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Transport properties and permeability of textile materials

SnezZana Stankovié

University of Belgrade, Faculty of Technology and Metallurgy, Textile Engineering Department, Belgrade, Serbia

Abstract
Heat and mass transfer through textile fabrics play a crucial role in achieving optimal thermal EDITORIAL
comfort perception by a person. The governing properties of textile fabrics by which they
influence heat and mass transfer from the human skin to the environment are thermal
transport capacity, water vapor permeability, and air permeability. The transfer of liquid
moisture through textiles is important for thermal comfort during frequent changes in Hem. Ind. 77(3) 177-179 (2023)
physical activity or climate. Despite numerous studies on the transport properties of textile
materials over the past years, investigation in this subject area is still needed. This special
issue includes five articles that offer valuable information on the subject. Both commercial
and specially designed textile structures were investigated within the presented studies with
the ambitious goal of providing a new understanding of their transport properties. Within
the first four papers presented, certain aspects of heat and mass transfer through textile
materials were analyzed at the three scale levels: microscopic (fiber type), mesoscopic (yarn
geometry and fineness), and macroscopic (fabric porosity) levels. The fifth article dealt with
the influence of the seam type and the sewing thread fineness on the transport properties
of the seamed structure.

UDC: 677.017.56

Keywords: thermal comfort; air permeability; thermal insulation; moisture permeability; porosity.
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Comfort is a fundamental and universal need for a human being. Human perception of clothing comfort is a function
of environment, garment, body, and psychological factors. Therefore, comfortis a multi-dimensional and complex pheno-
menon that is very difficult to define. According to a kind of universal definition, comfortis “a state of satisfaction indicating
physiological, psychological, and physical balance among the person, his/her clothing, and his/her environment” [1]. The
human body is acomplicated thermodynamic system in which energy is produced by its metabolic activity and continuously
dissipates into the environmentto keep thermophysiological comfort, i.e. to achieve thermal equilibrium at normal body
temperature with the minimum amount of bodily regulation (vasoconstriction, vasodilatation, sweating and shivering).
The human perception of thermal comfortis the condition of the mind that expresses satisfaction with the absence of any
unpleasant sensations of being too cool or warm or having too much perspiration on the skin. Being continuously in
dynamic contact with the human body, clothing actively participates in the thermophysiological response of the human
body, both to changesin physical activity and to changes in the environment. Therefore, clothing textiles’ heat and mass
transfer ability or transport properties are extremely important for a person’s thermal comfort perception, allowing for
the transfer of heat and perspiration generated by the body. The transport properties of textile materials include air
permeability, water vapor permeability, and thermal transfer properties.

Efforts to achieve adequate transport properties of textile materials are mostly based on the engineering design of
materials by adjusting their composition and geometrical structure achieved by the manufacturing methods and by the
interaction of multi-scale (fiber, yarn, and fabric) hierarchical structure. Over the years, much research has been carried
out to understand the transport properties of textile materials. However, considerable research efforts are still needed
in this areato ascertain the explicitguidelines for the adequate design of clothing materials in terms of thermal comfort.
Therefore, this special issue aims to contribute to these efforts by presenting new studies on the effects of material
constituents (fiber, yarn, and fabric) on transport properties. The special issue consists of five articles. Two of them
provide valuable insights into the understanding of heat transfer through specific textile fabrics. To fill the gap in the
knowledge about the thermal behavior of rib knitted fabrics, Tasi¢ et al. [2] investigated the thermal parameters of a
range of rib knits differing in composition and knitting pattern. They attempted to establish explicit guidelines for
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engineeringrib knits for socks based on end-use requirements. The study found that as the number of face loops on the
technical face side of the knit increases, the coolness to the touch and thermal conductivity decreases. In addition,
bamboo fiber has once again been proven suitable for hot climates.

Jacquard woven fabric refers to a specific woven structure that incorporates complex patterns directly into its weave
rather than using printing or dyeing methods. The small number of studies on the transfer properties of jacquard woven
fabrics inspired Kostajnsek and Bizjak [3] to investigate the influence of the size and distribution of the pattern and the
type of weave (self-stitched double cloth, interchanging double cloth) on the thermal conductivity and air permeability
of jacquard fabrics. The results reveal that the thermal conductivity of jacquard fabrics is affected by pattern size, with
larger geometrical area leading to increased thermal conductivity. It has been shown in the study that the air
permeability of jacquard fabrics is significantly influenced by the looseness of the weave, with the interchanging double
weave being more permeable.

