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Abstract

Plain cotton fabrics of various mass per unit area, commercially available for manufacturing men’s shirts,
were seamed by applying three types of seams. The seaming was conducted on an industrial sewing ma-
chine under the sewing parameters commercially adopted by apparel manufacturers. The selected samples
were laundered three times with two different commercially available detergents under the same washing
conditions. The seam puckering and fabric properties were analysed before and after the laundering. It was
found out that the degree of seam puckering after the laundering was affected by the type of seam and
used detergent. The samples treated with a powder detergent showed greater changes in the fabric struc-
ture compared to those washed with a liquid detergent.

Keywords: dress shirt, safety seam, French seam, English seam, seam thickness

Izvlecek

Komercialne bombazne tkanine razlicnih ploscinskih mas v vezavi platno, ki so namenjene za izdelavo moskih
srajc, so bile sivane s tremi vrstami Sivov na industrijskem sivalnem stroju pri pogojih, povzetih po proizvajalcih
oblacil. Izbrani vzorci so bili trikrat prani pri enakih pogojih z dvema razlicnima komercialnima detergentoma. Na-
biranje sivov in lastnosti tkanin so bile analizirane pred pranjem in po njem. Ugotovljeno je bilo, da sta na stopnjo
nabiranja Sivov po pranju vplivala vrsta uporablienega siva in vrsta detergenta. Vzorci, prani s praskastim deter-
gentom, so izkazali vecje spremembe v strukturi tkanin v primerjavi z vzorci, pranimi s tekoc¢im detergentom.
Kliu¢ne besede: majica, varnostni Siv, francoski siv, angleski siv, debelina siva

1 Introduction 70 to 200 g/m2. Superimposed and lapped seams are

the most frequently used seam classes in shirt man-

Shirts represent a traditional piece of men’s clothing.
A great-looking shirt adds style to any outfit. Slim fit
cuts and narrow fit cuts are currently in fashion,
both in the business world and for casual wear.

Shirts can be made of different materials and with
cuts emphasizing different styles. They are made of
100% cotton, cotton/polyester blends or linen, wool,
silk or their blends, woven and dyed in various pat-
terns and colours. Pure cotton is probably the most
popular material [1]. The fabric weight varies from
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ufacturing, ranging from plain, safety, French, to
English and other types of seams. Since shirts are
usually worn seven or more than seven hours a day,
they should be frequently changed and properly
cared for. Laundering is a part of the dress shirt care
[2]. Shirts have to exhibit good heat and moisture
transfer, durability, smoothness, and the ability to
recover the shape when washed and ironed.

The overall shirt appearance depends on the char-
acteristics of the shirt style, shirt pattern design,

Tekstilec, 2019, 62(1),4-11
DOI: 10.14502/ Tekstilec2019.62.4-11



fabric, quality of seams, final assembly and finishes.
Shirt manufacturing includes choosing a suitable
fabric, seam type and sewing parameters.

Seam pucker is one of the major problems the gar-
ment industry has been facing with for many years
[3, 4]. Seam pucker appears when the sewing param-
eters and material properties are not chosen proper-
ly, thus reducing the garment quality. Factors affect-
ing seam pucker are sewing thread and fabric
characteristics, stitch formation, sewing thread ten-
sion, fabric feeding and seam type [5]. Seam thread
properties, sewing parameters and their compatibili-
ty during the sewing have been investigated in sever-
al papers [6-12]. The effect of sewing parameters on
seam pucker was examined most frequently [13, 14].
Researchers have been investigating the relationship
between fabric sewability, optimization of sewing
and fabric features to predict seam pucker [15, 16].
People prefer cotton shirts due to their softness and
natural feeling; however, the soft-to-touch quality
brings along less resilience and durability. The textile
hand, hydrophilicity, friction and other properties
are affected by the laundering [17, 18]. The shrink-
age of a fabric after the laundering may have a con-
siderable influence on seam pucker. To the best of
our knowledge, the influence of seam type on seam

Functional Properties and Seam Puckering on Cotton 5
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properties of cotton/polyester shirt fabric were dis-
cussed [19]. It was concluded that the seam type and
laundering affected seam puckering, irrespective of
detergent type. The highest pucker grade (less puck-
ering) after the laundering was noticed on the safety
seam followed by the English and French seams.

The aim of this investigation was to estimate the in-
fluence of seam type, laundering and detergent type
on seam puckering, on the structural and mechani-
cal properties, and on the air permeability of cotton
shirt fabrics.

2 Materials and methods

2.1 Materials

Plain woven fabrics made of 100% cotton or of a cot-
ton/Lycra blend, of white or light colour and various
weight, intended for men’s shirts were seamed and
analysed. The seam types applied were as follows:
safety seam, double lap of French seam and English
seam (Figure 1). Fabric characteristics are shown in
Table 1. The test specimens were prepared in warp
direction according to the AATCC Test Method 88B.

”
i

pucker has been scarcely investigated [9], while the E . E /

effects of laundering and detergent type on seam

puckering were evaluated in our previous paper  Safety seam French seam English seam

where the effects of seam type and laundering after 3 (SSa-1) (LSc-2) (SSw)

washing cycles on seam puckering and functional  Figure I: Investigated seam types

Table 1: Structural properties of reference fabrics

Fabric Fabric Fabric density Linear
No. | Fabric composition Colour weight | thickness [cm™!] density [tex]
[g/m?] [mm] | Warp | Weft | Warp | Weft

A 100% Cotton White 72.6 0.22 53.3 33.7 7.4 10
B 100% Cotton White 89.3 0.22 57.0 35.7 9 9
C 100% Cotton White 97.2 0.24 57.3 31.3 14 10
D 100% Cotton White 106.7 0.26 50.0 27.7 12.5 12.5
E 100% Cotton Light colour 108.5 0.24 47.3 29.7 17 14
F 100% Cotton Stripes 114.2 0.25 48.0 | 25.0 | 14 17
G 100% Cotton Light colour 115.5 0.33 50.0 | 36.0 | 12.5 14
H 100% Cotton Light colour 115.9 0.22 51.7 | 317 | 14 14
I 100% Cotton Light colour 122.1 0.24 427 | 230 | 17 20
J 97% Cotton/3% Lycra | Light colour 123.2 0.35 533 | 270 | 14 20
K 97% Cotton/3% Lycra | White 125.8 0.29 57.3 | 27.0 | 125 17

Tekstilec, 2019, 62(1),4-11




The sewing was performed using sewing machines
with industrial settings. The samples (with and with-
out seams) were subjected to 3 washing cycles, using
two detergents with different formulations. The eval-
uation of seam pucker was made after the washing
and drying cycles on non-ironed shirts.

2.2 Laundering procedure

The laundering was carried out using a front loading
domestic washing machine with a horizontal axis un-
der the following conditions: total load weight of 1.8
kg at 60 °C for 106 min. The detergents selected for
the laundering procedure had different formulations
and were commercially available. The declared com-
position of the powder detergent (P) was anionic
(5-15%) and nonionic (5%) surfactants, soap, phos-
phate, zeolites, enzymes, polycarbonates, bleaching
agent, optical brighteners and fragrances. The liquid
detergent (L) was composed of anionic surfactant (15—
30%), benzyl benzoate, 2-(4-tetra-butylbenzyl) propyl
aldehyde, hexyl-cinnamon aldehyde, coumarin, lina-
lool, formaldehyde and fragrance. The quantity of lig-
uid and powder detergents was 160 ml and 150 g per
wash load, respectively. The samples were dried in ver-
tical position at room temperature after the launder-
ing. Three laundering cycles were applied.

2.3 Measurements

The structural and mechanical properties, and air
permeability as well as the seam characteristics of
cotton shirt fabrics were investigated. The structural
properties of cotton shirt fabrics were analysed by as-
sessing fabric weight, warp and weft densities, fabric
thickness, yarn linear density and shrinkage after 3
washing cycles. The mechanical properties of cotton

Table 2: Investigated properties and used standards

Functional Properties and Seam Puckering on Cotton
Shirt Influenced by Laundering

shirt fabrics were analysed by evaluating tensile
strength and elongation at break. Moreover, the seam
characteristics of samples, e.g. seam thickness and
seam pucker, were analysed. The investigated proper-
ties and the standards applied are shown in Table 2.

2.4 ANOVA analysis of variance

The influence of seam type, laundering process and
detergent type on seam pucker was then determined
using the ANOVA analysis of variance. One- and two-
factor designs were used to structure the experiment,
wherein the independent (factor) variables were seam
type (3 levels: safety, French and English seams), laun-
dering process (2 levels: un-laundered and laundered)
and detergent type (2 levels: powder detergent P and
liquid detergent L). The response (dependent) varia-
ble was the grade of seam pucker determined by the
AATCC Test Method 88B. P-values lower than 0.05
show a significant influence of independent (factor)
variables on the investigated property.

3 Results and discussion
3.1 Functional properties of reference
and laundered fabrics

The structural properties of tested fabrics are given
in Table 3. The selected fabrics weighing between 72
and 126 g/m? had an unbalanced woven structure
with higher thread density in warp direction (Table
3). The fabrics exhibited shrinkage after the laun-
dering with both detergents, in warp and weft di-
rection, ranging between 0.5-9% and 0.5-4%, re-
spectively (Table 3). Higher shrinkage was noticed
in warp direction, due to the stress applied to warp
during the weaving. Cotton fibres swell by about

Property Standard
Fabric weight ISO 3801
Warp and weft densities BS EN 1049-2
Fabric thickness ISO 5084
Linear density ISO 7211-5
Shrinkage BS EN 25077
Tensile strength and elongation at break BS EN ISO 13934-1
Air permeability ISO 9237
Seam thickness ISO 5084
Seam pucker AATCC 88B

Tekstilec, 2019, 62(1),4-11



40% in volume when immersed in water [2]. This is
mostly accounted by radial swelling, while the lon-
gitudinal swelling presents only an increase by
about 1-2% in fibre length. In a woven structure,
wet relaxation caused by fibre swelling leads to an
increase in yarn crimp and thickening of the yarn
cross-section. As a result, laundered fabrics have
higher fabric weight, fabric warp and weft densities,
fabric thickness (Table 3), elongation and tensile
strength at break (Table 4). The fabric weight after
the laundering increases slightly with the increase
in warp and weft densities of a fabric resulting from
the shrinkage. Fabric weight after the laundering
with both detergents increased from 1.12 to 9.31%
(Table 3). Fabric elongation at break and tensile
strength increase slightly with the increase in fabric
weight, resulting from fabric densities and interlac-
ing yarns. The loss of tensile strength of a cotton
shirt fabric after 25 washing cycles was evaluated in
our previous paper, where the secondary effects of
multiple laundering on cotton shirts were analysed
through damage (loss of tensile strength), deposits
of inorganic compounds and air permeability [20].
Slightly greater increases in fabric weight, fabric
thickness and elongation at break were observed at
fabrics laundered with a powder detergent, com-
pared to those washed with a liquid detergent (Ta-
bles 3 and 4). As the temperature, time and mechan-
ical action during the laundering were the same for

Functional Properties and Seam Puckering on Cotton 7
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both used detergents, the differences in analysed
properties came from different washing product in-
gredients. The powder detergent contained phos-
phate and zeolites as chelating agents, polycar-
bonates as soil dispersing agent, bleaching agent for
the removal of stains, and optical brighteners and
some fragrances commonly used to mask the odour
of other chemical ingredients. Calcium ion binding
is pH dependent and deteriorates markedly below
pH 9.5. Phosphates provide alkalinity for calcium
ion binding and activation of the bleaching system.
10% powder detergent solution provides the pH be-
tween 10 and 11. The liquid detergent contained a
higher amount of surfactant, benzyl benzoate, lina-
lool, coumarin and formaldehyde as preservative
and did not contain bleaching agents; hence, the
10% detergent provided pH from 8.1 to 8.6. The
swelling of cotton is pH dependable and is thus
higher during the washing in a powder detergent
solution than in a liquid detergent solution. A high-
er degree of swelling led to an increase of yarn
crimp (weave angle) thickening of yarn cross-sec-
tion as well as the fabric [2]. Shrinkage by more
than 3% can produce undesirable problems [6].

Air permeability is an important property of fabric
since clothing ventilation determines its comfort.
However, air permeability is significantly influenced
by yarn and fabric properties, e.g. yarn crimp, yarn
cross-section, shape of fabric pores [21]. In the

Table 3: Structural properties of reference fabrics (R), and fabrics laundered with powder (P) and liquid (L) de-

tergents
Fabric weight Density [cm™] Fabric thick- Shrinkage [%)]
No. (g/m?] Warp Weft ness [mm] p L

R P L R P IL R P L R P L | Warp | Weft | Warp | Weft
A 72.6 | 759 | 74.8 |53.3|60.5|57.7(33.7|40.5]39.0{0.22(0.29]0.25| 4 1.5 3 2
B 893 | 97.6 | 93.5|57.0|64.0]62.3|35.7|44.0142.3{0.22|0.30{0.27| 9 35| 4 2.5
C 97.2 | 120.5 | 116.0 |57.3|64.0]63.0|31.3|35.5/34.7|0.24|0.30{0.30| 3 3 1 2.5
D | 106.7 | 109.5 | 107.9 [50.0|56.0|54.0|27.7|33.5|32.3/0.26[0.31|0.32| 4 15| 3 0.5
E |108.5 | 116.3 | 115.3 |47.3|60.0|58.3|29.7|34.5/33.0/0.24{0.30({0.30| 1 1 1 1
F | 1142 | 116.8 | 117.0 {48.0|55.0|53.3|25.0/29.0(28.0{0.25/0.31{0.29| 1 2 1 2.5
G | 115.5 | 119.7 | 120.4 |50.0|61.0|60.0|36.0|42.0|40.7(0.33|0.43|0.40| 1.5 3 05 | 4
H | 1159 | 118.7 | 118.2 |51.7|60.0|58.0 [ 31.7|37.0|34.70.22]0.29|0.26| 2 15| 1.5 | 23
I | 122.1 | 124.2 | 122.1 |42.7|55.5|47.0(23.0|30.0|25.0]/0.24]0.33|0.29| 2 1 0 0.5
J | 123.2 | 129.3 | 124.6 |53.3|62.0(60.0|27.0|34.0(31.7]0.35|0.39|0.42| 4 1 25 | 0
K |125.8 | 1294 | 130.7 |57.3|70.0|67.7|27.0131.0{29.3/0.29/0.33|0.34| 1.5 3 1 3
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Table 4: Mechanical properties and comfort of reference (R) fabrics, and fabrics laundered with powder (P) and

liquid (L) detergents
o Tensile strength (. ., [N] Elongation at break .., [%] Air permeability [1/(m?/s)]
R P L R P L R P L
A 463 469 469 7.3 9.9 9.3 466 283 353
B 680 568 632 12.3 18.5 16.3 543 167 280
C 743 789 745 12.8 14.3 13.2 125 81 127
D 504 441 524 12.8 15.6 14.7 273 142 200
E 435 466 435 5.8 6.6 6.2 488 372 472
F 592 634 601 8.3 9.2 8.7 357 285 334
G 683 679 667 7.7 8.0 7.7 474 299 318
H 636 596 641 10.0 10.1 9.9 196 167 200
1 535 529 562 5.8 6.9 6.6 465 409 506
] 600 577 602 16.8 10.1 18.8 75 49 61
K 990 893 13.4 14 14.3 94 61 61

present study, air permeability decreased with an
increase in fabric weight. Lighter fabrics, i.e. fabrics
A and B, had higher air permeability (Table 4). The
increase in shrinkage, fabric weight, and warp and
weft densities, and probably the thickening of yarn
cross-section and formation of smaller pores after
the laundering as well led to lower air permeability.
A greater alteration in the structural properties of
the fabrics laundered with a powder detergent sug-
gests more intensive changes in the yarn cross-sec-
tion and pore shape, which determined a decrease

in air permeability, compared to the properties of
the fabrics washed with a liquid detergent.

The changes in the structural characteristics dis-
cussed above may have an influence on seam puck-
ering as well.

3.2 Seam puckering of reference and
laundered samples

The results of subjectively evaluating the seam pucker

for the analysed seam types at the initial stage of fab-

rics are shown in Table 5. Grade 5 represents the best

Table 5: Seam pucker and seam thickness of reference (R) samples, and samples laundered with powder (P) and

liquid (L) detergents as function of seam type

Seam pucker grade Seam thickness [mm]

No. Safety French English Safety French English

R P IL, R P IL R P R P IL R P IL, R P IL
A |2 2 25102331 2 3.33|2 3 0.7810.69|0.66|0.86|0.80|0.90|0.90|0.88|0.99
B |1.66] 3 3 1|3 2.67|3 3.66|3 3 0.7810.68|0.66|0.91|0.94|1.05|0.96|1.07|1.02
C [333| 4 4 |4 2.67(3.33 14 3 3.33/0.93]/0.83(0.84|1.02|1.06(0.98|1.18|1.31|1.13
D [233] 4 35 |4 2.3313.67 |4 2.6713.6710.86|0.76|0.75]|1.06 | 1.06| 1.02 | 1.18 | 1.26 | 1.21
E |3.17| 35| 4 [3.33(2 3 4 2.33|3 0.96]0.84|0.76|1.06|1.11|0.95|1.20| 1.20| 1.06
F |2.66| 3 3 12332 2 4 3 3 0.94]0.83|0.89|1.09|1.05|1.03|1.19|1.17| 1.19
G [267] 3 3 14 2.6712.33|4.33|3 2.3310.85/0.79]0.85|1.05({1.09|1.15|1.25|1.36| 1.32
H |2.66] 3 3 13.33|1.33|2 4 2 3 0.88]0.7410.70|1.09|1.05]0.99|1.20|1.10| 1.08
I [3.33]2 3 1|3 1 3 3.33|2 3 0.90]/0.7910.80|1.10|1.14| 1.07| 1.34| 1.29| 1.22
] 12.66| 3 4 |36 [3.33|3 4.66 |3 3 0.8210.7410.74|1.03|1.05|1.02 | 1.27| 1.33 | 1.31
K [2.75| 3 3 14 25 |4 4 3 2.5 10.80(0.69/0.73{0.97]1.01{1.00|1.16|1.21|1.18
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level of seam appearance, while grade 1 represents the
poorest one. In general, fabrics react differently to sew-
ing due to their nonlinear structure [22]. The increase
in fabric weight and fabric thickness for the reference
fabrics resulted in smaller seam puckering for all seam
types. Yarns in light fabric weight are aligned in very
thin layers that could easily compensate for the sewing
thread as it is introduced into the seam. In the case of
thin fabrics, there could be sufficient space to accom-
modate a sewing thread with displacement of yarns.
Hence, stitching along a straight line will distort and
push adjacent yarns in the fabric, which will cause
seam pucker. It is known that thicker and more rigid
fabrics crease less [6]. Some dependence was found
between fabric weight and seam pucker for the refer-
ence samples, and a positive linear correlation between
fabric thickness and seam pucker for the English seam
(correlation coefficient 0.78). Dependence between
fabric thickness and seam pucker was also found for
the French seam; however, not for the safety seam.
The average values of seam pucker for the analysed
seam types are presented in Figure 2. The results in
Figure 2 show that the English seam determined the
smallest seam puckering, followed by the French
and safety seams. The significant influence of seam
type on seam pucker was confirmed by the analysis
of variance (ANOVA) (Table 6).

4.5
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325
i |
E 24
515 |
a15 I
14
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[
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mReference = Powder detergent P Liquid detergent L

Figure 2: Average values of seam pucker of reference
samples, and samples laundered with powder (P) and
liquid (L) detergents as function of seam type

The thickness of analysed seam types is shown in
Table 5, which reveals that the English seam has the
highest seam thickness, followed by the French and
safety seams. Furthermore, fabrics of higher weight

Functional Properties and Seam Puckering on Cotton 9
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show higher seam thickness. However, seam thick-
ness also varies within the same type of seam due to
the increased fabric weight. A positive linear corre-
lation between the fabric weight and seam thickness
was found for the English and French seams (corre-
lation coeflicients of 0.87 and 0.74, respectively).

Seam pucker may be acceptable after the sewing, but
under the impact of laundering, as the fabric shrinks,
puckering may worsen. The results of evaluating the
seam pucker of laundered samples with powder and
liquid detergents as a function of seam type are
shown in Table 5. The influence of seam type on the
seam pucker of the samples laundered with a pow-
der detergent P is shown in Figure 2. It may be noted
that the safety seam led to the least seam puckering,
followed by the English and French seams. A single
row of stitches in the safety seam, compared to the
French seam, which contains two close rows of
stitches and more fabric layers in the seam cross-sec-
tion (Figure 1), [23] can lead to the least distortion
of the material. Thus, it may be concluded that the
French seam is more inclined to cause seam pucker.
Despite the English seam also containing more rows
of stitches (in the first stage two parallel rows and in
the second stage an additional one), compared to the
French seam, this seam shows less puckering due to
the longer distance between the first two rows of
stitches. The analysis of variance (ANOVA) con-
firmed that the seam type is an influencing factor for
seam puckering (Table 6). A similar behaviour was
found for cotton/polyester shirt fabrics — the safety
seam exhibited a higher pucker grade (less pucker-
ing), followed by the English and French seams [19].
The influence of seam type on seam puckering for
the samples laundered with a liquid detergent L is
shown in Figure 2. The safety seam shows the least
seam puckering, followed by the English and French
seams. This trend could also be observed on the sam-
ples subjected to the laundering with a powder deter-
gent P. However, ANOVA confirmed that the seam
type did not have a significant influence on the seam
pucker for the samples laundered with a liquid deter-
gent L (Table 6). The changes in the structural prop-
erties of the laundered samples had a great influence

Table 6: Influence of seam type on seam pucker analysed by p-value (ANOVA analysis of variance)

ANOVA outputs Dependent variables (responses) — seam pucker grade
Independent variables (Factors) Reference Powder detergent P | Liquid detergent L
Seam type 0.000 0.008 0.185
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on the seam thickness. A positive linear correlation
between the fabric weight and seam thickness was
found for the French (correlation coefficient 0.83) and
English (correlation coeflicient 0.83) seams subjected
to the laundering with a powder detergent P.

