates a; (j
= 1, if the object is 1D structure like a fiber or yarn, j = I, 2, if the object is a 2D,
like a woven or knitted fabric, and j = 1, 2, 3, if the object is a 3D structure, like a
cloth). In this work, we are exclusively interested in woven surface structures.

In the expression of external forces applied to textile fabrics, we can consider
several types of forces with which the object can interact.

In the expression of internal forces, we must consider two aspects:

The first amounts to describing the various deformations that the fabric can
undergo during its movement and manipulation.

The second is to describing the way in which we can take into account the
mechanical properties of the fabric.

This will make it possible to have the most faithful and realistic modeling of the
textile structure.

In Table 3, we present the expressions of the internal forces in the two types of
continuous models: the deformable models and the continuous mechanical models.
We refer the reader for further details and calculations to the following papers of Yin
etal. [19], Liu et al. [20], and Au et al. [21].

We indicate that, globally, we can easily find an analogy between the two formu-
lations, even a certain equivalence. However, we believe that the formulation of
deformable models is advantageous for modeling and simulation aimed at animating

Table 3 Internal forces in deformable models and continuous mechanical models

Models Internal forces

— 2 _ 2 o

it _ _ 2 (s... 8% 2 (¢, . 2%

f - 'Zl da; (S’J Ba,')—’__zl dajda; (C’J Ba,-aa,-)
Lj= Lj=

Deformable models

To describe fabric deformations, we use two tensors of surface Euclidian

tensor G = (gij),; ;, and curvature tensor B = (b;; )

: 0 b 0
Sij = wy; (gfj - gij)’ci.f = w;j (bf'j - bij)

To describe material properties, we use w; 3 for stretch and shear

I<i,j<2

deformations, and wibj , for bending and twisting

- -
Continuous S = div(o) = Vo, o denotes a stress tensor
mechanical models | The choice of the stress tensor o and the strain tensor ¢ that can be
associated with it gives a vast field of application for this type of
formulation, for the modeling and simulation of a large number of textile
materials and deformable structures. The relationship between the two
tensors defines the constitutive law of the material. We quote the elastic
behavior and the hyper-elastic behavior, largely invested in the modeling
and the simulation of the textile structures, in particular the composite
materials with textile reinforcement
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virtual objects, including textile fabrics and clothing. It is a formulation, rather
adapted to researchers in computer graphics and in the development of CAD platform.

As for the continuous mechanical formulation, it has the advantage of being
adapted to the simulation and modeling of textile structures, in particular composites
with textile reinforcement and which one can implement numerically in the structural
calculation software commonly used by mechanical engineers.

3.2 Experimental Identification of Constitutive Equations

The experimental characterization of textile fabrics aims to determine the physical
and mechanical properties of these structures. We use these characteristics for the
parametrization of numerical models. Subsequently we can to identify the behavior
laws of textile structures. The main mechanical characteristics that we introduce in
this paper are as follows:

e Stretch deformation. We perform this characterization using a tensile test. We can
thus obtain the moduli of elasticity in the warp directions, weft direction, and
direction at an angle 0. We denote them as Ey, Egy and Eq, respectively. For
an angle of 45°, we speak of the bias direction. The same tensile test, but under
different conditions (low strain tensile test), gives the values of the Poisson’s ratios
in the warpdirectionvgand weft direction vg.

e Shear deformation. The shear behavior of textile fabrics is very characteristic
and decisive for this type of thin structure. We characterize this behavior by deter-
mining the shear modulus H. We can determine this shear modulus experimentally
by one of the following methods: picture frame test or a tensile bias test. We note
that we can calculate an estimation of shear modulus using the values of warp,
weft, and bias elastic moduli.

® Bending deformation. We perform this characterization using a cantilever test.
We can thus obtain the bending moduli in the warp directions, weft direction, and
direction at an angle 6. We denote them as Rf, Rfy, and Rf,, respectively.

The main physical characteristics that we introduce in this paper are mass density
p and fabric thickness 8.

3.3 Numerical Solving

The modeling of textile structures leads to a formulation of partial differential equa-
tions, in general, nonlinear and involving terms depending on time, terms depending
on geometry, and terms depending on spatial coordinates. The resolution of this type
of equation is generally done in an approximate way in the numerical sense (we
are not looking for analytical solutions; it is difficult and even impossible, moreover
useless).
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We often use the finite element method for the resolution of this type of equations.
The method rests, in a simple way, on the passage from a continuous formulation to
a discrete formulation: It is the phase of discretization. At the level of the structure,
we also pass from a continuous (or supposedly continuous) structure to a discrete
representation, and this is called the meshing phase.

When the model, as is the case with the model of Eq. (1), we must also operate a
discretization of the time interval during which we want to make the simulation.

In order to be able to solve Eq. (1) correctly, we must define the boundary condi-
tions of the structure or the object that we are trying to simulate. These boundary
conditions of the domain of the object define the forces undergone at the level of
each boundary or its state (embedding conditions for example). We also define the
initial conditions (i.e. at = 0).

We can summarize the steps of the numerical resolution of the equation by the
finite element method:

1. Preprocessing. This is a preparatory phase for the calculations. It defines:

— The geometry of the simulated object
Initial conditions
The boundary conditions
The meshing of the object (type and mesh density)
The mechanical properties of the object and its physical properties.

2. Processing. This is the actual resolution phase. One defines there the algorithm of
resolution of the equation. The criteria relating to the conditions for incrementing
the iterations and stopping the increments.

3. 3.Post-processing. This involves the exploitation and processing of the solution
obtained by the calculations. This is also the phase where we visualize the results.

We mention that there is a wide variety of numerical calculation software imple-
menting the finite element method. We cite, as examples, the Abaqus software, the
Ansys software, and the Comsol multi-physics modeling and simulation software.

4 Conclusions

In this work, we have tried to develop a sort of mini-review focusing on the modeling
of textile structures, particularly woven structures. This attempt aimed to highlight the
particularities of textile structures from the point of view of its complexity as a surface
structure, highly deformable, as well as from the point of view of the importance of
its modeling and simulation in different fields of research and development.

We have also reviewed the different types of models that researchers have used
in the practice of modeling and simulating deformable structures and particularly
textile fabrics. We have taken a particular interest in continuous formulations.

In addition, we have introduced, even in a very brief way, certain aspects relating
to the resolution and the numerical implementation of these models.
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We plan to develop aspects relating to continuous mechanical formulations, in
particular the formulation of behavior laws dedicated to textile structures, their
identifications, and their numerical implementations.
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