The water vapor permeability of clothing textiles refers to their ability to allow perspiration to pass through from
the human body. Previous studies indicated water vapor diffusion as the dominant mechanism for moisture transport
under steady-state conditions. The transfer of water vapor in fabric depends on the inter-yarn pores, as vapor can
diffuse through air spaces in the fabric much faster than through the fibers themselves [4]. The research conducted by
Tomovska et al. [5] specifically looked at the impact of biaxial extension on the water vapor permeability of polyamide
pantyhose. Simulating the real wearing condition of the pantyhose, they found that for all extensions applied, the
evaporative resistance significantly decreased as compared to the relaxed state due to enlarged inter-yarn pore size
while stretching the knit. However, they also suggested that the linear density of the pantyhose's filament was
responsible for the level of change in evaporative resistance with biaxial extension.

During high physical activity of a person when liquid perspiration is produced and needs to be transferred away from
the skin to keep the thermal balance, the ability of next-to-skin garments to let the sweat pass through becomes
essential for thermal comfort [6]. In this respect, Petrov et al. [7] evaluated the liquid management properties of an
assortment of commercial knitted materials used for sport and leisure clothing. The knitted fabrics varied in fiber
composition, mass per unit area, and porosity. It has been shown that the drying time of the samples correlates
moderately with their mass and highly with their porosity. Considering the fact that modern sportswear garment is
often made of several differenttextile materials, they suggest using pure polyester in garment areas that require quick
drying. Being the most porous, it has a short drying time and the smallest wetting area.

Thermal comfort properties of textile materials are determined by fiber type (chemical and morphological
specifications), physical and constructional properties of yarns and fabrics, and finishing treatment. Apart from these
properties, garment design (in terms of style and design details) and fit can play a crucial role in achieving ideal thermal
comfort [8]. Considering that the seam has a minimum of two layers of fabrics joined by sewing thread, assembling
garment parts by using seems to produce the required design may affect the comfort properties of the garment.
Maanvizhi et al. [9] investigated the effect of overlock and flatlock seam stitches, the most commonly used stitch types
in active sportswear, on the transport properties of single jersey polyester seamed fabric. They also indicated the effect
of sewing thread filament fineness on the heat and mass transfer through the seam structure.

We believe that the investigations presented in this special issue will enhance the currentunderstanding of textile
material transport properties, inspiring future research to improve clothing comfort.

| would like to thank all the authors for their efforts to prepare the articles or modify them based on the revie wers’
comments. | also wish to express my gratitude to the reviewers for their valuable contributions. Special thanks to Editor-
in-Chief Prof. Dr. Bojana Obradovi¢ for her guidance and support, and to the editorial staff for their assistance in
producing this issue.
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(Rec urednika)
Izvod Kljuéne reci: toplotni komfor; propust-

Sposobnost tekstilnih materijala da prenose toplotu i masu ima kljuénu ulogu u obezbedivanju ljivost vazduha; termicka izolacija; pro-

optimalnog toplotnog komfora korisnika. Toplotna svojstva, propustljivost vazduha i vodene pare pustljivost vlage; poroznost
predstavljaju osnovne parametre tekstilnih materijala koji definiSu njihovu sposobnost da prenose
toplotu i masu. Cesto se kao &etvrti parametar tekstilnih materijala isti¢e sposobnost prenosa teénosti,
koji uslovljava doZivljaj toplotnog komfora pri ¢estim promenama nivoa fizicke aktivnostii klimatskih
uslova okruZenja, kada dolazi do vremenskog zaostajanja u termoregulaciji ljudskog organizma. Uprkos
brojnim istraZivanjima transportnih svojstava tekstilnih materijala sprovedenih poslednjih godina,
neophodna su daljaistrazivanja u cilju uspostavljanja pouzdanih smernica inZenjerskog dizajna odevnih
tekstilnih materijala sa zadovoljavajuéim svojstvima u pogledu toplotnog komfora. Stoga, ovo specijalno
izdanje ¢asopisa Hemijska industrija, koje obuhvata pet radova, ima za cilj da obezbedi dragocene
informacije u ovoj oblasti. U okviru predstavljenih istraZivanja, ispitivane su komercijalno dostupne ili
posebno projektovane tekstilne strukture sa ambicioznim ciliem da se pruZe nova saznanja o njihovim
transportnimsvojstvima. U okviru prva Cetiri rada razmatran je kompleksan uticaj hijerarhijske strukture
tekstilnih materijala na njihova transportna svojstva, pri ¢emu su obuhvaceni svi strukturni elementi:
vlakna, prede i tkanine (ili pletenine). Poslednji rad se odnosi na ispitivanje uticaja vrste Sava i finoce
Sivaceg konca na prenos toplote i mase kroz Savnu konstrukciju.
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Influence of structural and constructional parameters of knitted fabrics
on the thermal properties of men's socks