The influence of the laundering process and seam type
on seam pucker is shown in Figure 2. The seam puck-
er of the samples washed with a powder detergent P
followed the same evolving trend as that for the sam-
ples laundered with a liquid detergent L. The safety
seam showed the least seam puckering, followed by
the English and French seams. The laundering with
both detergents affected the seam pucker grades for
the English and French seams, while the safety seam
was not affected. ANOVA analysis confirmed that the
laundering process with both detergents and seam
types, as well as their combined effects has a signifi-
cant influence on seam puckering (Table 7).

However, analysing the influence of the detergent and
seam type on seam pucker (Figure 2), a significant
difference in seam pucker can be observed. Higher
seam puckering was observed when laundering with
a powder detergent P, compared to the liquid one.
The significant influence of detergent type and seam
type on seam pucker was also confirmed by ANOVA
analysis (Table 8). The differences in seam pucker on
the samples laundered with the two detergent types
could be explained by the fact that the samples un-
dergo some quality changes during the laundering,
which are also related to the detergent formulation.

Functional Properties and Seam Puckering on Cotton
Shirt Influenced by Laundering

4 Conclusion

The present study revealed that the structural and
mechanical properties, and air permeability of cot-
ton shirt woven fabrics were affected by laundering
after 3 washing cycles because of shrinkage and by
detergent type. The laundering with a powder deter-
gent induced a greater increase in fabric weight, fab-
ric thickness and elongation at break, and decreased
its air permeability. These changes also influenced
seam pucker and seam thickness. Seam type had a
significant influence on seam pucker both before
and after the laundering; however, generally, laun-
dering increased seam pucker. The safety seam dem-
onstrated the least seam puckering after the launder-
ing, followed by the English and French seams. The
reference samples exhibited the opposite trend.

In conclusion, determining the relation between
seam pucker, seam type, laundering process and de-
tergent type can help apparel manufacturers in the
selection of fabrics.
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Abstract

Technical textile materials with multifunctional protective properties represent one of the largest and fast
growing segments of the textile industry. Multifunctional water- and oil-repellent and flame-retardant coat-
ing on polyester (PES) fabric was prepared in this research using fluoroalkyl-functional siloxane (FAS) as the
water- and oil-repellent finishing agent and organophosphonate (OP) as the flame-retardant agent. A fin-
ishing solution containing FAS and OP of appropriate concentrations was applied to the untreated and ox-
ygen plasma-treated PES fabric samples using the pad-dry-cure method. For comparison, single-compo-
nent FAS and OP finishing solutions were applied to the fabric samples under the same conditions. The
coated PES samples were washed under standard conditions. The morphological, chemical and functional
properties of the coated PES samples were determined with scanning electron microscopy, Fourier trans-
form infrared spectroscopy, wet pick up, liquid contact and sliding angles measurements as well as oil re-
pellence and vertical burning tests. The results reveal that oxygen plasma treatment prior to finishing sig-
nificantly increased the wettability of the PES fibres, which directly resulted in increased concentration of
the absorbed finishing agents. This treatment enabled the creation of PES fabric with simultaneous super-
hydrophobic, oleophobic and flame-retardant properties. Although the superhydrophobic and oil-repellent
characteristics of the coating were preserved after washing, the flame retardancy was hindered because of
the removal of OP in the washing bath.

Keywords: polyester fibre, finishing, multifunctional properties, water and oil repellence, flame retardancy,
washing fastness

Izvlecek

Tehnicni tekstilni materiali z ve¢funkcionalnimi zascitnimi lastnostmi so eden najvecjih in najhitreje rastocih se-
gmentov tekstilne industrije. V raziskavi so pripravijene vec¢funkcionalne vodo- in olieodbojne ter ognjevarne apre-
ture na poliestrski (PES) tkanini z uporabo fluoroalkil-funkcionalnega siloksana (FAS) kot vodo- in oljeodbojnega
apreturnega sredstva in organofosfonata (OP) kot ognjevarnega apreturnega sredstva. Apreturna kopel, ki je
vkljucevala FAS in OP ustrezne koncentracije, je bila nanesena na neobdelano in s plazmo kisika predhodno ob-
delano tkanino PES s postopkom, ki je vkljuceval impregniranje, susenje in kondenziranje. Za primerjavo sta bili
na tkanino PES pri enakih pogojih naneseni tudi enokomponentni apreturni kopeli s FAS oziroma z OP. Apretira-
ni vzorci tkanine PES so bili oprani pri standardnih pogojih. Morfoloske, kemijske in funkcionalne lastnosti apreti-
ranih vzorcev so bile dolocene z vrsti¢no elektronsko mikroskopijo, infrardeco spektroskopijo s Fourierjevo trans-
formacijo, nanosom kopeli, sti¢nimi koti in koti zdrsa tekocin, olieodbojnostjo in ognjevarnostjo. Iz rezultatov je
razvidno, da je obdelava s plazmo kisika pred apretiranjem mocno povecala omocljivost viaken PES, kar je nepo-
sredno vplivalo na povecanje koncentracije adsorbiranih apreturnih sredstev. Taksna kombinacija obdelave je
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omogocila pripravo tkanine PES s hkratnimi superhidrofobnimi, oleofobnimi in ognjevarnimi lastnostmi. Medtem
ko sta se superhidrofobnost in oleofobnost ohranili tudi po pranju, se je ognjevarnost poslabsala zaradi postopne

odstranitve sredstva OP med pranjem.

Kliu¢ne besede: poliestrsko vlakno, apretura, ve¢funkcionalne lastnosti, vodo- in oljieodbojnost, ognjevarnost, pral-

na obstojnost

1 Introduction

Technical textile materials with multifunctional pro-
tective properties represent one of the largest and fast
growing segments of the textile industry, and these
materials have wide uses in different economic sec-
tors. In technical applications, polyester fibres are the
most frequently used synthetic material because of
their low cost, durability, ease of care, good dimen-
sional stability, low moisture absorbency and com-
patibility with cotton in blends [1]. These extraordi-
nary properties enable polyester to be increasingly
applied in the production of textile materials for pro-
tective clothing and in the sport and leisure, trans-
portation, construction and agricultural industries.

However, in addition to the desired characteristics,
polyester fibres suffer from certain important disad-
vantages related to their functionality, such as elec-
trostatic charging and flammability, which decrease
the value and usefulness of the end products. The
susceptibility of polyester fibres to electrostatic prob-
lems is directly influenced by their hydrophobicity,
leading to generation and accumulation of electro-
static charges [2—4]. The latter attract particulate soils
from the air, resulting in fibre soiling. In contrast, due
to the hydrophobic properties of polyester, wetting
and swelling of fibres with detergent solution during
laundering is hindered, which importantly decreases
the effectiveness of removal of the adhered soil [5-7].
To overcome these problems, tailoring of a self-clean-
ing coating characterised by superhydrophobic, oleo-
phobic and low-adhesive properties is crucial. Ac-
cording to the theory, self-cleaning biomimetic solid
surfaces exhibit low-adhesion superhydrophobicity,
which is simultaneously characterised by a static wa-
ter contact angle greater than 150° and a water slid-
ing angle less than 10° as a result of a low contact an-
gle hysteresis [8]. These surfaces include micro- and
nanoscale roughness topographies coated with wa-
ter-repellent polymer films [9-12]. However, in addi-
tion to particulate soils, oily stains are important con-
taminants of textile fibres, and thus creation of a
coating with oleophobicity is of great importance.

A coating that is simultaneously oleophobic and self-
cleaning could effectively repel different types of soils
and prevent their adhesion as well as ensure removal
of adherent soils via their collection by water droplets
when rolling off the surface.

Inherent flammability with intensive burning melt/
dripping and release of toxic smoke represents a se-
rious hazardous drawback of polyester, which poses
great risk and danger to human lives and material
goods [13]. Because highly effective flame retardants
including brominated diphenyl esters, brominated
phosphates and tri-aryl-phosphates have been re-
stricted and prohibited by the European Union’s
Registration, Evaluation and Authorisation of Chem-
icals (REACH) because of their toxicological prob-
lems and environmental unsustainability, different
environmentally friendly phosphorous-containing
compounds have been synthesised to produce flame-
retardant polyester [14—16]. The flame-retardant
mechanism of phosphorous-containing compounds
is directly influenced by their chemical structure. In
general, depending on the oxidation state of the
phosphorous atom, flame-retardant substances are
active in both the condensed phase and the gas phase
[14, 17, 18]. In the condensed phase, phosphorous
compounds promote char formation by influencing
the fibre decomposition pathway, and in the gas
phase, phosphorous compounds decompose to radi-
cal scavengers, which terminate oxidative radical
chain reactions in the combustion cycle.

In this study, we first prepared multifunctional water-
and oil-repellent and flame-retardant polyester fabric
with the use of two chemical finishes, i.e., fluoroalkyl-
functional siloxane as a water- and oil-repellent agent
and organophosphonate as a flame-retardant agent.
To enhance the hydrophilicity of polyester fibres and
consequently increase their absorptivity to the finish-
ing solution, fibre functionalisation with oxygen-rich
groups was performed using an oxygen plasma pre-
treatment. It has been established that oxygen plasma
treatment can cause an increase in the surface activi-
ty and also an increase in surface roughness [19-23],
therefore an important goal of our research was to
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investigate whether the coating exhibits self-cleaning
properties. To determine the coating durability, the
functional properties of polyester fabric were investi-
gated before and after washing.

2 Experimental

2.1 Textile material and finishing agents
Plain-weave 100 % polyester (PES) woven fabric with
a weight of 67 g/m? was used in the study. The fabric
was washed with a solution of non-ionic surfactant at
a concentration of 2.5 g/l. After washing, the fabric
was rinsed in distilled water, squeezed and dried at
room temperature. Two commercially available fin-
ishing agents were chosen, i.e., fluoroalkyl-functional
water-born siloxane (FAS) as a water- and oil-repel-
lent agent under the trade name Dynasylan F 8815
(Degussa, Germany) and organophosphonate (OP) as
a flame-retardant agent under the trade name Apyrol
CEP (Bezema, Switzerland). Both finishing agents can
be mixed with water to any desired concentration.

2.2 Plasma treatment, finishing and washing
PES fabric samples with a size of 20 x 20 cm were
treated with oxygen plasma (O, gas) for 30 seconds
under 60 Pa pressure in a low-pressure inductively
coupled radiofrequency plasma system.

Untreated and plasma-treated PES samples were
finished with a mixture of 100 g/l FAS and 200 g/I
OP using the pad-dry-cure process. Acetic acid was
used in pH adjustment of the finishing bath to pH
4-5. The process included full immersion of sam-
ples for one minute at room temperature, squeezing
between padded rollers at a constant pressure and
roller velocity, followed by drying at 100 °C and cur-
ing at 150 °C for 5 minutes. For comparison, single-
component FAS and OP finishing agents were also
applied to the untreated and plasma treated PES
samples under the same conditions. The PES sam-
ples codes and the procedures for the fabric surface
modifications are listed in Table 1.

The finished PES samples were washed in a Gyrow-
ash 815 (James Heal, UK) testing instrument accord-
ing to the EN ISO 105C06 standard. Washing was
performed in 150 ml of 4 g/l ECE phosphate refe-
rence detergent B solution at 40 °C for 45 min in the
presence of ten steel balls that supply an accelerated
washing treatment that corresponds to 5 domestic
washes. After washing, the samples were rinsed in

Multifunctional hydrophobic, oleophobic and flame-retardant
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distilled water at 40 °C, rinsed in cold tap water, and
dried at room temperature.

Table 1: PES fabric sample codes and procedures for
fabric surface modifications

Sample Procedure of the fabric surface
code modification

PES-Un No treatment

PES-P Plasma treatment

PES/FAS | Finishing with 100 g/l FAS

PES-P/ Plasma treatment followed by

FAS finishing with 100 g/l FAS

PES/OP Finishing with 200 g/l OP

PES-P/OP | Plasma treatment followed by
finishing with 200 g/l OP

PES/ Finishing with the mixture of

FAS+OP 100 g/1 FAS and 200 g/1 OP

PES-P/ Plasma treatment followed by fini-

FAS+OP | shing with the mixture of 100 g/1
FAS and 200 g/l OP

2.3 Analytical methods

Wettability of PES fabric samples

The wettability of PES fabric samples was deter-
mined based on the amount of the finishing solu-
tion applied to the samples in the “wet on dry” proc-
ess. To this end, the pressure and the velocity of the
padded rollers were set to 300 kPa and 1.5 m/min,
respectively, and held constant during the squeezing
process. The amount of the applied finishing solu-
tion was referred to as the wet pickup (WPU),
which was calculated by the following equation [2]:

_ mass of sollution applied N
WPU= mass of dry fabric sample X100 (%) M

Five measurements were performed for each sam-
ple, and the corresponding WPU value was reported
in terms of the mean value and the standard error.

Scanning electron microscopy (SEM)

SEM images of the untreated and treated PES fibres
were obtained using a JSM 6060 LV scanning elec-
tron microscope (JEOL, Japan) operated with a pri-
mary electron beam accelerated at 10 kV. All sam-
ples were coated with a thin layer of gold prior to
observation to supply conductivity and enhance the
quality of the images.
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Fourier transform infrared (FT-IR) spectroscopy
Fourier transform infrared (FT-IR) spectra were ob-
tained on a Spectrum GX I spectrophotometer (Per-
kin Elmer, Great Britain) equipped with an attenu-
ated total reflection (ATR) cell and a diamond
crystal (n = 2.0). The spectra were recorded over a
range of 4000 cm™! to 600 cm~! using 32 scans at a
resolution of 4 cm~1.

Contact angle measurements

The static contact angles 0 of water and n-hexade-
cane on the PES samples were measured using a
DSA 100 contact angle goniometer (Kriiss, Germa-
ny). Liquid droplets of 5 ul were placed on different
points of each fabric sample, and the values of 6
were determined after 30 seconds of droplet deposi-
tion using the Young-Laplace fitting method. Ten
measurements were collected for each fabric sam-
ple, and the corresponding 6 value was reported as
the mean value and the standard error.

Sliding angle measurements

The water-sliding (or roll-off) angles o were meas-
ured in the warp direction of the fabric samples and
determined as the critical angle at which the droplet
of 50 pl began to slide or roll off the gradually in-
clined fabric surface. Five measurements were col-
lected for each fabric sample, and the correspond-
ing a value was reported as the mean value of the
standard error.

Oil-repellent properties

The oil repellence of the PES samples was deter-
mined under static conditions using AATCC test
method 118-1978 with eight hydrocarbon liquids in
a series of decreasing surface tension. Paraffin oil
was denoted with the rating number 1 and n-hep-
tane was given the rating number 8. Drops of the
standard test liquids were placed on the fabric sur-
face and observed for wetting. The repellence rating
was the highest numbered test liquid that did not
wet the fabric in 30 seconds.

Vertical test of flammability

The combustion behaviour was determined via the
vertical test of flammability according to DIN
53906. A fabric sample of size 15 x 7.5 cm, arranged
vertically, was exposed to a propane flame for 6 s at
the bottom of the sample. After removal of the flame
source, the after-flame time and after-glow time
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were determined. Seven measurements were col-
lected for each sample in the warp direction, and
the measured quantities were reported as the mean
values and the standard deviations.

3 Results and discussion

3.1 Characterisation of PES fabric samples

The results of WPU are presented in Figure 1. It can be
observed that the value of WPU is directly influenced
by the sample pretreatment as well as the characteris-
tics of the finishing solutions. Plasma treatment of fab-
ric samples prior to the finishing process significantly
increased the WPU of all finishing solutions regardless
of their properties, which was attributed to the in-
creased wettability of the plasma-treated PES fibres.
This result confirms that the oxygen plasma treatment
caused the formation of new polar functional groups
on the surface of PES fibres, which significantly in-
creases their hydrophilicity and thus their wettability.
The enhanced fibre wettability directly resulted in an
increased concentration of the absorbed finishing
agents. Furthermore, in the case of the untreated fabric
samples, the surface tension of the finishing solution
importantly influenced the WPU. Accordingly, the
WPU of the FAS solution with low surface tension was
2 times lower than the WPU of the high-surface-ten-
sion PO solution. Because this phenomenon was in-
significant in the case of the plasma-treated samples,
this difference represents an important advantage of
oxygen plasma treatment of hydrophobic textile fibres.
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Figure 1: Wet pickup (WPU) of untreated and plas-
ma-treated fabric samples
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Figure 2: SEM images of untreated and plasma-treated PES fibres and PES fibres finished with different finish-
ing solutions

Tekstilec, 2019, 62(1), 12-22



SEM images of the PES fibres before and after dif-
ferent procedures for the fabric surface modifica-
tions are presented in Figure 2. It can be observed
from the images that the oxygen plasma treatment
did not significantly change the surface morpholo-
gy of the fibres, suggesting that the bulk properties
of the fibres remained undamaged. It is also evident
that the applied finishing agents coated the fibres,
which caused light thickening and gluing of the fi-
bres in certain places on the surface. The latter was
the most pronounced when the mixture of FAS and
OP was applied to the plasma-treated fabric sample.
Figure 3 shows the ATR FT-IR spectra of representa-
tive plasma-treated and finished PES fabric samples
as well as the untreated sample for comparison. In all
spectra, the following bands that are characteristic for
PES fibres can be observed: the absorption band of
low intensity at 3340 cm™! due to intermolecular O-H
bonds; the absorption bands in the 3000-2850 cm™!
spectral region attributed to stretching of VCH,,
vCH, and C-H; the absorption band at 1710 cm™!
due to strong C=0 stretching vibrations of the carbo-
nyl group of the ester bond; the band at 1577 cm™!
due to asymmetric stretching of the C-O bond of the
carboxylate anions; the absorption bands at 1372,
1338, 1240 and 1095 cm! caused by the 8(C-0) and
v,(C-0-C) vibrations of the polyester fibres; and the
absorption bands at 848, 793 and 721 cm™! due to
the C-H and C-C vibrations of the benzene ring
[24, 25]. The oxygen plasma treatment did not
change the spectrum of the PES fibres, which sug-
gests that the concentration of new functional
groups incorporated onto the fibre surface was too
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Figure 3: ATR spectra of representative PES fabric
samples: PES-Un, PES-B, PES-P/FAS, PES-P/OP and
PES-P/FAS+OP
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low to be detected by FT-IR spectroscopy. Fur-
thermore, in the case of the PES-P/FAS sample,
the bands belonging to the FAS finishing agent at
1238 cm™! due to v,(CF,) mixed with rocking (CF,),
at 1144 cm! due to v (CF,) modes, and at 1208 cm™!
due to v,(CF,) and v,(CF;) vibrations [24, 26, 27]
were blurred by the polyester fingerprint. The same
applies to the band at 1227 cm~! in the spectrum of
the PES-P/OP sample, which corresponds to the
P=0 bonds of phosphonate [24, 28] and is charac-
teristic of the OP finishing agent. However, a de-
tailed insight into the spectrum of the PES-P/OP
sample reveals an appearance of a broad band of
low intensity at 930 cm~! due to P-O stretching vi-
brations of phosphonate [24].

3.2 Functional properties of PES fabric samples
The results of the water and n-hexadecane static
contact angle measurements on the unwashed and
washed samples containing FAS are presented in
Figures 4 and 5. For the PES fabric samples that
were not finished with FAS, i.e., PES-Un, PES-P,
PES/OP and PES-P/OP, the liquid static contact an-
gles were less than 90° and therefore could not be
measured. The results in Figure 4 reveal that the
presence of the FAS coating supplied excellent water
repellence to the PES fibres, with contact angles in
the range of 148° to 153°, which could be character-
ised as notably high superhydrophobic properties. A
comparison of the PES/FAS and PES-P/FAS samples
shows that pretreatment of PES fibres with oxygen
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Figure 4: Static contact angles of water (0,,) deter-
mined on unwashed (UnW) and washed (W) PES
fabric samples finished with FAS
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plasma did not improve their water repellence, de-
spite the fact that the WPU and the concentration of
the applied FAS were increased on the plasma-treat-
ed sample. This result suggests that the FAS coating
can create a superhydrophobic fabric surface at no-
tably low concentration. The higher WPU of the
FAS and OP mixture for the PES-P/FAS+OP sample
compared with the PES/FAS+OP sample resulted in
a slight reduction in water repellence. The reason for
this result was attributed to a higher uptake of the
hydrophilic OP finishing agent in the mixture,
which hindered the superhydrophobic performance
of FAS but still resulted in notably high hydropho-
bicity with a water contact angle equal to 148°. The
FAS coating exhibited excellent washing fastness
with an insignificant decrease of the water contact
angles in the case of all washed samples.

However, the concentration of FAS uptake by the
untreated PES/FAS and PES/FAS+OP samples was
too low to supply sufficient oleophobicity of the PES
fibres. On these samples, n-hexadecane did not
form stable drops of constant shapes on the fabric
surface but slowly spread and penetrated into its po-
rous structure, which resulted in a decrease of the
contact angles and therefore prevented the static
contact angle measurements. In contrast, the in-
crease of the WPU of the oxygen plasma-treated
PES fibres (PES-P/FAS and PES-P/FAS+OP sam-
ples) influenced the creation of the uniform oleo-
phobic FAS coating with n-hexadecane contact an-
gles in the range of 120 to 124°, which exceeded
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Figure 5: Static contact angles of n-hexadecane (0,,)
determined on unwashed (UnW) and washed (W)
PES fabric samples finished with FAS
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119° even after sample washing. Accordingly, oxy-
gen plasma treatment prior to the finishing process
is crucial to supply simultaneous water repellence
and oil repellence properties to PES fibres.

To determine whether the superhydrophobic PES
fabric samples are self-cleaning, the sliding angles
of water were determined and are presented in Fig-
ure 6. As shown in Figure 6, the lowest water slid-
ing angles of 15° and 13° were obtained for the PES/
FAS and PES-P/FAS samples, respectively, indicat-
ing the nearly full self-cleaning properties of these
samples. However, to decrease the water sliding an-
gle, the low surface free energy micro- to nanos-
tructured roughness of the fibres surface should be
created in the chemical modification process, which
could allow air to become trapped in the fibre to-
pography, thus creating a composite surface that
minimises the solid/water interface and maximises
the water/air surface area. However, according to
the SEM images, the oxygen plasma treatment and
the finishing process did not significantly affect the
topography of the PES fibres, which remained near-
ly unchanged. The results also show that the pres-
ence of OP in the coating increased the water slid-
ing angles of the PES/FAS+OP and PES-P/FAS+OP
samples to a great extent due to the sticking of the
water droplet to the fibre surfaces. This phenome-
non indicates that the hydrophilic character of OP
strongly increased the adhesion between water and
the coating. It is clear that OP does not contribute
to creation of the self-cleaning properties of the
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Figure 6: Sliding angles of water (c) determined on
unwashed (UnW) and washed (W) PES fabric sam-
ples finished with FAS
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coating. Although the water sliding angles for the
PES/FAS and PES-P/FAS samples only slightly in-
creased after washing, the water sliding angles dra-
matically decreased for the PES/FAS+OP and PES-P/
FAS+OP samples. This result suggests that the coating
structure was changed during washing and that the
OP finishing agent released from the fibre surface.
The results of the oil repellence rating summarised
in Table 2 gave additional information to the results
presented in Figure 5. Although n-hexadecane pen-
etrated into the PES fabric porous structure of the
PES/FAS and PES/FAS+OP samples, the mixture of
paraffin oil and n-hexadecane with a 1.6 mN/m
higher surface tension than n-hexadecane did not
wet these samples in 30 minutes. Because the same
applies for paraffin oil, this result indicates that the
PES/FAS and PES/FAS+OP samples were still repel-
lent for different oils. The results in Table 2 also
show the high oleophobicity of the PES-P/FAS and
PES-P/FAS+OP samples, which repelled even n-de-
cane with much a lower surface tension than n-hex-
adecane. The sample repellence only slightly deteri-
orated after washing.

The results of the burning behaviour of the PES fab-
ric samples determined by the vertical test of flam-
mability are summarised in Table 3. The results
show that the samples differ from each other in the
after-flame time and that none of the samples ex-
hibited after-glow behaviour. The PES-Un and
PES-P samples ignited easily and burned for be-
tween 20 and 30 seconds after the withdrawal of the
igniting flame, and the time of burning significantly
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increased if the single-component FAS coating was
present on the samples. This result suggests that the
FAS polymer film stabilised the PES melt in the py-
rolysis zone, causing prolongation of the burning
time. In contrast, the presence of OP in the coating
supplied excellent flame-retardant behaviour to the
PES/OP and PES-P/OP samples, which did not
burn after flame withdrawal and showed superior
self-extinguishing behaviour. The application of FAS
in combination with OP significantly impaired the
flame retarding efficiency of OP, which was reflect-
ed by the increased after-flame time of the PES/
FAS+OP sample, suggesting that the concentration
of the adsorbed OP was too low to provide sufficient
flame retardancy. Nevertheless, as stated before,
plasma treatment influenced the increase of the FAS
and OP adsorption, resulting in an excellent flame-
retardant behaviour to the PES-P/FAS+OP sample
which was comparable to that of the samples PES/
OP and PES-P/OP. However, the results of burning
behaviour of washed samples reveal that OP was
neither covalently bonded to the PES fibre surface
nor to the FAS polymer network but was only phys-
ically incorporated into the coating, which resulted
in the movement of OP from the PES fibres during
the washing process. Consequently, all washed PES
fabric samples burned easily. These results also con-
firm our assumption based on the water sliding an-
gle measurements that the reason for the sliding an-
gle decrease on the PES/FAS+OP and PES-P/
FAS+OP samples after washing was the absence of
the OP finishing agent.

Table 2: Oil repellence rating of unwashed (UnW) and washed (W) PES fabric samples finished with FAS de-
termined under static conditions using AATCC test method 118-1978.

Rating number? Test liquid® S
Sample [mN/m]
UnW W UnW W UnW W
PES/FAS 2 1 PO:C16 PO 28.7 31.2
(65:35)
PES-P/FAS C10 C12 235 25.1
PES/FAS+OP 2 PO:C16 PO:C16 28.7 28.7
(65:35) (65:35)
PES-P/FAS+OP 6 5 C10 C12 23.5 25.1

a) Rating is the highest numbered test liquid which did not wet the fabric in 30 seconds.
b) Name of the highest numbered test liquid: PO - paraffin oil, C16 — n-hexadecane, C12 - n-dodecane,

C10 - n-decane.

¢) Surface tension of the highest numbered test liquid at 25 °C.
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Table 3: After-flame time t and after-glow time t; of unwashed (UnW) and washed (W) PES fabric samples
determined via the vertical test of flammability according to DIN 53906

Sample te [ fg [s]

UnW UnW W
PES-Un 27+3 25+5 0 0
PES-P 24+3 26+3 0 0
PES/FAS 44 +5 32+6 0 0
PES-P/FAS 43 +7 41 %5 0 0
PES/OP 0 25+4 0 0
PES-P/OP 0 18+4 0 0
PES/FAS+OP 14+3 43 +5 0 0
PES-P/FAS+OP 0 4516 0 0

4 Conclusion

In this research, we successfully tailored the multi-
functional superhydrophobic, oleophobic, and
flame-retardant coating on PES fabric using a two-
step chemical modification procedure consisting of
oxygen plasma treatment followed by pad-dry-cure
application of an FAS and OP mixture. A compari-
son of the functional properties of PES fabric treat-
ed by the FAS and OP mixture with those treated by
single-component FAS or OP finishing solutions re-
veals the following:

* Application of the FAS finishing agent supplied
washing-resistant superhydrophobic properties
to the PES fibres, which was insignificantly affec-
ted by the presence of OP in the mixture;

e Oxygen plasma treatment of the surface of PES
fibres dramatically increased the wet pick up of
the fibres and therefore preserved the conditions
for the creation of the uniform oleophobic coa-
ting with n-hexadecane contact angles in the ran-
ge of 120 to 124°, which exceeded 119° even after
sample washing;

* The presence of OP in the coating notably increa-
sed the water sliding angles because of the enhan-
ced adhesion between water and the PES fibres
surface, resulting in complete deterioration of the
self-cleaning properties;

e Application of the OP finishing agent created
excellent flame-retardant behaviour of the PES
fibres, which did not burn after flame withdra-
wal and showed superior self-extinguishing be-
haviour;

 The flame retardancy of the PES fibres was not
wash-resistant because OP was only physically
incorporated into the coating and was removed
during the washing process.
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Abstract

The purpose of clothing is to express an individual's style, and to meet the wearer’s protection, functionali-
ty and comfort needs. Each of these requirements must be met in order to satisfy human needs and achieve
a garment’s functionality. Another function of clothing is to hide physical disabilities, if possible. The sitting
position is very common in daily life. All clothing should therefore be comfortable in this position, as well.
This is particularly important for disabled people who are restricted to the sitting position for their entire life
due to their disabilities. These are people who suffer from paraplegia, multiple sclerosis or some injuries, and
who have limited mobility using wheelchairs. This paper presents research on improving clothing design,
adjusted to the special needs and demands of an individual, through the application of new technologies.
In that respect, taking measurements is very important, as is the virtual simulation of garment fitting as the
result of cuts adapted to the sitting position.

Keywords: functional clothing, disabled people, 3D scanning, virtual garment simulation

Izvlecek

Oblacila so namenjena izrazanju ¢lovekovega osebnega stila, zasciti pred zunanjimi vplivi, funkcionalnosti in za-
gotavljanju udobja. \/se nastete zahteve je treba izpolniti, Ce Zelimo zadovoljiti ¢lovekove potrebe in doseci uporab-
nost oblacil. Poleg omenjenih funkcij poskusamo z oblacili skriti tudi fizicne okvare. Sedeci poloZaj je v vsakdanjem
Zivljenju zelo pogost, zato bi morala biti vsa oblacila v tem poloZaju enako udobna, kar je Se zlasti pomembno za
invalide, ki so vse Zivijenje omejeni na sedeci polozaj. To so osebe s paraplegijo, multiplo sklerozo ali drugimi po-
Skodbami, ki imajo zaradi uporabe invalidskih vozickov omejeno mobilnost. V ¢lanku so predstavijene raziskave o
uporabi naprednih tehnologij in izboljSav pri oblikovanju oblacil s prilagoditvami posebnim potrebam in zahte-
vam posameznika. Pri tem je zelo pomembna faza jemanje mer, kot tudi virtualna simulacija oblacila s krojnimi
deli, prilagojenimi sedecemu polozaju.

Klju¢ne besede: funkcionalna oblacila, invalidi, 3-D skeniranje, virtualna simulacija oblacil

1 Introduction clothing must meet the needs of a disabled person,

while achieving the pure aesthetics of garments, as

In addition to protection, functionality and com-
fort, clothing has an aesthetic function, the purpose
of which is to express the wearer’s personal style and
hide physical disabilities. However, clothing cannot
always hide the physical disabilities of people who
suffer from more severe disabilities. In such cases,
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design has a significant effect on the human social
dimension [1, 2].

Disability is an umbrella term for the impairments,
limited activities and participation restrictions of
an individual while performing the activities of dai-
ly living. Wheelchair users (people suffering from
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paraplegia, multiple sclerosis, muscular dystrophy

and other disorders of the locomotor system) are

most affected [1].

The most frequently used disability classification,

drawn up by the World Health Organisation

(ICIDH), classifies disabilities as: behaviour dis-

abilities, communication disabilities, personal care

disabilities, locomotor disabilities, particular skill
disabilities and situational disabilities. A disability

(congenital or acquired) can be physical, cognitive,

mental, sensory, emotional, developmental and

even combinations of these [3-5].

The body characteristics of disabled people (shape,

size and limb mobility) indicate the following [6, 7]:

— loss of balance due to spine injuries and changes
in a body shape, which results in asymmetry and
an irregular body shape;

- poor blood circulation, low body temperature,
the physical inactivity of damaged body parts,
impaired muscle functions and muscular atrophy;
and

- the clear extension of the relevant muscle group
of the upper extremities with wheelchair users.

2 Functional clothing requirements
for disabled people

The functional requirements affecting garment de-
sign are the wearer’s limited mobility and the need
for a comfortable garment that does not cause addi-
tional health problems, such as skin irritation, blood
flow obstruction, etc. [8, 9]. Clothing for disabled
people must provide ergonomic comfort in the sit-
ting position and improve the overall quality of life.
It is designed for people from a physical and cogni-
tive point of view, cultural and social aspects, and
other aspects related to body dynamics [1, 10].

Computational Design of Functional Clothing for Disabled People

The problems faced by wheelchair users while dress-

ing have been researched by Pruthi et al,, and the

following have been identified [11]:

- pain in the upper limbs while dressing and un-

dressing;

the removal of clothing from dormant legs;

incontinence;

- bedsores caused by a lack of movement; and

injuries caused by traction belts, etc. [12]

In order for the functionality of clothing for dis-

abled people to be achieved, the following require-

ments must be met [1, 10, 13, 14]:

- moisture absorbency;

— the use of elastic fibres for comfort;

- the use of easy closure systems (zippers, hook-
and-loop fasteners, buttons, etc.);

- easy to maintain clothing with a low level of elec-
trostatic charging; and

- a minimum level of body odour retention (natu-
ral fibres with antibacterial finishing).

Clothing designed for disabled people must meet

the following needs: sleeves should be adapted to

the back and shoulders, facilitating more freedom

of movement while pushing a wheelchair, comfort

should be ensured, without fabric creases caused

by sitting for long periods, trousers should not be

too tight (blood flow obstruction due to strong

pressure) or too loose (skin irritation on the back

and hips due to fabric creases), and should be

high-wasted on the back compared with standard

clothing and should not tighten around the knees

and create needless creases, and the pockets

should not be sewed on the back of trousers and

should be longer than standard cuts [13, 16].

Sleeves in the elbow area should also be shaped

according to the principles of comfort, where it is

possible to find constructional solutions, as shown

in Figure 1.

Figure 1: Elbow part of an adaptive garment for wheelchair users [15]
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Figure 2: Adaptive designs for sitting [20-22]

Research has shown that the comfort of trousers is
affected by four main areas in which pressure oc-
curs: waist (39.17%), knees (16.4%), crotch (13.96%)
and the back of the thighs-calves (6.95%), while
pressure on parts below the knees and the back of
the thighs has no significant effect on wearing com-
fort. Wearing comfort is acceptable if pressure is be-
low 20 kPa on the hips, waist and crotch, and below
10 kPa on the back of the thighs and knees [17, 18].
Research conducted in 2013 among 10 young wom-
en aged 18 to 38 with different types of disabilities
suggested that design, form, function, self-expression
and social identity were the essential factors that in-
fluence their clothing selection [19]. Standing pos-
ture measurements are not applicable to sitting pos-
ture measurements due to anatomical variations and
different types of disabilities. For this reason, cloth-
ing designers and manufacturers should design this
type of clothing according to the principles of uni-
versal design, i.e. inclusive design (Figure 2) [23-25].

3 3D virtual body scanning as a
basis for designing personalised
clothing for disabled people

Body measurement standards differ significantly be-
tween people with physical disabilities and non-dis-
abled people. Thus, specific design requirements should
be met when measuring disabled people [26-28].

When a person in the sitting position is being mea-
sured, it is important that seat surfaces be flat and
horizontal, that the upper legs are positioned hori-
zontally and the shins vertically, and that the feet
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Figure 3: Definition of measurements on a 3D point
cloud of the human body in the standing and sitting
positions [29]

are positioned flat on a horizontal surface. The per-
son must be barefoot and not wear any clothing ex-
cept underwear [28, 30].

Body measurements can be taken manually or on a
digitised human body. Depending on the applied
measurement technique, differences in the volume
of a body ranging from 0.72 cm to 1.71 cm and dif-
ferences in body measurements in relation to the
height and length of a body can arise [31, 32].

In order to take body measurements using a non-
contact technique, digitisation with 3D body scan-
ners is used, resulting in a point cloud of human
body spatial coordinates. Scanning technologies can
be classified into different categories: laser scanning,
white light scanning, passive scanning, photogram-
metry, visual body shape, silhouettes and the use of
other active sensors [33—35].
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The main advantage of a non-contact technique used
for body measuring is the short scanning time required,
which reduces the fatigue that occurs while maintain-
ing specific and necessary postures during anthropo-
metric measurements. It is possible to collect all rele-
vant data from an anthropometric, biomechanical and
ergonomic point of view, which is necessary for the de-
velopment and design of clothing adapted to the differ-
ent needs of specific segments of wearers. Given that
anthropometry provides two body measurement sys-
tems static or structural referring to an individual’s body
variations, and dynamic or functional referring to bio-
mechanical aspects related to different movements and
daily tasks all of the afore-mentioned aspects can be
comprised on the basis of 3D body scanning [10, 36].
Optoelectronic devices and scanners, which are
based on recognising a silhouette from one or more
images and can create a model with thousands of
points using laser beams or structured light, are used
to create a parametric model of the human body.
However, a large number of points is redundant,
noise is present and the surface for creating 3D mod-
els should be removed and filtered [37-39].

Figure 4: Intellifit radio scanner [39]

Computational Design of Functional Clothing for Disabled People

3D radio-wave scanners (Intellifit system) are based
on radio-wave technology and use millimetre radio
waves that pass through a subject’s clothing and re-
flect off the body’s surface. The reflected signal is
subsequently detected by the receiver net, resulting
in a 3D image of the subject (Figure 4) [37, 40—42].
The advancement of 3D scanning technology has
enabled the creation of high-density point clouds.
The process requires the use of certain algorithms
that analyse the data of body topology in order to
obtain the corresponding surface of the scanned ob-
ject. At an early stage of data procession, disconti-
nuities are discovered by the algorithms, so that the
information can be kept during the complete pro-
cess of surface interpolation.

The virtual prototyping of garments and simulation
depend on numerous factors. The central focus of
virtual image research is the development of the ef-
ficiency of mechanical and simulation models that
can be reproduced. The second research aspect is
aimed at 3D human body scanning and modelling
in order to obtain a 3D human body model for the
virtual prototyping of garments. Most research is
based on the human body in the standing position
with no or minor physical deformities. It is there-
fore aimed at the similar creation of virtual proto-
types for wheelchair users [36, 40, 42-43].

Systems used for virtual garment fitting provide a
standing parametric human body model of average
height, with adapted shapes and dimensions. The
aim of research is to design a generally acceptable
3D human body model adaptable to different poses
and non-standard body shapes to enable the virtual
prototyping of garments for people with limited
body abilities; see Figure 5 [44—51].

Figure 5: Parametric human body model in the sitting position [6]
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The 3D point cloud has outliers in parallel with a
lack of points on the digitised object. The point
cloud is therefore reconstructed by removing outli-
ers and closing the point cloud [39, 45]. The net
must be completed by closing the point cloud in
places where points are lacking. Taking into account
the natural contours of the body, the points are add-
ed and the net is completed. The Poisson recon-
struction algorithm is used for the surface recon-
struction of a 3D body cloud.

Different methods for human body modelling have
been developed. Their use has simplified the ways
in which human body shapes and height are adapt-
ed. Linear regression is used for taking measure-
ments [52-54].

4 Virtual garment design for people
with disabilities

Adaptive clothing can be designed on the basis of a
digitised human body. Characteristic body parts,
such as the chest, shoulders, scapula, neck, back,
hips and lateral parts, can be positioned depending
on the actual body image, which is a prerequisite for
virtual garment design. The research conducted and
approaches applied have shown that the problem of
adaptive design for people with disabilities, such as
people with scoliosis, can be solved in this manner.
The results of the research can thus be applied to
mass production, facilitating rapid interaction be-
tween wearers and designers. In that regard, the
parametric influence of textiles is crucial for adap-
tive clothing for wheelchair users [55-57].

An individual approach must be taken when design-
ing garments for people with disabilities due to an
individual’s different physical deformities, which can
be multiple with wheelchair users. For this purpose,
a group of Slovenian researchers has developed the
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CASP method (C-curvature, A-acceleration, S-sym-
metry and P-proportionality) used to design cloth-
ing adapted to 3D virtual mannequins with physical
deformities that have occurred as the result of dis-
ease. Curvature goes from minus (concavity) to plus
(convexity), which can be calculated using the ma-
trix expressions [58]:

an-1,0 >an-1,n-1
. . (1).

a0,0 >a0;n—1

The matrix enables the same points in the 3D space
in the n X n matrix to be marked. Acceleration is a
property referring to the basic surfaces in a longitu-
dinal direction. Clothing symmetry is always pref-
erable, and a value of zero means perfect symmetry.
Proportionality indicates the size or width of the
surface, and is calculated as a ratio of the length and
width of the observed surface. The whole process is
based on the use of the Grasshopper” (GH) graphi-
cal algorithm, which is an add-in used with the RH
application through which the analysis of digitised
surface geometries is based on the rules of the M.
Miiller & Son and the Optitex CAD/PDS construc-
tion system. The latter enables the XY clothing
tightness on particular body parts to be recorded in
order to design comfortable adaptive clothing for
people with disabilities [58, 59].

With the use of a 3D-to-2D garment design meth-
od, clothing can be designed directly on a 3D virtu-
al body model, resulting in 2D patterns obtained by
flattening the existing parts. Adaptive clothing is de-
signed using a CAD system for designing the virtu-
al prototyping of garments. This enables garment fit
testing and the adjustment of virtual body models
to standard models [2, 6, 45, 49, 59].

Making a virtual body model using the 3ds MAX
software is based on integrating female body scan
data with a kinematic template. The template position

Figure 6: Adaptive clothing image created using a 3D-to-2D garment design method [49]
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is adjusted to the scan data. The dimensions of bones
and muscles are then adjusted to specific scan data.

In order for the animation to be realised, the inter-
polation weights must be transferred and calculated,
enabling every joint to be marked and proportional-
ly transferred between the skeleton and the network
in order to obtain a uniform human body deforma-
tion. The process requires the use of different scripts
developed for 3D kinematic model animation, the
purpose of which is to create several lower body po-
sitions with different bending angles [60].

In research on the 3D construction and simulation of
trousers designed using the Lectra DesignConcept,
three distinctive positions with different degrees of

e
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bending at the knees and trunk have been described
in detail. The contour of trousers has been defined
and used for designing a mesh model from which 2D
tailored pieces have been extracted. Research has
shown that suitable tailored pieces cannot be extract-
ed if a body has a high-degree bend. When the bend
at the knees is 90° and 110° in the sitting position, it is
automatically possible to design tailored pieces for
well-fitting trousers. By changing the design and re-
sizing the projected seam, a model that facilitates a
bend of more than 130° at the knees and trunk is cre-
ated, with no change in trouser fitting and the func-
tionality of a garment for wheelchair users. The use of
tailored pieces and the simulation generated positive

Figure 7: 3D human body animations in different positions [60]

e il

Figure 8: Developing trouser patterns for people in the sitting position [65]
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results, which is evident in prototyping. However, this
method of design cannot be applied to all wheelchair
users, as garment design depends on a persons indi-
vidual needs and body morphology [61-63].
Research on improving the functionality of gar-
ments for wheelchair users has also been conduct-
ed. A robotic mannequin has been developed for
the purpose of assessing clothing comfort based on
the replication of body movements and data gath-
ered through the senses while wearing clothing. A
special application was developed for the purpose
of this research. The application enables virtual gar-
ment fitting in the sitting position (wheelchair seat-
ing), provides a simulation of clothing adjustments
according to changes to the standard model, per-
forms 3D measurements on the basis of which a da-
tabase is created, and verifies suitable results based
on 3D visualisation. The purpose of the application
was to provide a virtual service through adaptation,
to enable wheelchair users to create a prototype
wherever they wish and to gather data relating to
apparel appearance [63-66].