Predrag Tasi¢!, Dusan Trajkovi¢? and Jelka Ger$ak3

1V.1. “Vunil” D.0.0, Leskovac, Serbia
2University of Nis, Faculty of Technology in Leskovac, Serbia
3University of Maribor, Faculty of Mechanical Engineering, Department of Textile Materials and Design, Maribor, Slovenia

Abstract
The research is focused on determining the influence of structural and constructional ORIGINAL SCIENTIFIC PAPER
parameters of rib knitted fabrics on the thermal properties of men's socks. Men's socks are
made in three different pattern constructions of three types of basic yarns: bamboo, cotton
and a cotton/polyester blend with the additional filament polyamide yarn and wrapped
rubber wire for the so-called render socks. For all analyzed sock rib patterns, the most Hem. Ind. 77(3) 181-190 (2023)
important structural parameters of the yarn and construction parameters of the knitted
fabrics were determined. Thermal properties of socks such as the cool touch feeling
property, thermal conductivity, heat retention coefficient and thermal resistance were
determined by using Thermal Labo and Thermal Mannequin measuring devices. The
structural and constructional parameters of knitted fabrics were shown to affect the
investigated thermal properties of the socks, making them more or less insulating or heat
conducting. Values of the warm-cold feeling parameter as well as thermal conductivity vary
depending on the construction pattern, showing a decrease as the number of face loops is
increased i.e. in the sequence R1:1> R3:1> R7:1. The ability to retain heat decreases in the
opposite sequence R7:1>R3:1> R1:1. The highest values of heat retention were determined
for R7:1rib knitted socks by both methods. A regression equation has been established with
thickness, loop length, mass per unit area and porosity as independent variables, and
thermal resistance (determined by the Thermo Labo method) as the dependent variable.
The loop length and mass per unit area were shown to contribute significantly to the model.

UDC: 677.075:687.254.81-026.65

Keywords: yarn; rib knitted fabric; thermal insulation.

Available on-line at the Journal web address: http://www.ache.org.rs/Hl/

1. INTRODUCTION

Socks are among the basic clothing items used in everyday life and are one of the most common products created
by knitting. Socks not only serve to protectbody parts from the cold, but nowadays they are an important fashion detail,
which can visually improve the complete look of clothes. As a garment for the feet, they serve to absorb and remove
moisture and sweat, preventing wet feet inconveniences, thus providing the necessary thermal and physiological
comfort with the ability to adapt to the feet and leg shape [1].

In the sock production, along with polyamide, polyester and elastomeric (lycra, spandex) fibers, cotton, acrylic,
viscose, linen, wool and their blends are used, as well as luxury fibers such as silk, cashmere and mohair. The most
desirable are natural fibers such as cotton and wool, which have a very high ability to absorb moisture. Since the strength
of natural fibers is low, the strength of socks is usually achieved by using synthetic fibers such as polyamide, polyester,
acrylic and elastomeric fibers. Polyamide fibers have high dimensional stability and wear resistance, while acrylic fibers
exhibit a long service life and provide softness and volume to socks. Daily wear socks are usually made of cotton for
softness and comfort, while wool or acrylic fibers are more desirable for winter socks in order to warm the feet [2,3].