5 Conclusion

After reviewing the relevant literature, it can be con-
cluded that techniques for clothing simulation repre-
sent an important tool for textile and clothing de-
signers. These techniques offer numerous advantages,
such as fast and simple changes in clothing develop-
ment. The primary advantage of virtual prototyping
is the possibility of designing clothing and directly
observing the adjustment of a silhouette to a person
who is not physically present. Computer prototyping
has great potential for producing clothing in a con-
temporary manner, as it facilitates a 3D prototype of
a garment to be produced rapidly [67].

3D body scanning plays a key role in producing
adaptive clothing for wheelchair users, as it allows
body measurements to be taken while determining
the posture and position of a body in the sitting po-
sition. Point clouds produced through the process
of 3D scanning are used to create a virtual body,
which is standard practice in the virtual prototyp-
ing of garments.

The standard software packages used for the virtual
prototyping of garments can also be used for the vir-
tual prototyping of garments for people with physi-
cal deformities. A systematic approach is necessary
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when designing clothing for people in wheelchairs.
3D scanning must be adapted to a person in the sit-
ting position, particularly if the person is unable to
sit without a seat back. When creating virtual bod-
ies, an individual approach is required, as the point
clouds of a body scan must be processed with the
use of 3D image processing algorithms. The algo-
rithms used for the standard standing position are
not reliable enough for an automatic reconstruction
of a 3D human body in the sitting position due to
the differing body shapes of people with disabilities.
Software packages for apparel design are used to de-
sign a garment directly on a digitised 3D human
body model. It is possible to either design and ad-
just a cut to a 3D body scan based on a simulation,
or to create a garment directly on a 3D body by ex-
tracting the tailored pieces after 3D modelling.
Regardless of the selected method for garment de-
sign, obtaining satisfactory results is limited by a per-
sons different body shape and physical limitations. It
can thus be concluded that research on the computa-
tional design of clothing for people with disabilities
has great potential. People with disabilities wish
to emphasise their individuality, as aesthetically
pleasing clothing decorates their physical appearance
and enables them to enjoy a psychologically healthy
environment [62].

Clothing for wheelchair users must be above all
functional, must enable quick and independent
dressing, must provide a psychical and psychologi-
cal sense of comfort and stability, and be easy to
maintain and trendy. The use of computer technolo-
gies is thus very important, as disadvantages to de-
sign can be foreseen and eliminated when develop-
ing and designing garments. The use of new
technologies facilitates the design of functional gar-
ments for wheelchair users.
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Abstract

Vertical farming is one of several ideas that are being developed further by diverse research groups, com-
panies and private citizens. Due to the growing problems of urbanisation and a growing population, verti-
cal farming has presented itself as one possibility to feed people, particularly in large and densely crowded
cities, in an efficient and eco-friendly way. Interestingly, while agrotextiles are often used in agriculture and
textile fabrics can be bought, for example, as frames for small vertical farming solutions for private balco-
nies, only a few researchers have studied the possibilities of using textile fabrics as substrates for vertical
faming to date. This study provides an overview of possible future applications of textile fabrics in vertical
farming solutions.

Keywords: vertical farming, vertical gardening, textile fabrics, agrotextiles, plants, algae, hydroponics, aero-
ponics, aquaponics

Izvlecek

Vertikalno kmetovanje spada med ideje, ki jih razvijajo razlicne raziskovalne skupine, podjetja in zasebniki. Zaradi
narascajocih problemov urbanizacije in rasti svetovne populacije je vertikalno kmetovanje lahko ena od moznosti
ucinkovitega in okolju prijaznega nacina zagotavljanja hrane, zlasti v velikih in gosto naseljenih mestih. Zanimi-
Vo pa je, da se kljub temu, da se agrotekstilije pogosto uporabljajo v kmetijstvu in da so na trgu na voljo tekstilni
materiali za okvirne resitve vertikalnega kmetovanja za zasebne balkone ipd., le manjse Stevilo raziskovalcev ukvar-
ja z moznostjo uporabe tekstilij kot substrata za vertikalno kmetovanje. Clanek predstavija pregled moznosti za
uporabo tekstilnih materialov za vertikalno kmetovanje v prihodnosti.

Kliucne besede: vertikalno kmetovanje, vertikalno vrtnarjenje, tekstilne tkanine, agrotekstilije, rastline, alge, hidro-
ponika, aeroponika, akvaponika

1 Introduction of the population for food. For example, a recent

statistical report indicates a demand of 18.3 - 10° ha

According to the latest World Population Prospects,
the world’s population will grow continuously over
the next decades [1]. Fighting hunger and malnutri-
tion will become even more difficult than it is today,
particularly in the poorest countries where popula-
tion growth is expected to be highest [2]. Even in
wealthier countries, however, total agricultural land
area is frequently insufficient to cover the demands
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for food production in Germany for 2016, while
only 14.0 - 10° ha of the total available agricultural
land area of 16.7 - 10° ha were used for food pro-
duction. The missing food, corresponding to the
difference of 4.3 - 10¢ ha, was bought abroad [3].

This is one of the reasons why vertical farming is of
major interest in research and development. The
main idea of vertical farming is to grow vegetables
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or other plants vertically, typically inside of high
buildings. One possibility is to have several floors
(or thinking on a smaller scale, several levels in a
large shelf-like structure) that are used for farming.
Water is often transported from the highest levels
down to the next levels until it reaches the lowest
level and is pumped back to the highest level, ideal-
ly achieving a closed water recycling system. On the
largest scale, entire skyscrapers can be used for ver-
tical farming, possibly including a restaurant or a
supermarket where vegetables are sold. On a small-
er scale, vegetables are harvested from the paths be-
tween the shelfs on which they grow. In this way, as
Pinstrup-Andersen recently pointed out, indoor
vertical farming may support improved nutrition,
reduce water consumption and decrease the risks
associated with outdoor farming due to increasing
climate change and extreme weather conditions [4].
Particularly in highly urbanised areas, vertical farm-
ing may offer a certain amount of independence [5].
Interestingly, vertical farming can even compete
economically with fresh food grown in greenhous-
es, despite the high cost of artificial lighting [6, 7].
From a technical point of view, relatively new tech-
nologies such as hydroponics, aeroponics and aqua-
ponics facilitate efficient farming in the city [8—10].
Hydroponics is a hydroculture technology used to
grow plants without soil, i.e. in water with addition-
al nutrients, possibly using perlite or a similar struc-
ture, to support the roots of plants. Aeroponics goes
one step further and grows plants in humid air or
mist, but without inserting the roots in water. Final-
ly, aquaponics uses another approach by creating a
symbiosis between plants and aquatic animals,
where water and animals’ by-products are used as a
source of nutrients for plants. It should be noted
that the location and design of these technologies
must be tailored carefully to achieve a sustainable
food supply [11].

Another technology based on the same idea of
growing plants vertically to save space is demon-
strated by the BIQ Algenhaus in Hamburg, Germa-
ny. The fagade of this building is used as a bioreac-
tor in which microalgae are grown. During growth,
the microalgae absorb the radiation on the facade,
converting it partly into biomass, while the residual
radiation is used for heating the building. Nutrients
are provided by the waste water from the building,
again achieving a high recycling rate that is seen in
common vertical farming technologies [12].
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Despite these advantages and even the possible ne-
cessity of vertical farming that could be only be men-
tioned briefly here, there is surprisingly little litera-
ture available about new technologies specifically for
vertical farming. Even textile fabrics that are well-
known as agrotextiles used to protect diverse plants
from wind, low temperatures or insects cannot be
found in literature about vertical farming. An over-
view will be given here of the possible use of differ-
ent textile fabrics for vertical farming applications,
subdivided into the farming of plants and algae.

2 Textile fabrics for algae
immobilisation and harvesting

Algae are eukaryotes that are, depending on the
cited study, regarded as simple plants or as plant-
like species [13, 14]. A broad spectrum of algae
exists, from the smallest micro-algae such as
Chlamydomonas reinhardtii, a well-known model
organism for photosynthesis or starch metabolism,
to large seaweed formed by red, brown or green
macro-algae. Several algae are studied comprehen-
sively, as they can produce chlorophyll, carotenoids,
fucoidans and other healthy ingredients. Other al-
gae can be eaten, are used in cosmetics, can serve as
a base for bio-ethanol, can be used to clean waste
water, etc. Algae are thus of great interest in recent
research, but are already farmed on a large scale,
particularly in Asian countries such as China, Japan
or Korea. Despite recent approaches to growing al-
gae in a vertical arrangement, such as the BIQ Algen-
haus [12], scientific literature mostly reports on
common growth methods using bioreactors or
round tanks.

Combinations with textile fabrics can only rarely be
found in literature. Kerrison et al. describe textiles
substrates for the macro-alga Saccharina latissimi,
which was seeded on fabrics in different develop-
ment stages. Using a binder solution, the seaweed-
forming macro-alga was affixed to a polyester rope
and a non-woven fabric. Facilitating the outplanting
of algae in this way at a seaweed farm at an earlier
stage not only increased the amount of biomass pro-
duced, but also helped decrease the necessary vol-
ume of hatchery tanks [15].

The seaweed Gayralia sp. was studied by Pellizzari et
al. [16]. They found polypropylene nets placed close
to a mangrove fringe in the bay in southern Brazil
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where they performed their experiment enabled
cultivation using a simple technology and resulting
in a reliable algae growth rate, and provided the lo-
cal inhabitants a secure income.

An integrated photobioelectrochemical system,
combining a microbial fuel cell with algae growth
for domestic wastewater treatment, was suggested
by Luo et al. [17]. In such a combination, electro-
genic bacteria produce electricity through oxygen
reduction, while at the same time degrading organic
compounds. The algae produce oxygen by photo-
synthesis, thus eliminating the need for external aer-
ation while also serving as biomass. Luo et al. studied
six different mesh membranes from polyester or ny-
lon with varying pore sizes, ranging from 0.11 mm
to 5.31 mm for algal attachment to support algae
harvesting, and found polyester slightly superior to
nylon, while the smaller pore sizes of 0.11 mm and
0.53 mm resulted in significantly higher biomass
productivity than the largest pore size.

Nylon meshes were also used by Lee et al. to in-
crease the biomass productivity of diverse micro-
algae [18]. In addition, the harvesting and de-wa-
tering of the algal biomass were found to be easier
and less expensive, as the meshes with adhered al-
gae could simply be taken out of the culture.
Focusing on microalgae, electrospun nanofiber
mats from polyamide and polyacrylonitrile were
studied and compared with a non-woven polypro-
pylene microfiber fabric (Figure 1) [19]. Cell adhe-
sion, however, was poor, contrary to a previous
study of Chlamydomonas reinhardtii on polysulfon
nanofiber mats [20].
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Gross et al. studied the effect of materials and
structures on algal cell attachment. Working with a
non-sterile Chlorella vulgaris culture including oth-
er diverse green algae and cyanobacteria, they in-
vestigated various metals, polymers and rubber. In
addition to smooth surfaces, meshes with different
pore sizes were studied. In general, polypropylene
and nylon meshes with openings of 0.5-1.25 mm
were found to be ideal for initial cell attachment and
long-term adherent growth [21].

Different technologies were suggested for harvest-
ing microalgae. Amongst them, filtration is a tech-
nology in which textile meshes or membranes are
used. One possibility is the use of so-called micro-
strainers, rotating filters with fine meshes (pores
measuring between 35 um and 62 pm), combined
with continuous backwash. Wilde et al. suggested a
double-stage microstrainer to increase performance
and cost-efliciency [22].

The exact mesh pore size for such filtration meth-
ods is determined by the size of the algae. Chlorella
sp. (5-6 um) and Chlorella vulgaris (0.1 pm) can be
harvested through microfiltration [23, 24], while a
microfiber disc filter was used for Nannochloropsis
salina [25]. For Chlorella pyrenoidosa, Chu et al.
studied a stainless steel mesh with a pore size of
75 um, on which a diatomite cake layer was formed
as the dynamic membrane module [26, 27]. For the
dewatering of Chlorella vulgaris, Munshi et al. stud-
ied a forward osmosis polyethersulfone membrane,
supported by a polypropylene permeable mesh to
prevent membrane rupture, in combination with
different draw solutions, such as NaCl or NH,Cl,

Figure 1: Growth of Chlamydomonas reinhardtii on a polyamide nanofiber mat (a) and on a polypropylene
non-woven fabric (b). For a detailed description of the experiments, cf. Ref. 19.
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and found this membrane combination generally
suitable [28].

It should be mentioned that the opposite objective
has been reported in several publications: textile
fabrics can also be prepared to protect buildings
from algae (particularly in consortia with bacte-
ria) growing on them or to serve other biocidal
functions [29].

While the possible uses of nets, membranes and
several other textile structures for algae growth and
harvesting described above exist, no research can be
found in literature regarding woven, warp or weft
knitted structures as substrates for algae growth.
Nevertheless, algae, particularly microalgae, belong
to a species that can be of great interest for vertical
farming, e.g. for vertical agriculture in space [30],
while the outdoor cultivation of temperature-toler-
ant algae such as Chlorella sorokiniana in column
photobioreactors may also be a research objective
aimed at sustainable food production [31]. This sug-
gests that there is a broad area of research of possi-
ble new findings and developments related to the
growth of adherent algae on diverse textile fabrics
with potential vertical farming applications.

3 Plants

Agrotextiles are typically used as covers, not as sub-
strates for growing plants. Although they can be de-
graded by UV irradiation and the effects of weather,
and then destroyed by mechanical impacts [32],
their advantages seem to outweigh these problems.

In an unheated greenhouse during the winter, let-
tuce was found to grow best if covered by a combi-
nation of mulch and an agrotextile [33]. Outdoor
studies showed that an agrotextile or polyethylene
foil resulted in an increased lettuce yield in the early
growth phase [34]. In another study, a cloth cover
resulted in the strongest lettuce plants, while straw
mulch resulted in the weakest plants [35]. Agrotex-
tiles were found more suitable than black plastic
and sawdust for strawberries with a high ascorbic
acid content [36]. Traditional straw mulch, howev-
er, resulted in the best fruit size and yield [37]. For
an early potato harvest, a covering made from agro-
textiles resulted in larger potatoes than a covering
made from a perforated plastic film or no covering
at all [38]. On the other hand, litchi fruit harvesting
periods could be delayed successfully by shading
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the trees with an agronet of 30% or 50% light trans-
mission, thus preventing the ripening of all litchis
within a few days [39].

Several research groups are working on different ap-
proaches to further develop these simple agrotex-
tiles. Dan et al. developed a new textile composite
material that was UV resistant and clearly increased
the growth of spinach and two lettuce varieties [40].
A knitted alternative to typical non-woven fabrics
was suggested by Scarlat et al., who prepared warp
knitted nets from polyester and polyamide, and
found good mechanical properties compared with
typical agrotextiles [41].

It should be mentioned that agrotextiles such as row
covers are used to protect plants, not only from the
wind and sun, but also from virus vectors and other
undesirable pests. Honeydew melons could be pro-
tected from the sweet potato whitefly and vegetable
leaf miner using different row covers with varying
success [42]. For tomatoes, whiteflies are also a ma-
jor pest that sometimes results in complete crop
loss. In combination with planting aromatic basil
between tomato rows, an agronet cover could re-
duce whitefly infestation by more than two thirds
[43]. The same effect was found when French bean
plants were protected from the silverleaf whitefly
and black bean aphids. In addition, the covered
plants developed faster and yielded a higher quality
[44]. While the latter study showed no clear correla-
tion between the protective effect and the impreg-
nation of the net with an alphacypermethrin-based
insecticide, another study found that the mortality
rate of whiteflies exposed to alphacypermethrin-
treated agronets doubled [45]. To prevent crops
from bacterial contaminations, antibacterial na-
nosilver coatings were deposited on high-density
polyethylene nets and studied with respect to their
antibacterial properties on gram-positive and gram-
negative bacteria [46].

To summarise these findings, textile fabrics can be
used for a broad variety of agricultural applications,
in particular protecting plants from excessively cold
or warm weather, insects, bacterial contaminations,
etc. It should be mentioned, however, that there are
also some negative aspects that are usually not re-
ported in literature, but must not be overlooked,
such as birds and other animals becoming entan-
gled in nets meant to protect fruit against them, or
the exposure of the environment to non-biodegrad-
able polymer parts if agrotextiles are destroyed by
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Figure 2: Growth of cress (a) and grass (b) in different textile substrates

heavy wind, etc. These aspects, however, are not rel-
evant for indoor vertical farming, and can be ad-
dressed through intelligent textile constructions for
outdoor vertical farming ideas.

Because the step from covering plants with agrotex-
tiles to letting plants grow on agrotextiles in hydro-
ponic applications is not actually large, it is sur-
prising that no reports regarding other textile
applications in agriculture can be found in scientific
literature. Textile fabrics are commercially available
as base materials for outdoor vertical farming sys-
tems for individuals, and contain bags in which
plant pots can be fixed. However, the direct combi-
nation of textile and plant, i.e. using a fabric as a
substrate to which the plant roots adhere, is only
scarcely found. This is particularly hard to under-
stand, as the shape and chemistry of textile fabrics
can be tailored according to the requirements of the
roots of each plant (Figure 2).

4 Conclusion and outlook

Textile fabrics are used for several applications in
agriculture and algae farming. Surprisingly, no re-
ports can be found in scientific literature about the
obvious implications of studying the ability of di-
verse textile fabrics for their possible use in hydro-
ponics and other vertical farming applications.

Due to the increasing need for vertical farming so-
lutions in the coming decades, vertical farming
can be developed further based on the well-known
advantages of textile fabrics: the wide variety of
structures and chemical compositions of fibres,
the possibilities of creating one-, two- and, to a
certain extent, even three-dimensional fabrics, and

relatively inexpensive and long-established textile
production technologies.

In the author’s personal opinion, vertical farming is
a technologically available method to address the
severe problem of supplying sufficient food for a
growing population in cities with increasingly less
space, without destroying even more forests and
other natural wildlife habitats. Numerous examples
of the use of textile fabrics for diverse agricultural
applications suggest that recent progress in innova-
tive agrotextiles and algae harvesting nets should be
transferred into textile-based solutions for vertical
farming. This transfer could pave the way to new
technologies for ecologically and economically rea-
sonable food production.
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Abstract

The main physical-mechanical parameters of modal yarns (unevenness, faults, hairiness and spectrograms)
were compared with the parameters of micro modal yarns of the same fineness and end-use. The difference
in tenacity and elongation at break of different types of modal and micro modal-spun yarns is determined
by yarn structure. The highest tenacity was achieved in the oriented structure of ring-spun yarn, followed
by air-jet-spun and rotor-spun yarn, in the case of both modal and micro modal fibres. All types of modal
yarns differ in overall unevenness and in terms of micro modal fibres. The values of the overall unevenness
of ring-, rotor- and air-jet-spun modal yarns are greater than or equal to the same values of micro modal
yarns. The spinning technique, and thus the yarn structure, determine the level of overall yarn evenness. The
number of faults at different levels of sensitivity measurement to detect the highest number of thin and
thick places and neps (-30%, +35% and +140%) is greater in rotor- and air-jet-spun yarn than in ring-spun
yarn for both levels of fibre fineness. Periodic faults of short wavelengths with significant amplitude increase
the number of yarn faults to a certain extent. Rotor-spun micro modal yarn shows the highest deviation
from ideal unevenness, while ring-spun modal yarn shows the lowest deviation. Yarn hairiness depends on
the spinning technique. Finer fibres cause lower hairiness in all yarn types.

Keywords: modal fibre, micro modal fibre, man-made cellulosic fibre, properties

Izvlecek

Glavne fizikalno-mehanske lastnosti modalnih prej (neenakomernost, napake, dlakavost in spektrogrami) so bile
primerjane z lastnostmi mikromodalnih prej enake finoce in koncnega namena uporabe. Razlike v trdnosti in pre-
trznem raztezku razli¢nih vrst modalnih in mikromodalnih prej doloca njihova struktura. Najvisjo trdnost je dosegla
prstanska preja z orientirano strukturo, tej sta sledili obe preji iz modalnih in mikromodalnih viaken, izdelani po po-
stopku z zracnim curkom (t. i. postopku air-jet) in rotorskem postopku. Modalne preje se med seboj razlikujejo v ena-
komernosti preje, prav tako tudi mikromodalne preje. Vrednosti enakomernosti prstanske, rotorske in z zracnim cur-
kom (t. i. air-jet) spredene modalne preje so vecje ali enake vrednostim mikromodalnih prej. Tehnika predenja in s
tem struktura preje vplivata na njeno enakomernost. Stevilo napak, merjeno pri razli¢nih stopnjah obcutljivosti, da
bi zaznali najvisjo raven tankih in debelih mest ter nopkov (=30 %, +35 % in +140 %), je vecje pri rotorski preji in pre-
ji z zracnim curkom (t. i. preji air-jet) kot pri prstanski preji pri obeh finocah viaken. Na kratkih dolzinah ugotovljene
periodicne napake z veliko amplitudo povecajo stevilo napak preje v dolocenem obsegu. Rotorska mikromodalna
preja ima najvecje, prstanska modalna preja pa najmanjse odstopanje od idealne enakomernosti. Kosmatost pre-
Jje je odvisna od postopka predenja. FinejSa viakna povzrocajo manjso kosmatost prej kot bolj groba viakna.
Kljuc¢ne besede: kemicna celulozna viakna, predivna preja, mikrovlakna, periodi¢ne napake
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1 Introduction

Today, there is a broad range of applications for mo-
dal fibres in the clothing industry for making light-
er-weight knitted garments and articles worn next
to the skin. Knitted fabric characteristics are largely
dependent on the raw material composition of yarn
and the yarn type from which a knitted fabric is
made. Parameters of mass irregularity, which in-
clude overall unevenness, yarn faults defined as thin
places, thick places, neps and hairiness, affect the
appearance and other characteristics of a fabric. In
general, specific samples must be made to reduce
the number of input parameters, in order to find a
more precise relationship between the effect of fibre
type, fibre properties and the spinning process (in-
cluding the type of spinning machine) on the basic
physical-mechanical properties of yarn (and thus on
the appearance and properties of a knitted fabric).

A number of researchers have dealt with the proper-
ties of ring-spun yarn [1], the dynamic properties of
air-jet-spun yarn and rotor-spun yarn [2], the geomet-
ric analysis of spun yarns with the aim of assessing the
tensile properties of air-jet-spun yarn [3], the assess-
ment of the tensile properties of air-jet-spun yarn [4],
and the tensile properties of rotor-spun yarn [5]. Yarn
unevenness and hairiness has also been studied by a
number of researches [6—9]. The effect of periodic
faults on overall unevenness and/or on the number of
faults in yarn has only been studied to a small extent
[10, 11]. However, it is not evident from literature that
a more significant study of the effect of fibre fineness
on the basic physical and mechanical properties of dif-
ferent yarn types has been undertaken.

In order to reduce the number of different input pa-
rameters and to find a clearer connection between
parameters, yarn with one type of different fibre pa-
rameters should be spun using the same technologi-
cal process, the same twist coeflicient and the same
fineness. Thus, the effect of the spinning technique
(rotor and ring) used for micro modal fibres on un-
evenness [12] and the unevenness of air-jet-spun
yarn relative to rotor- and ring-spun micro modal
yarn has already been studied [13]. The latter stud-
ies still continue, so that modal yarns are also in-
cluded. Thus, the aim of this paper is to present a
comparison of the basic physical-mechanical prop-
erties of ring-, rotor- and air-jet spun yarn made
from modal fibres, and to extend that comparison
to the same types of micro modal yarns.

Study on Physical-mechanical Parameters of Ring-, Rotor- and 43
Air-jet-spun Modal and Micro Modal Yarns

2 Experimental part

For the purposes of this study, ring-, rotor- and air-

jet-spun yarns were spun with a nominal count of

20 tex (Nm 50) from 1.3 dtex fibres with a length of

38 mm. The basic properties of these yarns were

compared with the properties of yarns having the

same end-use (knitting) from 1 dtex micro modal
fibres with a length of 39 mm. Modal yarns were
spun under the same technological conditions as

micro modal yarns [12, 13]:

a) Ring-spun modal yarn was produced using the
carding manufacturing process, comprising fibre
preparation phases (opening, blending and car-
ding), spinning preparation (drawing, pre-spin-
ning and ring spinning), winding and cleaning.
A Zinser 351 ring spinning machine connected
to an Autoconer X5 winding machine was used
for the ring spinning process.

b) Rotor-spun modal yarn was produced using the
carding manufacturing process, comprising fibre
preparation phases (opening, blending and car-
ding), spinning preparation (drawing) and rotor
spinning. A Schlathorst A8 rotor spinning ma-
chine was used for spinning.

¢) Air-jet modal yarn was produced using the car-
ding manufacturing process, comprising fibre
preparation phases (opening, blending and car-
ding), spinning preparation (three drawing pas-
sages) and air-jet spinning. A Rieter ] 20 machi-
ne was used for spinning.

d) Yarn unevenness was determined in accordance
with standard ASTM D1425/D1425M-14 Stan-
dard Test Method for Evenness of Textile Strands
Using Capacitance Testing Equipment [16]. Une-
venness, the number of yarn faults and hairiness
were determined on an Uster Tester 4-S with a
yarn throughput speed of 400 m/minute through
the measuring field with a test time of 2.5 minu-
tes. One measurement of each cross-wound pac-
kage of each yarn type was performed.

e) The tensile properties of yarn were determined
in accordance with standard ISO 2062:2009
Textiles — Yarns from packages — Determination
of single-end breaking force and elongation at
break using constant rate of extension (CRE) te-
ster [17]. Measurements were performed on an
Uster Tensorapid 4 instrument. A total of 100
measurements per package of each yarn type
were performed.
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The number of fibres in the cross-section (nf) was
determined from the ratio between yarn fineness
(T,)) and fibre fineness (T,;) using the following
equation:

I, (1)

ne=—1
! th
The limiting irregularity CV},,, was calculated for
man-made fibres and cotton using the following

equation [18]:

100
CVi = Wf 2)

The index of irregularity I was determined from the
ratio between the coeflicient of variation of uneven-
ness (obtained by measuring CV, ) and limiting ir-
regularity (CV},,,) using the following equation:

— CVm
CVlim

I ©)
The index of irregularity is a measure of the uneven-
ness deviation of a certain fibre type that will be spun
in an ideal situation where I = 1. It also shows how
well the machines used in certain technological
phases run and whether any deviations in their op-
eration occur. Fibre distribution in yarn is not com-
pletely controlled. In practice, the orientation of fi-
bres in yarn is regarded as a random occurrence. The
goal to be achieved in production is to maintain a
constant number of fibres in any yarn cross section.
Non-periodic faults can be thin places, thick places
and neps. The level of measurement sensitivity is
typically as follows: —-30%, —40%, -50% and -60%
for thin places; +35%, +50%, +70%, +100% for thick
places; and +140%, +200%, +280% and +400% for
neps. Periodic faults or system faults occur due to
the periodic irregular motions of individual ma-
chine elements and/or due to damage to those ele-
ments (e.g. rollers, gears, belts, vibrations, etc.). Pe-
riodic faults are shown using a spectrogram. If
unevenness reaches the ideal value (I = 1), the spec-
trogram has an ideal curve. The spectrogram func-
tion takes the following mathematical form [18]:

sin -2

1 A
S: A =
ug anf |7l
A
where: S = spectrogram, n; = number of fibres in the
yarn cross-section, |, = fibre length and A = wave-

(4)

Study on Physical-mechanical Parameters of Ring-, Rotor- and
Air-jet-spun Modal and Micro Modal Yarns

length. The real spectrogram curve deviates from
the ideal curve.

3 Results and discussion

The fineness of all modal yarn types is very consist-
ent and ranges from 20.13 to 20.22 tex, and from
20.04 to 20.15 tex in the case of micro modal yarns.
The coeflicient of variation of fineness among cross-
wound packages is very low, generally below 1%
(Table 1). This indicates the very high consistency
of high-quality production. The number of fibres in
the yarn cross section is calculated using equation
1, from which it is apparent that fibre fineness de-
termines the number of fibres in the yarn cross-sec-
tion of the same yarn fineness. The number of mo-
dal fibres in the yarn cross-section ranges from 155
to 156, while the number of micro modal fibres in
the yarn cross-section ranges from 200 to 202. The
number of twists in all yarn types is uniform and is
determined according to the end-use of yarn (knit-
ting). The twist coefficient ranged from 3,280 to
3,350 m! tex 0,

3.1 Tensile properties

The values of basic physical-mechanical parame-
ters and the breaking elongation properties of
yarns with a nominal count of 20 tex used to make
knit garments are given in Table 1 and shown in
Figure 1. Ring-spun modal yarn has the highest te-
nacity (23.81 cN/tex), followed by aerodynamic
(20.77 cN/tex) and rotors with the lowest tenacity
(15.39 cN/tex). Yarn elongation at break follows
yarn tenacity. The highest elongation at break
among modal yarns was found in ring-spun yarn
(10.83%), followed by air-jet-spun yarn (9.25%),
while the lowest elongation at break was found in
rotor-spun yarn (8.17%). The difference in tenacity
and elongation at break of different types of spun
modal yarns (as well as micro modal yarns) is
caused by yarn structure, as the result of the spin-
ning technique. In principle, a greater number of
fibres increases the contact surface among fibres,
and thus causes a greater overall friction force for a
particular yarn type. With the same number of
twists, ring and or spun modal yarn has a lower te-
nacity (23.81 and 15.38 cN/tex respectively) than
ring- and rotor-spun micro modal yarn (24.09 cN/
tex and 15.86 cN/tex respectively). However, yarns
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from finer micro modal fibres did not impart sig-
nificantly greater tenacity than yarns from coarser
modal fibres in all yarn types. The highest per-
formed work of rupture of modal yarn is observed
in ring-spun yarn due to its oriented structure
(14.84 N cm), followed by air-jet-spun yarn (11.22
N cm), while the lowest value of the performed
work of yarn rupture is observed in rotor-spun
yarn (7.66 N cm). The same sequence is also ob-
served in micro modal yarns. By comparing modal
and micro modal yarns, ring- and air-jet-spun yarn
from finer micro modal fibres perform less work of
yarn rupture (14.26 N c¢m, 10.78 N cm) than the
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same types of modal yarns (14.84 N c¢cm, 11.22 N
cm). In rotor-spun yarn, the higher fineness of mi-
cro modal fibres had practically no effect on the
work of yarn rupture (7.70 N cm, 7.66 N cm).

3.2 Unevenness

The values of the unevenness parameters of all types
of modal and micro modal yarns are given in Table
2 and shown in Figures 2—8. All types of modal
yarns differ in overall unevenness and in micro mo-
dal fibres. Rotor-spun yarn has the greatest overall
unevenness in the case of modal fibres (13.95 %),
while ring-spun yarn has the lowest unevenness

Table 1: Main yarn parameters and tensile properties of ring-, rotor- and air-jet-spun modal and micro mo-

dal yarn
Linear . . .
. N Twist Tenacity Elongation | Work
density
Type of material _ _ X —
X cv, < X cv, [N/ cv, X CcvV [N cm]
[tex] | [%] (m] | [%] (%] | [%] | [%]
tex]
Ring modal 20.13 | 0.82 | 154.8 | 745.3 | 291 | 2381 | 6.89 | 10.83 | 546 | 14.84
Ring micro modal 20.04 | 1.02 | 200.4 | 734 2.3 24.09 | 6.43 | 10.3 527 | 14.26
Rotor modal 20.22 | 0.78 | 155.5 | 750 - 15.39 | 9.29 | 8.17 8.81 7.66
Rotor micro modal | 20.12 | 0.84 | 201.2 | 750 - 1586 | 855 | 8 7.92 7.7
Air-jet modal 20.14 | 0.28 | 154.9 b) ) 20.77 | 8.36 | 9.25 7.35 | 11.22
Air-jet micro modal | 20.15 | 0.46 | 201.5 b) <) 20.55 | 7.37 | 9.01 7.02 | 10.78
8 Number of fibres in cross section, b Air pressure, © 0.6 MPa
30 30
24,09
25 2a.81 = 25
20,.77 20,55
X 20 1586 | 20
< 15,39 c
Z &
=15 Py 15 %
= 1 =2
3 / 10.9 g17 8 925 901 5
< 10 . . . ; 10 @
|_ / /
0 — "o
Tenacity Elongation

Type of yarn and material

I Ring-spun modal

[ IRotor-spun micro modal

[JRing-spun micro modal
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I Rotor-spun modal

Air-jet-spun micro modal

Figure 1: Tenacity and elongation of modal and micro modal ring-, rotor- and air-jet spun yarn
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(10.21%). Furthermore, the values of the overall un-
evenness of ring-, rotor- and air-jet-spun modal
yarn (10.21%, 10.95% and 12.33%) are higher than
the same values of the micro modal yarns (9.67%,
12.69% and 12.12%). Thus, the spinning technique
and consequently the yarn structure determine the
level of overall yarn evenness. The coefficient of var-
iation of the overall unevenness obtained as the
mean value of 10 packages CV), is highest in air-jet-
spun modal yarn (2.44%) and air-jet-spun micro
modal yarn (4.69%). The cause of the latter is the ap-
pearance of periodic faults with significant ampli-
tudes in three packages of air-jet-spun modal yarn (1,
2 and 3) and in two packages of air-jet-spun micro
modal yarn (3 and 4) at different wavelengths (Fig-
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ures 7 and 8). Most yarns do not contain periodic
faults with significant amplitudes. This is the reason
CV,, values are low (Figures 3-6).

Overall yarn unevenness CV,, represents the effec-
tive (actual) value of yarn mass irregularity obtained
through measurement. The limit value irregularity of
yarn CV},, is determined using equation 2, while the
unevenness index of irregularity (I) is determined
using equation 3. The value I of all modal yarn types
ranges from 1.27 to 1.74. Because I is the value of the
deviation of the achieved unevenness in production
of one yarn type and one number of yarn twists in
relation to ideal unevenness, the nearest value to the
ideal value is obtained in ring-spun yarn (1.27), while
the lowest value is obtained in the rotor-spun yarn

Table 2: Unevenness of ring-, rotor- and air-jet yarn spun from modal and micro modal fibres at different cut

lengths
Cut length
. 8 mm 1m 3m 10 m
Type of material
CV,y |CV,|CVi| | [CV,,|CV, [Vl (| CV,, | CV, [CVy | [CV,,f €V, [CVy,
[%] | [%] | [%] [%] | [%] | [%] | | [%] | [%] | [%] | |[%]] [%] | [%]

Ring modal 10.21|0.98| 8.04 (1.27|3.49|4.51| - 2.74|7.4 - 2.25/10.98| -
Ring micro modal 9.67|1.96| 7.06 (1.37|3.25|3.89| - 228|566 - 1.61| 8.72| -
Rotor modal 13.95|0.87| 8.02 (1.74|4.63|5.87 | - 3.67|7.3 - 2.44| 6.58| -
Rotor micro modal | 12.69(0.67 | 7.05 (1.80(4.41 |4.51| - 356(541| - 2.56| 4.59| -
Air-jet modal 12.33|2.44| 8.03 [1.54|3.74|6.68 | - 2.32|7.07| - 1.23| 8.37| -
Air-jet micro modal |12.12|4.69|7.04 |1.72|2.91|3.47| - 211|559 - 1.21| 8.52| -

° 13'-9512 69

L W/ 23
12 — 12,12
&
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-
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Figure 2: Unevenness of ring-, rotor- and air-jet-spun modal and micro modal yarns at different cut lengths
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(1.74) in modal yarns. In micro modal yarns, I values
range from 1.37 to 1.80. It can be concluded that the
spinning technique also affects the irregularity index.
In other words, coarser modal fibres cause a smaller
deviation of yarn unevenness from ideal irregularity
in the same fineness and end-use in all yarn types.

[

yarn
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Figure 6: Mass spectrogram of micro modal rotor-
spun yarn
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yarn

Figure 8: Mass spectrogram of micro modal air-jet
spun yarn

3.3 Thin places

The number of thin places at different levels of sensi-
tivity for all types of modal and micro modal yarns
are given in Table 3 and shown in Figure 10. Rotor-
(2316.8) and air-jet-spun yarn (1187.2) have a signifi-
cantly higher number of thin places in modal yarn at
a level of measurement sensitivity of -30% than ring-
spun yarn (198.8). Comparing the same types of
yarns spun from different fibres, it is evident that
ring- and rotor-spun modal yarn have a greater
number of thin places (198.8, 2316.8) than micro mo-
dal yarn (130.2, 1250.4). However, air-jet-spun modal
yarn has a slightly smaller number of thin places
(1187.29) than micro modal yarn (1197.4). The dif-
ference is 0.8% and can be ignored. At first glance,
these results indicate that the greater fineness of mi-
cro modal fibres has no effect on the appearance of
thin places in air-jet-spun yarn. However, because
two periodic faults occurred with short wavelengths
and significant amplitude in two out of 10 packages
(Figure 8), the same faults increased the number of
thin places. Accordingly, coarse modal fibres in ring
and rotor spinning, particularly the spinning tech-
niques (ring and rotor), create a greater number of
thin places at a level of measurement sensitivity of
-30% (greater weight reduction than the reference/
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average weight of 100%) than finer micro modal fi-
bres. To determine the effect of periodic faults on the
number of thin places, more in-depth studies are nec-
essary, with the specific preparation of yarn samples.

At the usual sensitivity level of -50%, which is typi-
cally used in spinning mills, rotor-spun yarn has a
markedly greater number of thin places (8.1) than air-
jet-spun (2) and ring-spun yarn (0.9) in the case of
modal yarns. By comparing all types of modal yarns
with micro modal yarns, yarns made from coarser
modal fibres have a greater or a nearly equal number
of thin places. Periodic faults of short wavelengths af-
fect the number of thin places, as well as the coefhi-
cient of variation of unevenness of 10 packages CV/,

Study on Physical-mechanical Parameters of Ring-, Rotor- and
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Figure 8 shows the systemic periodic fault of short
wavelengths in air-jet-spun yarn, which increases the
number of thin places and the value of CV/,.

3.4 Thick places

The number of thick places and the coefficient of
variation of thick places of 10 packages are given in
Table 4 and shown in Figure 11.

The number of thick places in all types of modal
yarns at a level of measurement sensitivity of +35% is
greatest in rotor-spun yarn (446), followed by air-jet-
spun yarn (101.1), while the lowest number is seen
in ring-spun yarn (29.7). In other words, the number
of thick places in rotor-spun modal yarn is 15 times

Table 3: Thin places of ring-, rotor- and air-jet spun yarn from modal and micro modal fibres at different levels

of sensitivity
Level of sensitivity
. -30% -40% -50% -60%
Type of material
Thin Ccv, Thin cv, Thin cv, Thin Ccv,
[km™] [%] [km™'] [%] [km™!] [%] [km™'] | [%]
Ring modal 198.8 13.78 5.2 28.46 0.1 316 0 0
Ring micro modal 130.2 26.8 1.4 90 0 0 0 0
Rotor modal 2316.8 3.72 235.8 9.62 8.1 44.07 0.1 316
Rotor micro modal 1250.4 2.96 61.1 9.31 0.9 122.2 0
Air-jet modal 1187.2 14.63 82 29.55 2 85 0
Air-jet micro modal 1197.4 32.7 79.7 60 1.8 190.5 0
2500
£
=< 2000
F
S 1500 1187.2
c ~ 11974
£
« 1000 |
-
g 2358 g
g 500 | 4 7 ot 19T
z 52 | wka SH] 0108109 244 0001000
-30% -40% -50% -60%

Level of sensitivity [%]

I Ring-spun modal

E=IRotor-spun micro modal

[JRing-spun micro modal

Air-jet-spun modal

I Rotor-spun modal

Air-jet-spun micro modal

Figure 9: Number of thin places of modal and micro modal ring-, rotor- and air-jet-spun yarns for different lev-

els of sensitivity
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greater than in the ring-spun modal yarn, while the
number of thick places in air-jet-spun modal yarn is
3.4 times greater than in ring-spun modal yarn.

At levels of measurement sensitivity of +50%, +70%
and +100%, the sequence of thick places in modal
yarns was the same as it was at a sensitivity level of
+35%. The latter is analogous to micro modal yarns.
By comparing the number of thick places at a level
of measurement sensitivity of +35%, ring-spun
yarns made from coarser modal and finer micro
modal fibres have nearly the same number of thick
places (29.7 and 30.4). Thus, the effect of fibre fine-
ness on the number of thick places in ring-spun
yarn at a sensitivity level of +35% is minimal. How-

Study on Physical-mechanical Parameters of Ring-, Rotor- and
Air-jet-spun Modal and Micro Modal Yarns

49

ever, at a level of measurement sensitivity of +35%, a
higher scattering of the number of thick places CV/,
in ring-spun micro modal yarn (26.38%) is visible
in relation to modal yarn (17.54%). The effect of the
fineness of modal fibres on the number of thick
places at a level of measurement sensitivity of +35%
is significant in rotor-spun yarn. Thus, rotor-spun
yarn from coarser modal fibres has a greater number
of thick places at all levels of measurement sensitivi-
ty (446, 32.4 and 0.70) than rotor-spun yarn from
finer micro modal fibres (245.8, 12.9, 0.1 and 0).

In air-jet-spun micro modal yarn, the number of
thick places at a level of measurement sensitivity of
+ 35% does not decrease, but increases relative to or

Table 4: Thick places of ring-, rotor- and air-jet spun yarn from modal and micro modal fibres at different lev-

els of sensitivity

Level of sensitivity
Byiee of el +35% +50% +70% +100%
Thick Ccv, Thick Ccv, Thick Ccv, Thick Ccv,
[km~!] (%] (km-!] [%] [km-!] (%] [km~!] (%]
Ring modal 29.7 17.54 1.8 57.22 0.3 225 0.1 316
Ring micro modal 304 26.38 5.8 76.21 2 115.5 0.3 160
Rotor modal 446 7.31 324 18.52 0.7 95.71 0 0
Rotor micro modal 245.8 7.19 12.9 28.91 0.1 320 0 0
Air-jet modal 101.1 16.09 34 60.76 04 174.7 0.1 316
Air-jet micro modal 132 46.25 5.4 56.7 0.4 130 0 0
ol 446
_\E.: 450
= 400
o 350
®
- 300
S 250
£
S 200
;-é 150
1
210 03 07 04 013 0O 0010
50 et —p—
0 T L O I Y N N A .
+35% +50% +70% +100%

Level of sensitivity [%)]

I Ring-spun modal

E—IRotor-spun micro modal

[JRing-spun micro modal

Air-jet-spun modal

B Rotor-spun modal
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Figure 10: Number of thick places of modal and micro modal ring-, rotor- and air-jet yarns for different levels

of sensitivity
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is equal to (132, 5.4, 0.4 and 0) air-jet-spun modal
yarn (101.1, 3.4, 0.4 and 0), which is analogous to
the number of thin places in the same yarn. Here,
too, the effect of the structure of air-jet-spun yarn
and periodic faults in two out of 10 packages result-
ed in an increase in the number of thick places.