Knitted structures used in socks must be of adequate elasticity to fit the feet and legs. Rib knitted fabric, as well as
smooth plain knitted goods are mainly used to produce socks. These structures are desirable because they provide

Corresponding author: Predrag Tasi¢, “Vunil” D.0.0, Leskovac, Serbia

E-mail: tasic.predragl970@gmail.com

Paper received: 09 August 2022; Paper accepted: 14 February 2023; Paper published: 3 March 2023.
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elasticity and the ability to return to their original shape. The rubber part, so-called sock render, knitted on the upper
part of the sock, prevents the sock from slipping down and is made of elastic threads. This rubber elastic part of the
sock is usually 3 to 5 cm wide and is supported by a wrapped rubber wire or elastane (lycra). To ensure a long lifespan
in the heel and toe area, a double heel is usually made, using fibers such as polyamide and cotton. Sometimes knitted
structures made of fine and tough cotton yarns are used, which improve durability [2,3]. Also, in addition to the type of
fibers, two special types of yarns with thermoregulatory effects, (e.g. Outlast and Coolmax) significantly affect
characteristics and structure of the knit, especially in terms of thermal properties and air permeability. With 100 % pure
fiber structures, similar values of thermal resistance were recorded for elastane or polyester, while slightly higher values
were recorded for polyamide textiles [4,5].

Furthermore, it was observed that changing the stitch type affects the air permeability and thermal resistance
properties of single knits. Increasing the porosity of a fabric by increasing the percentage of stressed seams results in
an increase in air permeability of the fabric. Greater permeability can be achieved by alternating knitting and looping.
The fabric thermal resistance depends primarily on air that is enclosed within the knitting structure. The most impor tant
factor affecting thermal resistance is the thickness of single knitted fabric [6].

Thermal-physiological comfort of socks depends on the type of yarn or fibers and their characteristics, density,
thickness, bulk density, and porosity of the knit. Of the thermal-physiological properties, thermal conductivity, water
retention capacity, air permeability and water vapor permeability stand out [7,8].

According to the available literature data, as well as in scientific discussions, certain shortcomings were observed
leading to the idea for this researchin the field of ribbed knitted socks. This researchis based on carefully designed non -
commercial knitwear patterns from specially selected yarns, suitable for sock production. Bearing in mind that the
comfort and convenience of socks have very complex properties, this research aims to confirm the use of rib knitted
socks with new findings in order to define characteristics needed to increase the thermal and physiological comfort. For
this purpose, the effects of structural and constructional parameters of rib knits on the thermal and physiological
comfort of men's socks intended for everyday use were investigated with the goal of engineering design of rib knits for
socks for certain purposes.

2. EXPERIMENTAL

2. 1. Materials

Men's socks are made of three types of basic yarns (bamboo, cotton and a blended cotton/polyester yarn purchased
from BIM tex, Leskovac), which are knit into each row along the entire length of the socks. Together with the basic yarn
(dominant yarn with the highest percentage share in the raw material composition), filament PA 6.6 yarn (purchased
from BIM tex, Leskovac) is also knitted at the beginning of sock knitting, the so-called render of socks, a wrapped rubber
thread was introduced.

The raw material compositions and basic structural characteristics of yarns for making socks are shown in Table 1.
These are single yarns, except polyamide, which is a two-folded multifilament yarn. The Z- and S-twist alternate, except
for the rubber wire which had to be stabilized. The rubberyarn is present in the smallest amount of only 1 + 3 mass.%
in the composition of the sock, it is wrapped in two layers with the polyamide yarn of linear density of 78 dtex and is
used to make socks at the beginning, the so-called render socks, with the width of 3-5 cm. This wrapped rubber yarn
servesto hold the sock along the lower part of the lower leg, to fit well, not to shear, but at the same time, not to tighte n
too much and be uncomfortable.

The socks are made in the same pattern construction, rib construction, (the face of the sock is made on the lower
cylinder and the back on the upper cylinder), with different number of loops on the face (7, 3 and 1loop) and the same
number of loops on the back (1 loop) (designated as R1:1, R3:1, and R7:1, respectively).
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2. 2. Methods

Determination of the basic characteristics of yarn for socks was realized according to the appropriate standards:
linear density of yarn was determined accordingto the standard SRPS EN ISO 2060: 2012; number of turns according to
SRPS EN ISO 2061: 2016 and breaking force and elongation atbreak according to SRPS EN ISO 2062: 2012.

Testing of the basic parameters of the structure of knitted socks was also carried out according to the appropriate
standards: horizontal and vertical density was determined according to the standard SRPS EN 14971: 2012; length of
yarn ina loop according to the standard SRPS EN 14970: 2014; knitthickness accordingto SRPS EN ISO 5084:2013; mass
per unit area of knitted fabric according to the standard SRPS EN 12127: 2014.