In spinning mills, the number of thick places is usu-
ally considered at a level of measurement sensitivity
of +50%. The effect of finer micro modal fibres on
the number of thick places is different and depends
on the spinning technique. The use of micro modal
fibres resulted in a 222.2% increase in the number
of thick places at a level of measurement sensitivity
of +50% in ring-spun yarn and a 28.8% increase in
air-jet-spun yarn (including the effect of periodic
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faults), while a 60.2% reduction in the number of
thick places was seen in rotor-spun yarn.

3.5 Neps

Since neps are actually thick places shorter than 4
mm, the number of neps in modal fibres follows the
number of thick places (Table 5, Figure 12). Thus,
the greatest number of neps in modal yarns at a sen-
sitivity level of +140% is the smallest in the ring-spun
yarn (72.7) followed by the air-jet-spun yarn (80.5)
and the greatest in the rotor-spun yarn (1273.5). By
comparing modal and micro modal yarns, it is evi-
dent that the ring- and air-jet-spun micro modal
yarn has a greater number of neps (98.9, 280.6) than
the modal yarn of the same type (72.7, 80.5). Only in

Table 5: Neps of ring-, rotor- and air-jet spun yarn from modal and micro modal fibres at different level of sen-

sitivity
Level of sensitivity
. +140% +200% +280% +400%
Type of material
Neps cv, Neps cv, Neps cv, Neps cv,
[km~'] (%] (km~'] (%] | [km™'] | [%] | [km™] | [%]
Ring modal 72.7 15.26 11 24.24 2.5 33.99 0.8 52.75
Ring micro modal 98.9 19.2 28.5 32.1 7.8 61 1.9 109.5
Rotor modal 1273.5 9.63 68.5 13.8 1.4 69.29 0.2 210
Rotor micro modal 778.8 5.96 31.2 20.1 1.3 81.5 0.1 100
Air-jet modal 80.5 33.42 53 35.66 0.6 86.67 0.1 316
Air-jet micro modal 280.6 63.4 14.1 65 1.6 89.4 0.2 210
L 1273,5
1200
E
o
= 1000
a
778,8
2 oo
o
4]
-g w 280,6
z | ¥
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the rotor-spun yarn from finer micro fibres the
number of neps is smaller (778.8) in relation to the
rotor-spun yarn from coarser modal fibres (1273.5).
In other words, at a level of measurement sensitivity
of +140% finer micro modal fibres increase the
number of neps in the ring- and air-jet spinning,
while their number decreases in the rotor spinning.
In the air-jet-spun yarn the influence of periodic
faults of short wavelengths with significant amplitude
is, as with thin and thick places, probably significant.

At a level of measurement sensitivity of +200% the
sequence of the number of neps is different. In mo-
dal yarns the smallest number of neps is found in the
air-jet-spun yarn (5.3), followed by the ring-spun
yarn (11) and finally the rotor-spun yarn (68.5). By
comparing modal and micro modal yarns, it is ap-
parent that the sequence of the number of neps is re-
tained as well as at a level of measurement sensitivity
of + 280% and +400%. Thus, finer micro modal fi-
bres increase the number of neps in the ring- and air-
jet-spun yarn at a level of measurement sensitivity of
+200% but also at a level of measurement sensitivity
of +280. Thus, by using micro modal fibres at a level
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number of faults, but is most dependent on the spin-
ning machine type, i.e. the yarn formation technique
and fibre fineness for the same end-use. In the case of
modal yarns, the yarn with the lowest hairiness is the
yarn produced using an air-jet spinning technique
(3.71), followed by the yarn spun using a rotor spin-
ning machine (4.34), while the yarn spun using tradi-
tional ring spinning (6.09) shows the highest hairi-
ness. The effect of fibre fineness on the hairiness of
yarns made using different spinning techniques is
equally expressed. Namely, all yarns from finer micro
modal fibres show lower hairiness than yarns from
coarser modal fibres. The reduction of hairiness
through the use of micro modal fibres is greatest in
ring-spun yarn (13.3%), followed by rotor-spun yarn
(5.99%), and lowest in relative terms in air-jet-spun
yarn (4.04%). Air-jet-spun yarn (6.88%) has the high-
est scattering of hairiness among yarn packages.

Table 6: Hairiness (H) of the ring-, rotor- and air-jet-
spun modal and micro modal fibres yarn from modal
and micro modal fibres

of measurement sensitivity of +200% the number of Type of yarn and Hairiness CV, [%]
neps increased in the ring- and air-jet-spun yarn by material [H]
159.1% and 166.0% respectively, and the number of | Ring modal 6.09 2.8
neps in the rotor-spun yarn was reduced by 54.5%. Ring micro modal 5.28 4.05
- Rotor odal 4.34 1.8
ihé H?mne;; o fri dair Rotor micro modal 4.08 1.67
-, rotor- -jet- .
e values of hairiness of ring:, rotor- and air-jet-spun Air-jet modal 371 16
modal and micro modal yarns are given in Table 6 and —
shown in Figure 12. Yarn hairiness does not follow the | Air-jet micro modal 3.56 6.88
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Figure 12: Hairiness H and CV of 10 cones of modal and micro modal ring-, rotor- and air-jet-spun yarns
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4 Conclusion

Based on the obtained measurement results of the
main physical-mechanical parameters of different
types of modal and micro modal yarns, the follow-
ing conclusions can be drawn:

* Ring-spun modal yarn has the highest tenacity
(23.81 cN/tex), followed by air-jet-spun yarn
(20.77 cN/tex), while rotor-spun yarn has the lo-
west tenacity (15.39 cN/tex).

e The elongation at break of modal yarns follows
yarn tenacity: the highest elongation at break of
modal yarn is found in ring-spun yarn (10.83%),
followed by air-jet-spun yarn (9.25%), while the
lowest elongation at break is found in rotor-spun
yarn (8.17%).

* The difference in tenacity and elongation at break
of different types of modal yarns (as well as micro
modal yarns) is caused by the yarn structure, as
the result of the spinning technique.

¢ The highest performed work of rupture of modal
yarn is observed in ring-spun yarn due to its ori-
ented structure, followed by air-jet-spun yarn,
while the lowest value of the performed work of
rupture is observed in rotor-spun yarn.

e The higher fineness of micro modal fibres in
rotor-spun yarn had practically no effect on the
performed work of rupture (7.70 N cm and
7.66 N cm).

e The spinning technique and consequently the
yarn structure determine the level of overall yarn
evenness.

 All types of modal yarns differ in overall uneven-
ness and in micro modal fibres.

 The values of the overall unevenness of ring-, ro-
tor- and air-jet-spun modal yarn (10.21%, 10.95%
and 12.33%) are higher than the same values of
micro modal yarns (9.67%, 12.69% and 12.12%).

* Most yarns do not contain periodic faults with si-
gnificant amplitudes. This is the reason CV), valu-
es are low.

* The coefficient of variation of the overall uneven-
ness obtained as the mean value of 10 packages
CV, is the highest in air-jet-spun modal yarn
(2.44%) and air-jet-spun micro modal yarn
(4.69%). The cause of the latter is the appearance
of periodic faults with significant amplitudes in
three packages of air-jet-spun modal yarn and in
two packages of air-jet-spun micro modal yarn at
different wavelengths.

Study on Physical-mechanical Parameters of Ring-, Rotor- and
Air-jet-spun Modal and Micro Modal Yarns

e Rotor-spun modal and micro modal yarn shows
the highest deviation from ideal unevenness, fol-
lowed by air-jet-spun yarn, while ring-spun mo-
dal yarn shows the lowest deviation.

e The number of faults at different levels of measu-
rement sensitivity to detect the highest number of
thin and thick places and neps (-30%, +35% and
+140%) is greater in rotor- and air-jet-spun yarn
than in ring-spun yarn for both fiber fineness.

e The effect of fiber fineness on the hairiness of
yarns made using different spinning techniques
is significant: in the case of modal yarns, the yarn
with the lowest hairiness is the yarn produced
using an air-jet spinning technique (3.71), follo-
wed by the yarn spun using a rotor spinning ma-
chine (4.34), while the yarn spun using traditio-
nal ring spinning (6.09) shows the highest
hairiness.

* All yarns from finer micro modal fibres show lo-
wer hairiness than yarns from coarser modal fi-
bres.
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Abstract

Liquid moisture transfer, sweat absorbency and sweat drying in clothing have a significant influence on the
wearer’s perception. Moisture management is one of the key performance criteria in determining the com-
fort level of fabric. It is thus important to study the moisture management characteristics of spunlace non-
woven fabric to investigate the possibility of its use in apparel. In the present study, spunlace nonwoven
fabrics were produced by varying waterjet pressure, delivery speed, web mass and web composition. The
effect of different parameters on various properties of the moisture management tester was studied using
a response surface methodology with backward elimination. The statistical analysis showed that web com-
position affected all parameters of the moisture management tester. Waterjet pressure and web mass do
not have a significant effect on wetting time (top), absorption rate (bottom) and one-way transport capa-
bility. The effect of delivery speed was not found to be significant. The overall moisture management coef-
ficient of all nonwoven fabrics studied was found to be very good. An increase in web mass resulted in a
decrease in the overall moisture management coefficient value of nonwoven fabric, which can be halted
by using higher waterjet pressure and through the proper selection of web composition. Nonwoven fabric
with either 100% viscose or 50% polyester/50% viscose blended composition, with higher waterjet pressure
and higher web mass, was found to be suitable for the apparel industry.

Keywords: moisture, overall moisture management coefficient, waterjet pressure, web mass

Izvlecek

Prenos in absorpcija znoja ter susenje znoja pomembno vplivajo na obcutek nosenja oblacil. Odziv oblacil na via-
go je eden klju¢nih dejavnikov vrednotenja udobnosti tekstilnega materiala. Zato je za oceno primernosti viakno-
vin, utrjenih z zracnim curkom, za oblacila pomembno prouciti njihovo odzivanje na viago. V tej studiji so bile iz-
delane viaknovine, utriene z razlicnimi pritiski vodnega curka, razlicnimi hitrostmi izdelave, z razlicnimi
ploscinskimi masami in surovinsko sestavo. Z uporabo metodologije odzivnih povrsin in povratne eliminacije so
bili prouceni razli¢ni vplivni parametri viaknovin na izmerjene lastnosti prenosa vlage. Statisticna analiza je poka-
zala, da surovinska sestava vpliva na vse parametre prenosa viage. Tlak vodnega curka in plos¢inska masa viak-
novine nista pomembno vplivala na njen ¢as omocenja (zgornje strani), hitrost absorpcije (na spodnji strani) in
sposobnost odvajanja viage. Tudi hitrost izdelave viaknovine ni imela pomembnega vpliva. Ugotovljeno je bilo, da
Jje bil skupni koeficient odzivanja na vlago pri vseh vlaknovinah zelo dober. Povecanje plosc¢inske mase je vplivalo
na znizanje skupnega koeficienta odzivanja vlaknovine na viago, kar pa je mogoce prepreciti z uporabo visjega
pritiska vodnega curka in z ustrezno izbiro surovinske sestave vlaknovine. Ugotovljeno je bilo, da so viaknovine iz
100-odstotnih viskoznih viaken ali iz mesanice 50 % poliester/50 % viskoza ob uporabi visjega pritiska vodnega
curka in vecji ploscinski masi primerne za izdelavo oblacil.

Klju¢ne besede: vlaga, skupni koeficient prenosa vlage, tlak vodnega curka, plos¢inska masa
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1 Introduction

Moisture regulation is one of the key performance
parameters in today’s apparel industry. The microcli-
mate between the skin and clothing should be ther-
mally stable via moisture management, [1] and has a
significant effect on the thermo-physiological com-
fort of the human body [2]. Moisture vapour transfer
and liquid moisture transfer (sweat absorbency and
sweat drying) in clothing plays an important role in
the wearer’s perception. Moisture management fabric
should transfer sweat in vapour moisture form when
the body is motionless and should allow liquid mois-
ture to be drawn off to the outer surface to evaporate
when the body is working [3]. The multidimensional
moisture transport property of a fabric is generally
referred to as moisture management characteristics
[4]. Fibre-liquid interaction affects the moisture man-
agement of fabric [5]. Fibre-liquid interaction phe-
nomena depend on the surface tension and pore di-
ameter/porosity of a fabric [6-7]. Because the
transfer of heat and moisture through fabric is vital
for designing clothing for specific uses, [8] many the-
oretical and experimental studies have been conduct-
ed to understand the moisture transport phenome-
non for both woven and knitted structures. Very few
studies, [9—12] however, have discussed the moisture
transport characteristics of nonwoven fabrics.
Nonwoven fabrics are engineered fabrics that today
are used almost everywhere. Spunlace nonwoven fab-
ric is the most promising technology for the produc-
tion of fabric used extensively in the apparel industry,
on account of its good handling and tensile properties.
Its structure also offers good structural integrity and is
comparable to other nonwoven products. Spunlacing
(hydroentanglement) is a mechanical type of bonding
that uses high-speed jets of water to strike a web, so
that fibres knot about one another [13]. The physical
characteristics of hydroentangled nonwoven fabrics,
such as softness, flexible handling, high drape and
bulk, conformability and high strength without bind-
ers and good delamination resistance, make it unique
among all other types of nonwoven fabrics. Applica-
tions of this fabric include bacteria-proof clothing, wet
wipes and as interlining fabric [14]. Recent research
also suggests the application of spunlace nonwoven
fabrics in fashion apparel [15-16]. Application in the
apparel industry, however, requires the careful study
of thermal and moisture transmission characteristics.
Limited reports in this regard are available.
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Hajiani et al. [17] studied the absorbency behaviour
of spunlace nonwoven fabrics produced at varying
water jet pressures and different basic fabric weight.
Increased jet pressure was reported to increase mass
density, while water retention and permeability
were reduced. Berkalp [18] studied the air permea-
bility and porosity of spunlace nonwoven fabric, but
did not discuss moisture transfer. He stated that the
pore structure of nonwoven fabric affects various
comfort properties, such as thermal conductivity
and air permeability. The pores inside nonwoven
fabrics are highly complex in terms of size, shape
and capillary geometry [19]. Knowledge of pore size
distribution is essential for understanding transport
phenomena, particularly in a porous structure such
as nonwoven fabric [20]. The absorption and
spreading of fluid can be engineered by controlling
the pore configurations of the substrate, [11, 21]
while studies of the moisture and heat transfer char-
acteristics of light nonwoven fabric have reported
that a blend with hydrophobic fibre has a favourable
effect on the drying behaviour of fabric. Ahmad et
al. developed a hydroentangled fabric using comber
noil and reported that waterjet pressure and con-
veyor speed (delivery speed) affect the moisture
management properties of fabric [12].
The moisture transport characteristics of a fabric
can be affected by any of the following parameters:
(i) the nature and quantity of each constituent fibre;
(ii) the structural parameters of fabric (which defi-
ne the fluid flow passage geometry, i.e. pore
size and the distribution thereof);
(iii) the mass and thickness of the material; and/or
(iv) structural or surface modification through me-
chanical or chemical treatment.
An attempt has been made in this study to investi-
gate the effect of different material and process pa-
rameters of spunlace nonwoven fabric on the mois-
ture management characteristics thereof.

2 Material and methods

2.1 Materials

Twenty-seven spunlaced nonwoven fabrics were pro-
duced from cross-laid carded web by varying water
pressure, delivery rate, web composition and web
mass, using a Box-Behnken experimental design. Vis-
cose (38 mm, 1.4 dtex) and polyester (38 mm, 1.4 dtex)
fibres were used in the study. Two fibres with signifi-
cantly different moisture absorption characteristics
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Table 1: Factors and the levels thereof for the Box-Behnken design

Level
Material and process parameters = 0 :
Waterjet pressure [bar] X, 50 100 150
Delivery speed [m/min] X, 1 3 5
Web mass [g] X, 50 100 150
Web composition X, PET ¥ 50PET/50CV ®) Cv

3 Hereinafter, the abbreviation PET is used for 100% PET. P)Hereinafter, the abbreviation 50PET/50CV is used for a
50% PET/50% viscose blend. ©Hereinafter, the abbreviation CV is used for 100% viscose.

Table 2: Physical parameters of nonwoven fabric samples [22]

Waterjet | Delivery | Web Fabric Fabric Mean pore
Sample | pressure speed mass Web. . weight thickness diameter
code [bar] [m/min] [g] comp)(()smon Mean/COV® | Mean/COV | Mean/COV
X, X, X, 4 [g/m?]/[%] [mm]/[%] [um]/[%]
1 50.00 1.00 100.00 | 50PET/50CV 98.5/6.23 1.64/8.44 74.320/5.84
2 150.00 1.00 100.00 | 50PET/50CV 97.2/5.29 1.00/7.64 43.980/8.57
3 50.00 5.00 100.00 | 50PET/50CV 99.1/8.25 1.60/7.94 75.900/9.55
4 150.00 5.00 100.00 | 50PET/50CV | 147.6/6.87 1.08/6.66 44.840/6.5
5 100.00 3.00 50.00 PET 43.7/6.78 0.94/8.29 95.830/7.79
6 100.00 3.00 150.00 PET 148.2/5.69 1.20/7.13 75.270/6.27
7 100.00 3.00 50.00 CV 42.8/7.59 0.62/5.29 60.500/4.26
8 100.00 3.00 150.00 (9% 145.7/6.63 1.12/4.92 38.500/4.52
9 100.00 3.00 100.00 | 50PET/50CV 96.7/8.91 0.90/8.27 53.530/7.22
10 50.00 3.00 100.00 PET 98.4/7.53 1.28/6.4 98.390/6.17
11 150.00 3.00 100.00 PET 96.2/9.39 1.20/7.88 62.920/8.51
12 50.00 3.00 100.00 (Y 97.8/9.39 0.88/7.21 46.685/8.36
13 150.00 3.00 100.00 CV 96.3/7.27 0.79/5.89 36.063/5.96
14 100.00 1.00 50.00 | 50PET/50CV 48.9/6.31 0.85/8.24 58.780/7.47
15 100.00 5.00 50.00 | 50PET/50CV 48.5/5.49 0.89/9.22 49.160/6.58
16 100.00 1.00 150.00 | 50PET/50CV | 146.4/7.62 1.22/6.91 27.160/4.84
17 100.00 5.00 150.00 | 50PET/50CV | 147.0/8.57 1.30/5.37 27.960/8.43
18 100.00 3.00 100.00 | 50PET/50CV 98.3/9.22 1.10/6.84 50.290/7.25
19 50.00 3.00 50.00 | 50PET/50CV 49.1/7.94 1.30/6.57 69.960/7.65
20 150.00 3.00 50.00 | 50PET/50CV 48.3/5.47 0.86/8.87 48.180/6.88
21 50.00 3.00 150.00 | 50PET/50CV | 148.7/8.97 2.64/7.39 69.460/7.71
22 150.00 3.00 150.00 | 50PET/50CV | 146.9/6.23 1.16/7.10 19.340/8.17
23 100.00 1.00 100.00 PET 98.4/4.59 1.21/9.44 67.140/7.27
24 100.00 5.00 100.00 PET 98.9/9.49 1.32/6.98 65.520/6.93
25 100.00 1.00 100.00 (9% 96.3/7.29 0.73/4.64 50.260/5.7
26 100.00 5.00 100.00 CV 96.8/7.34 0.84/5.43 28.310/5.55
27 100.00 3.00 100.00 | 50PET/50CV 97.8/8.11 0.95/4.26 59.570/7.56

a) Hereinafter, the abbreviation COV is used for coefficient of variation.
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were chosen to study the transport behaviour of mois-
ture through the structure, in particular when using a
blend of the two fibres. The corresponding values of
different levels of the above-mentioned factors are pre-
sented in Table 1.

The fibre/fibre blends were first opened and carded us-
ing a stationary flat card. A bimodal fibre orientation
in the web was achieved using a cross-lapper. A pilot-
scale hydroentangling machine was used to produce
fabric as per the required setting based on the Box-
Behnken design. The machine was set-up with the fol-
lowing values: orifice discharge coefficient = 0.7, orifice
diameter = 0.127 mm, number of jets/m = 1600 and
pre-wetting pressure = 50 bars. The nozzle type, nozzle
geometry and all other parameters were kept same for
all samples. Various physical parameters were meas-
ured using standard methods for all nonwoven fabrics
that were produced according to the Box-Behnken de-
sign [22]. Mean fabric weight, mean fabric thickness
and mean pore diameter is presented in Table 2.

Studies on the Moisture Management Characteristics of Spunlace 57
Nonwoven Fabric

2.2 Methods

The moisture management behaviour of the fabrics
was accurately and objectively measured on an SDL-
ATLAS M290 moisture management tester according
to the AATCC Test Method 195 [23]. A5 cm x 5 cm
fabric specimen was used in the tester. A certain
known volume of a predefined test solution was then
put on the top surface of the fabric (i.e. the side of
the fabric in contact with skin). The saline solution
transferred in three directions after being placed on
the top surface of the specimen. The aforementioned
instrument was integrated with a computer via mois-
ture management software that records changes in
resistance due to the solution, which can conduct
electricity. Changes in the electrical resistance of
specimens were measured and recorded during the
test. According to the AATCC Test Method 195-
2012 [23], the indices are graded and converted from
a value to a grade based on a five-grade scale. Table 3
presents the range of values converted into grades.

Table 3: Grading of different indices obtained from the moisture management tester [23, 24]

Index Grade
1 2 3 4 5
Wetting time - top [s] =120 20-119 5-19 3-5 <3
No wetting Slow Medium Fast Very fast
Wetting time — bottom [s] >120 20-119 5-19 3-5 <3
No wetting Slow Medium Fast Very fast
Absorption rate — top [%/s] 0-10 10-30 30-50 50-100 >100
Very Slow Slow Medium Fast Very fast
Absorption rate — bottom [%/s] 0-10 10-30 30-50 50-100 >100
Very Slow Slow Medium Fast Very fast
Max. wetted radius - top [mm)] 0-7 7-12 12-17 17-22 >22
No wetting Small Medium Fast Very fast
Max. wetted radius - bottom 0-7 07-12 12-17 17-22 >22
[mm] No wetting Small Medium Fast Very fast
Spreading speed - top [mm/sec] 0-1 1-2 2-3 3-4 >4
Very Slow Slow Medium Fast Very fast
Spreading speed - bottom [mm/ 0-1 1-2 2-3 3-4 >4
sec] Very Slow Slow Medium Fast Very fast
One-way transport capability <=50 -50-100 100-200 200-400 >400
(OWTC) Very poor Poor Good Very good | Excellent
Overall moisture management 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
coefficient (OMMC) Very poor Poor Good Very good | Excellent
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Finally, the moisture management tester classified
the tested fabric into seven categories according to
their properties, as presented in Table 4 [24].

Before conducting the test, all fabric samples were first
conditioned in a tropical atmosphere of 27 °C + 2 °C
and 65% * 2% relative humidity. For each sample of
the Box-Behnken design, fifteen samples were test-
ed to minimise the coeflicient of variation (%). Min-
itab 17 software was used for statistical analysis. An
analysis of variance was carried out on responses

Studies on the Moisture Management Characteristics of Spunlace
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3 Results and discussion

Moisture management properties of spunlace non-
woven fabrics

Moisture transport through the nonwoven fabrics
was experimentally determined using a moisture
management tester. The results are presented in
Table 5.

Table 5: Mean value of various indices of moisture management tester with ci

corresponding to the Box-Behnken design, with the
aim of examining the effect and contribution of dif- Wetting time: Absorption rate:
ferent factors, at a 95% confidence level. Mean [s]/COV [%] Mean [%/s]/COV [%]
Sample
Table 4: Fabric classification based on the results of code
the moisture management tester [24] e Lelicosin Uapp
4
surface surface surface
Sample Type Name Properties
code 1 3.98/4.8 9.12/9.05 57.59/3.4
1 | Waterproof | Very slow absorption, slow 2 4.12/5.1 | 7.21/4.13 | 18.61/5.37
fabric (WF) - | spreading, no one-way 3 4.22/5.36 | 9.55/6.54 | 82.33/5.72
transport, no penetration 4 4.45/2.54 | 7.90/3.74 |  32.8/8.67
2 | Water-repel- | No wetting, no absorption, 5 9.86/5.33 | 12.29/6.86 0.0/0.0
lent fabric no spreading, poor one-way
(WRF) transport without external 6 10.26/7.25 | 14.37/6.12 0.0/0.0
forces 7 1.96/4.4 | 9.95/5.95 | 37.14/9.51
3 | Slow-absorb- | Slow absorption, slow 8 2.26/8.02 | 10.41/5.27 | 18.87/6.23
ing and slow- | spreading, poor one-way 9 4.23/2.76 | 8.31/2.43 | 34.72/5.68
drying fabric | transport 10 10.56/6.22 | 13.46/4.19 0.0/0.0
(SA&SDF) - - 11 10.39/7.24 | 14.62/6.22 0.0/0.0
4 |Fast-absorb- | Medium to fast wetting, me- | 7 293/3.11 | 9.27/2.36 | 26.74/4.19
ing and slow- | dium to fast absorption,
drying fabric | small spreading area, slow 13 2.71/5.39 9.5/2.56 | 20.48/9.21
(FA&SDF)  |spreading, poor one-way 14 4.38/7.29 | 7.98/5.96 | 43.06/5.00
transport 15 3.82/6.62 7.62/7.29 | 44.01/3.22
5 |Fast-absorb- | Medium to fast wetting, 16 4.33/3.99 | 8.92/3.05 5.36/3.93
ing and medium to fast absorption, 17 3.81/5.34 | 9.06/6.63 | 10.43/4.61
quick-drying | large spreading area, fast 18 3.68/4.05 | 8.42/3.21 | 37.05/4.73
fabric spreading, poor one-way
(FA&QDF)  |transport 19 3.38/4.28 8.97/4.37 | 27.68/8.68
6 | Water small spreading area, 20 3.25/3.90 7.92/2.33 | 50.148/6.35
penetration | Excellent one-way transport 21 3.65/6.11 | 9.84/3.54 | 71.7/8.21
fabric (WPF) 22 3.85/7.93 8.60/9.27 | 17.74/7.38
7 | Moisture Medium to fast wetting, me- 23 9.55/3.94 | 13.95/2.81 0.0/0.0
management | dium to fast absorption, large 24 8.85/4.95 | 13.44/1.19 0.0/0.0
fabric spreading area and fast
(MME) spreading at bottom surface, 25 1.88/6.74 9.36/4.37 | 24.88/9.68
g0od to excellent one-way 26 1.55/5.02 | 9.77/6.55 | 28.72/3.70
transport 27 4.11/3.32 8.11/3.54 | 30.52/4.22
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3.1 Wetting time

Wetting time is defined as the time in seconds when
the slope of total water contents at the top and bot-
tom surfaces become greater than tan (15°), the
specimen begins to be wetted. Wetting time can be
compared with the absorbency drop test specified in
AATCC 79. The basic unit of any textile structure is
fibre. Generally, the wetting time on the top surface
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of any fabric is affected by its composition, in addi-
tion to the structural arrangement of the fibre it con-
tains. The wetting of the surface is also affected by
the interaction between the liquid and the fibre that
makes up the fabric. The contact angle between the
fibre and the liquid affects the transportation of lig-
uid in both directions, i.e. horizontally and vertically.
Hence, a fibre with lower interfacial energy/surface

assification of type of fabric

Absorption rate: Max. wetted radius: Sﬁzzglﬁi;f/ej;i: One-wa ncl)c:,i:ljlrle
e [FRISIUCIONT 9] || Ritaem Bl SEIORT |62) COV [%] transpor):t manage- Remarks
capability: ment on type
Bottom Top Bottom Top Bottom | Mean/COV | coefficient: | of fabric
surface surface surface surface | surface (%] Mean/
COV [%]
121.17/8.7 10.0/0.0 10.0/0.0 | 0.83/9.2 | 1.16/9.2 449.25/4.84 0.71/8.88 MMEF
69.04/4.97 | 11.66/8.92 | 21.66/10.32 |2.44/9.14 |4.13/8.26 487.34/7.83 0.88/8.49 MMEF
146.03/8.57 | 8.33/3.48 10.0/0.0 | 0.73/8.6 | 0.89/3.6 239.94/3.42 0.67/3.12 | FA&SDF
58.74/10.05 20.0/0.0 20.0/0.0 |3.69/3.18 |3.98/3.55 395.74/6.27 0.8/5.83 MMEF
246.23/7.35 0.0/0.0 10.0/0.0 0.0/0.0 | 1.19/9.39 865.06/4.83 0.62/2.97 WPF
398.79/9.51 0.0/0.0 5.0/0.0 0.0/0.0 | 0.4/1.36 | 914.057/5.49 0.57/3.94 WPF
73.54/7.37 25/0.0 28.33/0.0 | 5.24/9.19 |5.35/5.79 340.88/6.05 0.86/5.22 MME
46.01/5.38 | 13.33/2.29 16.66/2.88 |1.64/8.22 |2.72/5.09 347.44/8.55 0.66/5.52 MMEF
95.03/3.33 20/7.07 22.5/3.53 | 3.66/4.60 |3.89/4.23 510.77/5.67 0.93/4.16 MME
241.21/7.93 0.0/0.0 5.0/0.0 0.0/0.0 | 0.46/2.8 856.76/2.11 0.65/3.5 WPF
298.67/5.91 0.0/0.0 5.0/0.0 0.0/0.0 | 0.39/3.9 | 1081.61/6.89 0.73/3.95 WPF
63.35/5.75 | 18.33/2.88 18.33/2.88 | 2.78/3.2 |2.72/2.92 406.11/9.11 0.78/7.43 MMEF
53.97/8.87 20.0/0.0 20.0/0.0 |1.06/7.32 | 3.13/3.41 385.11/6.86 0.76/4.71 MMF
130.36/4.68 | 27.5/3.53 27.5/3.53 | 5.54/7.04 |5.63/6.97 471.18/2.89 0.96/4.43 MMEF
131.78/5.29 | 27.5/3.53 22.5/3.62 |5.55/3.75 | 5.14/5.24 546.05/2.99 0.97/3.03 MMF
35.5/5.77 10.0/0.0 18.33/3.14 |0.39/6.09 |2.19/7.65 245.05/5.21 0.77/4.95 MMEF
46.03/7.34 5.0/0.0 20/0.0 [0.83/4.14 |3.16/5.66 502.94/3.71 0.76/6.17 MMEF
101.54/5.21 22.5/0.0 22.5/0.0 |3.95/3.33 |4.39/4.67 564.44/4.96 0.88/3.56 MMEF
153.3/9.23 10.0/0.0 10.0/0.0 [0.85/7.87 | 0.9/8.43 278.86/8.65 0.74/7.75 MMEF
136.59/6.76 | 26.66/2.93 26.66/2.93 |4.73/5.33 |5.13/4.72 393.53/7.29 0.94/5.11 MMEF
145.3/4.33 10.0/0.0 10.0/0.0 | 0.62/6.54 | 1.43/7.92 336.35/5.61 0.71/6.37 | FA&SDF
87.73/6.89 20.0/0.0 20/0.0 |3.12/6.54 | 3.44/4.72 425.93/5.04 0.81/2.39 MMEF
245.42/5.67 0.0/0.0 5.0/0.0 0.0/0.0 | 0.67/3.75 526.47/2.58 0.65/3.58 WPEF
239.12/5.28 0.0/0.0 5.0/0.0 0.0/0.0 |0.43/1.14 910.41/4.95 0.63/5.26 WPF
89.51/5.18 20.0/0.0 20.0/0.0 | 4.3/5.36 |4.19/2.18 284.5/3.19 0.79/3.31 MMEF
61.66/4.05 20.0/0.0 20/0.0 |3.48/8.80 |3.54/5.70 398.57/6.21 0.85/6.86 MMEF
112.32/6.11 20.0/0.0 20.0/0.0 |3.29/5.29 |3.41/4.90 580.97/2.53 0.91/3.89 MMEF
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tension should support wetting. The fibre-liquid mo-
lecular attraction on the surface of fibrous assemblies
dictates the flow of moisture through a textile fabric.
The surface tension and dimensional parameters of
pores in porous media are the main parameters that
affect this fibre-liquid interaction [2, 6].

A statistical analysis of variance (ANOVA) using a
backward elimination technique showed that the
web composition has a significant effect on the wet-
ting time on the top surface, while the effect of wa-
terjet pressure, web mass and delivery speed was
found to be insignificant at a 95% confidence inter-
val (Table 6). The response surface equation in cod-
ed units for the mean top wetting time is given in
equation (1) with a R? value of 0.9755.

Top wettig time = 3.951 - 3.848X4 + 2.114X7? (1)

The effect of web composition on mean wetting
time is shown in Figure 1 using equation 1. It is evi-
dent from Figure 1 that the experimental data for
top wetting time is fitted to a second order polyno-
mial equation. It is also evident from Figure 1 that
and increase in CV content reduces mean wetting
time. The surface tension of PET is higher than that
of CV for water, while the mean pore diameter of
PET nonwoven fabric is higher than that of CV
nonwoven fabric. A higher surface tension and
higher pore diameter impede the wetting of fabric
surface. Hence, the wetting time on the top surface
of PET nonwoven fabric is significantly higher than
that of CV fabric and 50PET/50CV blended nonwo-
ven fabric (Figure 1).

In the case of blended nonwoven fabric, the proper-
ties of individual fibres affect wetting behaviour. The
presence of CV expedites the wetting process. Hence,
the 50PET/50CV blended fabric demonstrates a

Table 6: ANOVA for mean top wetting time

Studies on the Moisture Management Characteristics of Spunlace
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Figure 1: Top wetting time depending on the web
composition

lower wetting time on the top surface than the PET
nonwoven fabric.

The wetting time on the bottom surface was expected
to be affected by the ability of the structure to trans-
port liquid. The pore diameter is used to affect wick-
ing in any textile structure. The pore diameter of
spunlace nonwoven fabric depends on waterjet pres-
sure, web weight and web composition. Hence, the
wetting time on the bottom surface should be affect-
ed by a change in these parameters. The results (Table
5) indicate the wetting time of the bottom surfaces is
generally higher than the top surfaces for all fabrics.

Source Degree of Sum of Mean F value P value Pe.rcen.tage
freedom square square contribution [%]
Model 2 207.4 103.7 478.1 0.000 97.55
X4 1 177.6 177.6 818.9 0.000 83.55
X4*X4 1 29.8 29.8 137.3 0.000 14.01
Error 24 5.20 0.217 2.45
Lack of fit 22 5.0 0.22 2.74 0.302 2.37
Pure error 2 0.2 0.1 0.08
Total 26 212.6 100
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Table 7: ANOVA for mean bottom wetting time
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Nonwoven Fabric

Degree of Sum of Mean Percentage
Source F value P value .

freedom square square contribution [%]
Model 4 120.77 30.19 97.13 0.000 94.64
X1 1 1.66 1.66 5.33 0.031 1.30
X3 1 3.49 3.49 11.22 0.003 2.73
X4 1 47.48 47.48 152.74 0.000 37.21
X4*X4 1 68.14 68.14 219.22 0.000 53.40
Error 22 6.84 0.31 5.36
Lack of fit 20 6.79 0.34 13.74 0.07 5.32
Pure error 2 0.05 0.025 0.04
Total 26 311.59 100

The statistical analysis of variance (ANOVA) for the
mean wetting time on the bottom surface is present-
ed in Table 7. It is evident from Table 7 that the web
composition has a significant effect on the wetting
time on the bottom surface, while the effect of wa-
terjet pressure and web mass are also significant, al-
though their percentage contribution is very small.
Delivery speed is found to be insignificant at a 95%
confidence interval. The response surface equation
in coded units for the mean bottom wetting time is
given in equation 2 with a R? value of 0.9464.

Bottom wetting time = 8.502 - 0.372X, + 0.539X, -

The effect of waterjet pressure, web mass and web
composition on the mean wetting time on the bot-
tom surface is shown in Figure 2 using equation 2.
It is evident from Figure 2 that PET nonwoven
fabric demonstrates a higher bottom wetting time
than CV fabric. This is due to the smaller pore di-
ameter and lower fabric thickness of CV nonwo-
ven fabric compared to PET nonwoven fabric [22].
Hence, a decrease in pore diameter and lower
thickness leads to better wicking in CV-based non-
woven fabric.

It is evident from Figure 2 that the wetting time on
the bottom surface is lower in 50PET/50CV

-1.989X, +3.197 X (2) blended nonwoven fabric than in PET and CV
14 A 14 X3 14 X4
13- 134 13-
12 12— 124
114 11+ 11
0
o 10— 10 10+
T 0 — 9= 9
E‘ /
g 8- — | 8- 8-
C 7 7-
2 64 6 6
8
g 54 5 5
% 4 4- 4-
3+ 3 3
2-1 24 2-
1- 14 1+
0 T 0 T r 0+ T T
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Figure 2: Bottom wetting time depending on waterjet pressure, web mass and web composition
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nonwoven fabrics. This is due to the presence of
CV fibre, which helps in the quick absorption of
liquid/moisture, while PET fibre supports the
wicking of liquid. Hence, the wetting time on the
bottom surface is lower in 50PET/50CV blend. Ta-
ble 7 shows that the percentage contribution of
web composition is 90%.

It is also evident from Figure 2 that an increase in
web mass increases the mean wetting time on the
bottom surface. An increase in web mass results in a
higher number of water absorbing sites at a molecu-
lar level, which delays the wicking phenomenon,
despite a lower pore diameter.

The mean wetting time on the bottom surface also
depends on waterjet pressure, as shown in Table 7.
It is evident from Figure 2 that an increase in water-
jet pressure decreases mean wetting time on the
bottom surface. An increase in waterjet pressure
leads to a decrease in the mean pore diameter and
thickness of fabric, [22] which supports the wicking
phenomena. Hence, a higher wicking rate reduces
the wetting time on the bottom surface.

After the conversion of wetting time values into
grades (Table 3), it is evident that nonwoven fabric
made of PET, 50PET/50CV and CV exhibits slow
(grade 2), medium (grade 3) and fast (grade 4)
wetting behaviour on the top surface, and medium
(grade 3), medium (grade 3) and fast (grade 4)
wetting behaviour on the bottom surface, respec-
tively.

Table 8: ANOVA for the top absorption rate

Studies on the Moisture Management Characteristics of Spunlace
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3.2 Absorption rate

The absorption of liquid by a textile substrate indi-
cates the degree of transfer of liquid on its surface. The
absorption of liquid by a fabric depends on the type of
fibre, fabric structure and openness in the structure.
The absorption rate on the top surface of all spunlace
nonwoven fabric samples is presented in Table 5.

An ANOVA of the mean absorption rate is present-
ed in Table 8. It is evident from Table 8 that the ef-
fect of delivery speed is not significant, while water-
jet pressure, web mass and web composition have a
significant effect on the mean absorption rate on the
top surface. The response surface equation in coded
units for mean bottom wetting time is given in
equation 3 with a R? value of 0.7320.

Top absorption rate = 37.58-10.52X, - 6.49X; +
+13.07X, - 24.51X7 - 19.11X,X, (3)

The effect of waterjet pressure, web mass and web
composition on the mean absorption rate on the top
surface is shown in Figure 3 using equation 3. It is
evident from Figure 3 that an increase in waterjet
pressure decreases the mean absorption rate on the
top surface. This is due to a decrease in fabric thick-
ness, which results in the compactness of the struc-
ture at a higher waterjet pressure [22]. Waterjet
pressure is a significant parameter for the mean ab-
sorption rate on the top surface, as its percentage
contribution is more than 10%.

Source Degreeof | Sum of Mean F value P value Pe'rcen'tage

freedom square square contribution [%]
Model 5 9351.2 1870.24 11.47 0.000 73.20
Linear 3 3884.3 1294.78 7.94 0.001 30.41
X1 1 1328.5 1328.5 8.15 0.009 10.40
X3 1 506.2 506.2 3.10 0.093 3.96
X4 1 2049.6 2049.6 12.57 0.002 16.04
Square 1 4006.5 4006.5 24.57 0.000 31.36
X4*X4 1 4006.5 4006.5 24.57 0.000 31.36
2-way interaction 1 1460.3 1460.3 8.96 0.007 11.43
X1*X3 1 1460.3 1460.3 8.96 0.007 11.43
Error 21 3423.8 3423.8 26.80
Lack of fit 19 3401.9 4.20 14.48 0.059 26.63
Pure error 2 21.9 10.96 0.17
Total 26 12775.0 100
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Figure 3: Top absorption rate depending on waterjet pressure, web mass and web composition

The mean absorption rate (%) on the top surface for
CV nonwoven fabric is higher than that of PET
nonwoven fabric due to the presence of a higher
number of hydrophilic sites in the CV nonwoven
fabric. The mean absorption rate (%) is higher in
50PET/50CV blended nonwoven fabric than in CV
nonwoven fabric (Figure 3). CV nonwoven fabric
has good absorbency due to its hydrophilic CV fi-
bre. However, it forms a strong bond with the ab-
sorbing group of fibre molecules due to its high af-
finity to water when water molecules in the capillary
flow reach a smaller diameter. This impedes the
capillary flow along the channel formed by the fibre
surface, leading to a decrease in the mean absorp-
tion rate. In the 50PET/50CV blend, the PET fibre
helps in the wicking of moisture/water being ab-
sorbed by CV fibre, resulting in a higher mean ab-
sorption rate.

The effect of web mass on the mean absorption rate
is also shown in Figure 3. It is evident that the mean
absorption rate for 50 g/m? is higher than that for
150 g/m2. This difference in the mean absorption
rate was statistically significant. Nonwoven fabric at
a lower web mass demonstrates a higher absorption
rate because a fabric with a lower mass is more po-
rous (high pore diameter), which helps in the ab-
sorption of moisture at faster rate, while at higher
web mass, a compact structure with a smaller pore
diameter results in a lower absorption rate.
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Figure 4: Interaction effect of web mass and waterjet
pressure on top absorption rate

The interaction effect of web mass and waterjet pres-
sure on the mean absorption rate on the top surface is
shown in Figure 4. It is evident from Figure 4 that ata
low web mass, an increase in waterjet pressure in-
creases the mean absorption rate due to a more open
structure. The openness of the structure becomes
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more prominent at a high waterjet pressure and low
web mass due to the grouping of fibres. Similarly, a
higher web mass and low waterjet pressure result in
an increase in the mean absorption rate due to the re-
duced binding of fibres. A higher web mass and high
waterjet pressure lead to a compacted structure, re-
sulting in a decrease in the mean absorption rate.

The mean absorption rate on the bottom surface
plays an important role in the moisture management
behaviour of any textile structure. A textile structure
with a higher bottom surface absorption rate helps
to transfer the moisture in the environment, which

300

2504

2004

150+

1004

Mean bottom absorption rate (%/s)

504

PET S0PET/S50CV cv
Web composition

Figure 5: Bottom absorption rate depending on web
composition

Table 9: ANOVA for the bottom absorption rate
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is wicked through the structure. The mean absorp-
tion rate on the bottom surface of spunlace nonwo-
ven fabric samples are presented in Table 5. An
ANOVA of the mean absorption rate on the bottom
surface is presented in Table 9.

It is evident from Table 9 that only web composition
has a significant effect on the mean absorption rate
on the bottom surface. The response surface equa-
tion in coded units for the mean bottom wetting
time is given in equation 4 with a R? value of 0.8002.

Bottom absorption rate = 104.7-106.8X, - 66.8X2 (4)

The effect of web composition on the mean absorp-
tion rate on the bottom surface is shown in Figure 5
using equation 4. It is evident from Figure 5 that
PET nonwoven fabric demonstrates a significantly
higher bottom absorption rate than CV nonwoven
fabric. An increase in the CV content in a nonwo-
ven structure leads to an increase in the absorption
rate on the top surface. Due to its high affinity to
water molecules, however, the CV nonwoven fabric
results in the formation of a strong bond between
those molecules, which inhibits the capillary flow
across the structure, causing a decrease in the ab-
sorption rate on the bottom surface.

After the conversion of absorption values into grades
(Table 3), PET nonwoven fabric demonstrates a slow
absorption rate (grade 2) on the top surface and a
very fast absorption rate on the bottom surface
(grade 5), while CV nonwoven fabric demonstrates
a medium/fast absorption rate (grade 3/4) on the
top surface and a medium/slow absorption rate on
the bottom surface (grade 3/2). The 50PET/50CV
blend exhibited an optimum absorption rate on both

Source Degree of | Sum of Mean F value P value Pe‘rcen.tage

freedom square square contribution [%]
Model 2 166544 83272 48.06 0.000 80.02
Linear 1 136832 136832 78.97 0.000 65.74
X4 1 136832 136832 78.97 0.000 65.74
Square 1 29712 29712 17.15 0.000 14.28
X4*X4 1 29712 29712 17.15 0.000 14.28
Error 24 41585 1733 19.98
Lack of fit 22 40933 1860 5.7 0.159 19.66
Pure error 2 652 326 0.31
Total 26 208129 100
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the top and bottom surfaces, considering the pres-
ence of moisture in the structure.

3.3 Wetted radius

The value of the wetted radius demonstrates the ex-
tent of water spread on a textile structure. The wet-
ted radius is directly related to the drying behaviour
of a fabric. The value of the wetted radius should be
affected by the web composition and web mass of a
textile structure. The values of the top surface wet-
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the mean wetted radius (mm) on the top surface is
presented in Table 10. It is evident that, apart from
the delivery speed, all other factors have a signifi-
cant effect on the mean value of the wetted radius
on the top surface.

The response surface equation in coded units for
the mean top wetted radius is given in equation 5
with a R? value of 0.8002.

Top wetted radius = 16.61 + 3.47X, — 4.86X; +

ted radius are presented in Table 5. An ANOVA of +9.72X, - 6.89X2 (5)
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Figure 6: Top wetted radius depending on waterjet pressure, web mass and web composition

Table 10: ANOVA for the top wetted radius

Source Degree of | Sum of Mean F value P value Pe‘rcen‘tage

freedom square square contribution [%]
Model 4 1878.62 469.65 22.28 0.000 80.20
Linear 3 1562.29 520.76 24.71 0.000 66.70
X1 1 144.63 144.63 6.86 0.016 6.17
X3 1 283.53 283.53 13.45 0.001 12.10
X4 1 1134.13 1134.13 53.81 0.000 48.42
Square 1 316.33 316.33 15.01 0.001 13.50
X4*X4 1 316.33 316.33 15.01 0.001 13.50
Error 22 463.73 21.08 19.80
Lack of fit 20 459.56 22.98 11.03 0.086 19.62
Pure error 2 4.17 2.08 0.18
Total 26 2342.34 100
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The effect of significant factors on the mean top
wetted radius is shown in Figure 6 using equation 5.
It is evident from Figure 6 that an increase in CV
content results in an increases in the mean wetted
radius on the top surface. When a liquid droplet is
introduced on the surface, absorption by the CV
component presumably begins before the start of
wicking. This facilitates the spreading of moisture.
Hence, the mean wetted radius on the top surface
increases. The percentage contribution of web com-
position to the mean wetted radius on the top sur-
face is around 61.92%.

The effect of web mass on the mean wetted radius
on the top surface is shown in Figure 6. It can be
concluded that an increase in web mass results in a
decrease in the mean wetted radius. This is due to
an increase in the number of absorptions sites as
web mass increases. The percentage contribution of
web mass to the mean wetted radius (top surface) is
around 12%.

The effect of waterjet pressure on the mean wetted
radius on the top surface is shown in Figure 6. It is
evident that an increase in waterjet pressure results
in an increase in the mean wetted radius on the top
surface. Waterjet pressure leads to a more compact
structure that better supports the spreading of mois-
ture compared with wicking and/or absorption. The
percentage contribution of waterjet pressure to the
mean wetted radius (top surface) is around 6%.

The mean wetted radius on the bottom surface dem-
onstrates how well moisture dissipates to the outer

Table 11: ANOVA for the bottom wetted radius

Studies on the Moisture Management Characteristics of Spunlace
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environment. The higher the mean bottom wetted
radius, the better the moisture dissipation to the en-
vironment. The value of the bottom surface wetted
radius is presented in Table 5. An ANOVA is also
presented in Table 11. It is evident that, besides de-
livery speed, all other factors have a significant ef-
fect on the mean value of the bottom wetted radius.
The response surface equation in coded units for
mean bottom wetted radius is given in equation 6
with an R? value of 0.8728.

Ton wetted radius = 20.971 + 4.166X, - 4.12X? -
-2.917X, + 7.36X, - 6.41X;] (6)

The effect of significant factors on the mean top
wetted radius is shown in Figure 7 using equation 6.
It is evident from Figure 7 that PET nonwoven fab-
ric has a smaller wetted radius on the bottom sur-
face than CV nonwoven fabric. This is the result of
higher moisture wicking than absorbency in PET
nonwoven fabric, while an increase in the CV con-
tent results in an increase in the mean wetted radius
on the bottom surface. This is due to the hydrophilic
nature of CV fibre. Absorption by CV fabric appears
to be predominant, while the bottom wetting radius
increases as the quantity of CV fibre is increased.
The percentage contribution of web composition to
the mean wetted radius on the bottom surface is
around 60%.

The effect of waterjet pressure on the mean bottom
wetted radius is shown in Figure 7. It is evident that

Source Degree of | Sum of Mean F value P value Pe.rcen.tage

freedom square square contribution [%]
Model 5 1276.57 255.31 28.81 0.000 87.28
Linear 3 960.37 320.12 36.13 0.000 65.66
X1 1 208.25 208.25 23.50 0.000 14.24
X3 1 102.08 102.08 11.52 0.003 6.98
X4 1 650.04 650.03 73.36 0.000 44.44
Square 2 316.20 158.10 17.84 0.000 21.62
X1*X1 1 53.54 53.54 12.23 0.002 3.66
X4*X4 1 262.66 262.66 29.64 0.000 17.96
Error 21 186.07 8.86 12.72
Lack of fit 19 181.90 9.57 4.60 0.194 12.44
Pure error 2 4.17 2.08 0.28
Total 26 1462.64 100
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Figure 7: Bottom wetted radius depending on waterjet pressure, web mass and web composition

an increase in waterjet pressure results in an increase
in the mean wetted radius on the bottom surface.
When waterjet pressure is increased, the structure
consolidates and the pore size is reduced with a re-
duction in fabric thickness. The lower diameter of
capillary flow facilitates wicking. Hence, moisture
transmission from the top surface is faster. This wick-
ed moisture is diffused faster than additional wicking
[25] due to the compactness of the structure. This
leads to an increase in the bottom wetted radius. The
percentage contribution of waterjet pressure to the
mean wetted radius (top surface) is around 17%.

The effect of web mass on the mean bottom wetted ra-
dius is shown in Figure 7. It is evident that an increase
in the web mass results in a decrease in the mean bot-
tom wetted radius. An increase in the number of ab-
sorption sites through an increase in web mass leads
to a reduction in the openness of the structure, which
in turn results in an increase in the mean wetted radi-
us. The percentage contribution of web mass to the
mean wetted radius (top surface) is around 6%.

After the conversion of wetted radius values into
grades (Table 3), PET nonwoven fabric demon-
strates a minimum wetted radius (grade 1) on both
the top and bottom surfaces. CV nonwoven fabric
demonstrates a good wetted radius (grade 4) on
both the top and bottom surfaces, while the
50PET/50CV blend exhibits the best wetted radius
on both the top surface and bottom surface.

3.4 Spreading speed

The spreading speed of moisture/liquid on a tex-
tile substrate indicates the degree of moisture dis-
persion in a fabric. The spreading speed of mois-
ture/liquid in a fabric depends on the type of fibre,
fabric structure and openness of the structure
(pore size). The spreading speed of moisture on
the top surface of all spunlace nonwoven fabric
samples is presented in Table 5. An ANOVA of the
mean wetted radius (mm) on the top surface is
presented in Table 12. The response surface equa-
tion in coded units for the mean spreading speed
on the top surface is given in equation 7 with a R?
value of 0.7238.

Top spreading speed = 3.245 + 0.769X, — 1.057X? -
- 1.276X, + 1.542X,, - 1.35X2 (7)

The effect of significant factors on the mean spread-
ing speed on the top surface is shown in Figure 8
using equation 7. It is evident from Figure 8 that an
increase in CV content results in an increase in the
mean spreading speed. This is due to the higher
mean wetted radius on the top surface with a higher
CV content, while the hygroscopic nature of CV
nonwoven fabric leads to a higher top spreading
speed. The percentage contribution of web compo-
sition to the mean spreading speed on the top sur-
face is around 40%.
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Figure 8: Top spreading speed depending on waterjet pressure, web mass and web composition

The effect of waterjet pressure on the mean wetted
radius on the top surface is shown in Figure 8. It is
evident that an increase in waterjet pressure results
in an increase in the mean spreading speed on the
top surface. The higher spreading speed on the top
surface is due to a higher mean wetted radius at a
higher waterjet pressure. The percentage contribu-
tion of waterjet pressure to the top spreading speed
is around 10%.

Table 12: ANOVA for the top spreading speed

The effect of web mass on the mean spreading speed
on the top surface is shown in Figure 8. It can be
concluded that an increase in web mass results in a
decrease in the mean wetted radius on the top sur-
face. Hence, there is decrease in the mean top
spreading speed. The percentage contribution of
web mass to the top spreading speed is around 20%.
The bottom spreading speed is more important in
the moisture management of textile fabrics. A higher

Source Degree of | Sum of Mean F value P value Pe.rcen.tage

freedom square square contribution [%]
Model 5 70.97 14.19 11.0 0.000 72.38
Linear 3 55.15 18.38 14.25 0.000 56.25
X1 1 7.10 7.10 5.50 0.029 7.24
X3 1 19.53 19.53 15.14 0.001 19.92
X4 1 28.52 28.52 22.11 0.000 29.09
Square 2 15.81 7.90 6.13 0.008 16.13
X1*X1 1 4.13 7.15 5.55 0.028 4.21
X4*X4 1 11.68 11.68 9.06 0.007 11.91
Error 21 27.09 1.28 27.62
Lack of fit 19 26.89 1.41 12.92 0.074 27.40
Pure error 2 0.22 0.11 0.22
Total 26 98.05 100
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bottom spreading speed should lead to the quick
drying of fabrics. The spreading speed of moisture
on the bottom surface of all nonwoven fabric sam-
ples is presented in Table 5. An ANOVA analysis of
the bottom spreading speed is presented in Table 13.
The response surface equation in coded units for the
mean spreading speed on the bottom surface is giv-
en in equation 8 with a R? value of 0.8358.

Bottom spreading speed = 3.816 + 1.053X, - 1.047X5 -
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The effect of significant factors on the mean spread-
ing speed on the bottom surface is shown in Figure
9 using equation 8. It is evident from Figure 9 that
an increase in CV content results in an increase in
the mean bottom spreading speed, although a small-
er bottom wetted radius was recorded. This is due to
the higher moisture absorbency of CV nonwoven
fabric compared to PET nonwoven fabric, which in-
duces a high absorption speed with a high spread-
ing speed on the top surface. The higher spreading

- 0.833X; + 1.509X, - 1.368X3 (8)  speed on the top surface and a low wetting time on
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Figure 9: Bottom spreading speed depending on waterjet pressure, web mass and web composition

Table 13: ANOVA for the bottom spreading speed

Source Degree of | Sum of Mean F value P value Pe.rcen.tage

freedom square square contribution [%]
Model 5 64.93 12.98 21.39 0.000 83.59
Linear 3 48.97 16.32 26.88 0.000 63.04
X1 1 13.31 13.31 21.93 0.000 17.14
X3 1 8.33 8.32 13.71 0.001 10.72
X4 1 27.33 27.33 45.01 0.000 35.18
Square 2 15.96 15.96 13.14 0.000 20.55
X1*X1 1 7.01 7.01 11.55 0.003 5.13
X4*X4 1 11.98 11.97 19.72 0.000 15.42
Error 21 12.75 0.60 16.42
Lack of fit 19 12.27 0.64 2.69 0.306 15.80
Pure error 2 0.48 0.24 0.62
Total 26 77.68 100
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the bottom surface results in a higher spreading
speed on the bottom surface. The percentage contri-
bution of web composition to the mean spreading
speed on the bottom surface is around 50%.

The effect of waterjet pressure on the mean bottom
spreading speed is shown in Figure 9. The mean bot-
tom spreading speed was found to increase with an in-
crease in waterjet pressure. It was previously found that
increased waterjet pressure results in an increase in the
mean bottom wetted radius (section 3.3). Hence, there
is an increase in the mean bottom spreading speed.
The percentage contribution of waterjet pressure to the
mean bottom spreading speed is around 22%.

The effect of web mass on the mean spreading speed
on the top surface is shown in Figure 9. It can be con-
cluded that an increase in web mass results in a de-
crease in the mean wetted radius on the bottom sur-
face. Hence, there is a decrease in the mean spreading
speed. The percentage contribution of web mass to
the mean bottom spreading speed is around 10%.
After the conversion of the mean spreading speed
into grades (Table 3), PET nonwoven fabric demon-
strates a very slow spreading speed (grade 1/2) on
the top and bottom surfaces. CV nonwoven fabric
demonstrates a fast spreading speed (grade 4) on the
top and bottom surfaces, while the 50PET/50CV
blend also exhibits a medium to fast spreading speed
(grade 2/3) on both the top and bottom surfaces.

3.5 One-way transport capability

One-way transport capability is the difference be-
tween the amount of liquid moisture content on the
top and bottom surfaces of a specimen with respect
to time. A positive OWTC value means a higher

Table 14: ANOVA for the mean OWTC

Studies on the Moisture Management Characteristics of Spunlace
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amount of moisture is transferred from the inner
surface to the outer surface of a garment. The one-
way transport capability of all fabrics is presented in
Table 5. An ANOVA analysis of the mean OWTC is
presented in Table 14. It is evident that only web
composition has a significant effect on the OWTC
of spunlace nonwoven fabric. The response surface
equation in coded units for the mean OWTC is giv-
en in equation 9 with a R? value of 0.7325.

OWTC = 428.6 - 249.3X, - 181.2X? )

The effect of web composition on the mean OWTC
is shown in Figure 10 using equation 9. It is evident
from Figure 10 that OWTC is higher for PET fabrics
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Figure 10: Mean OWTC depending on web composition

Source Degree of | Sum of Mean F value P value Pe.rcen.tage

freedom square square contribution [%]
Model 2 964755 482377 32.86 0.000 73.25
Linear 1 745884 745884 50.82 0.000 56.63
X4 1 745884 745884 50.82 0.000 56.63
Square 1 218870 218870 14.91 0.001 16.62
X4*X4 1 218870 218870 14.91 0.001 16.62
Error 24 352278 14678 26.75
Lack of fit 22 349584 15890 11.80 0.081 26.54
Pure error 2 2694 1347 0.20
Total 26 1317033 100
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than for CV-based nonwoven fabrics. This can be at-
tributed to the hydrophobic nature of PET, which re-
sults in the reduced absorption of liquid, and a small-
er wetted radius and spreading speed on the top
surface. Hence, the PET nonwoven fabric supports
the wicking phenomenon, despite a higher pore di-
ameter, resulting in a higher OWTC.

All nonwoven structures demonstrate a fair to very
good one-way transport index/capability on the
grading scale (Table 3). PET nonwoven fabric dem-
onstrates a very good to excellent one-way transport
index, while CV nonwoven fabric and 50PET/50CV
blended nonwoven fabric demonstrate good one-
way transport behaviour.

3.6 Overall moisture management coefficient
The overall moisture management coefficient is an
index of the overall capability of a fabric to transport
liquid moisture in multiple directions. A higher
OMMC value indicates that a fabric can handle
moisture better. The OMMC of all fabrics is present-
ed in Table 5, with the classification of fabric type
based on Table 4. An ANOVA of the mean OMMC
is presented in Table 15. It is evident that, apart from
delivery speed, all other factors have a significant ef-
fect on overall moisture management. The response
surface equation in coded units for the mean OMMC
is given in equation 10 with a R? value of 0.7701.

OMMC = 0.8239 + 0.055X, - 0.0675X; + 0.0708X,, -
- 0.1168X} (10)
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The effect of significant factors on the mean OMMC
is shown in Figure 11 using equation 10. It is evi-
dent from Figure 11 that the overall moisture man-
agement coefficient (OMMC) is higher for CV-
based fabrics than for PET-based nonwoven fabrics.
This is because the smaller pore diameter of CV
nonwoven fabric exhibits a smaller wetting time
(top and bottom surfaces) with a higher spreading
speed and higher wetted radius. These factors to-
gether contribute to the absorption, transportation
and dispersion of moisture in the structure. Al-
though PET-based nonwoven fabric also demon-
strates at gopod OMMC value due to better one-way
transport capability, which helps moisture move
through a fabric, its lack of moisture dispersion ca-
pacity in the structure leads to the accumulation of
moisture in one place. 50PET/50CV blended non-
woven fabric demonstrates a very good transport
capability in the presence of PET fibres and better
moisture absorption and dispersion due to CV fi-
bres. Hence, the 50PET/50CV blended nonwoven
fabric is better than the CV and PET nonwoven
fabrics in terms of overall moisture management
(Figure 11).

It is evident from Figure 11 that the overall moisture
management coefficient (OMMC) decreases with an
increase in web mass. A higher wetting time and
smaller wetted radius hinder moisture absorption
and dispersion. The effect of web mass is negative
on the mean OMMC value. Nevertheless, all fabrics
exhibited a very good to excellent OMMC value.

Table 15: ANOVA for the OMMC of spunlace nonwoven fabric

Source Degree of | Sum of Mean F value P value Pe.rcen.tage

freedom square square contribution [%]
Model 5 0.265 0.053 13.98 0.000 76.90
Linear 3 0.155 0.052 13.71 0.000 45.25
X1 1 0.036 0.036 9.62 0.000 10.58
X3 1 0.059 0.059 15.58 0.001 17.13
X4 1 0.060 0.06 15.95 0.000 17.54
Square 2 0.11 0.055 14.39 0.000 31.65
X1*X1 1 0.01 0.01 4.12 0.003 1.09
X4*X4 1 0.10 0.10 27.79 0.000 30.56
Error 21 0.080 0.004 23.10
Lack of fit 19 0.079 0.004 6.48 0.142 22.73
Pure error 2 0.001 0.001 0.37
Total 26 0.345 0.345 100
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Figure 11: Mean OMMC depending on waterjet pressure, web mass and web composition

It is evident from Figure 11 that OMMC increases with
an increase in waterjet pressure. This is because the
higher relative frequency of the smaller pore diameter
[22] at a higher waterjet pressure helps in the wicking
phenomenon. Moreover, a smaller wetting time and
higher wetted radius at a higher waterjet pressure help
in proper moisture absorption and dispersion.

4 Conclusion

This study encompasses the performance of spunlace
nonwoven fabrics for moisture management behav-
iour. It also explains the effect of different processing
parameters on moisture management in spunlace
nonwoven fabrics. This experimental study reinforc-
es the fact that web composition is a major factor in
determining the comfort of fabric in terms of mois-
ture management. It has a significant effect on all at-
tributes of the moisture management tester. The PET
nonwoven fabric was seen as a water penetration fab-
ric due to the hydrophobic nature of PET, which sup-
ports liquid/ moisture wicking at a minimal absorp-
tion rate and spreading speed. The CV nonwoven
fabric was found to exhibit excellent moisture man-
agement behaviour. The hydrophilic nature of CV fi-
bre facilitates a high rate of absorption with a smaller
wetting time, while a higher OWTC due to the smaller

pore diameter leads to a higher bottom spreading
speed and higher bottom wetted radius, resulting in
the moisture management of the fabric. The
50PET/50CV blended nonwoven fabric was also
shown to be a moisture management fabric. An anal-
ysis of moisture management tester results shows that
all nonwoven fabrics demonstrated a gopod OMMC.
The interaction of all parameters had no significant
effect on the OMMC. Hence, individual parameters
can be easily chosen to achieve the required OMMC.
A higher waterjet pressure leads to a higher OMMC
due to the higher relative frequency of the smaller
pore diameter in nonwoven fabric, which supports
the transfer of moisture/liquid. A higher web mass
attenuates the OMMC value. This reduction can be
overcome, however, by producing fabric with a
higher waterjet pressure and through the proper se-
lection of web composition. Hence, nonwoven fab-
ric with either a CV or 50PET/50CV blended com-
position, using a higher waterjet pressure and
higher web mass, may be used to develop apparel
with the required moisture management properties.
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