The bulk density of the knitted fabrics [9] was determined according to the equation (1):

7= h (1)
where m is the average mass per unit area of the knit and h is the thickness of the knit.

The porosity, P / %, of the knit [10] is calculated according to the equation (2):

Pz(l—ﬂjloo (2)
ph
where pis the density of yarn fibers.

Thermal properties of socks samples were measured by using the KES-F7 Thermo Labo Tester (Kato Tech Co., Ltd.,
Japan). For this purpose, the thermal conductivity A, the heat retention coefficient , the so-called warm-cold feeling
gmax, and thermal resistance Rt were measured, which allow functional and sensory evaluation of thermal properties of
the knitted fabrics from the point of view of thermal comfort [11-13].

The thermal conductivity Ais determined according to equation (3):

PR 3)

AAT
where ¢ is the heat flow, A is the area of the heat plate and AT is the temperature difference of sample.

The heat retention coefficient a is calculated on the basis of the measurement of the heat flux values without ( Wo)
and with the sample (W), expressed as a difference in these values in relation to the density of heat flux determined
without the sample, equation (4):

W, -W

100 4
W, (4)

a

The warm-cold feeling gmax / W-cm2 is the measure of the maximum heat loss at the moment of simulation of skin
contact with the fabric, which is the largest value of the instantaneous heat flow through the fabrics.

The thermal resistance Rt is determined according to the standard 1SO 11092:2014, equation (5) [11-13]:
_ Ts 7Ta

RCI - H

A (5)

c
where: Ts is the temperature of the measuring unit (skin temperature), Ta is the air temperature, A is the surface area
of the measuring unit, and Hc is the dry heat flux, that flows through the material.

The thermal resistance was also determined by using the Thermal Mannequin (Faculty of Textile Technology,
Croatia) according to the standard I1SO 15831-2004. Measurements lasted for 20 min with collection of 10
measurements per minute with the average value printed at the end of each 1 min time interval. At the end of
measurements, average values of temperature, power consumption, and total thermal resistance of the measured
surfaces were automatically recorded. The so-called constant of the Thermal Mannequin, Rcwo, is determined by the
following equation (6) [14,15]:

T T,

Rewo = A (6)

0
where: Rcois the total thermal resistance of the empty surface of the measuring device together with the boundary

layer of air along the surface (m2K-W-1), A is the surface area on which measurements are performed, Ts is the surface
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temperature of the measured surfaces of the Thermal Mannequin, T; is the ambient air temperature, and Hp is the
electric power required to heat the empty measured surface of the Thermal Mannequin (undressed mannequin).

After determining the constant Rcto, the Thermal Mannequin was dressed in the selected garment and the operation
of the device is monitored until a new thermal balance is achieved. After reaching the equilibrium, which can be
detected by stabilization of the parameter values (numerically and by graphic representations), the thermal resistance
Rctn is determined according to the equation (7) [14,15]:

(Ta 7T5)A
MU D L (7)
ctn Hm ct0

where Hm is the supplied electric power required to maintain the temperature of the measured surfaces at the Thermal
Mannequin. All measurements of thermal properties were performed at the Faculty of Textile Technology, Croatia.

2. 3. Yarn and socks characteristics

The data shown in tables 1 and 2 were obtained by measuring according to the specified standards at the institute
Vunil d.o.o., Leskovac. Numerous values of the statistical parameter standard deviation are also shown in tables 1 and
2 (meanzstandard deviation).

Table 1. Composition of raw materials and basic structural characteristics of yarns for making socks

Composition of raw materials of the socks Content, % Linear density, tex Twist, m Breaking tenacity, cN-tex? gltogrgeztll?%
Bamboo* (BB) 75.46 30.75+1.3 61049.6 13.53+1.1 15.12+1.3
Bamboo socks Polyamide (PA) 23.52 4.57x2 £ 0.5 93+7.1 41.75+0.9 30.44+1.6
Wrapped rubber wire 1.02 100.40 + 1.7 - 4.21+0.6 368+9.9
Cotton* (CO) 77.49 30.10 £ 0.9 61849.3 14.47+0.9 4.76+0.7
Cotton socks Polyamide (PA) 21.48 4.52x2 +0.4 96+7.0 39.60+0.9 28.96+1.5
Wrapped rubber wire 1.03 100.80+ 1.6 - 4.3940.5 345+9.7
Cotton/ CO/PES* 60/40 % 75.22 29.70+ 0.8 62319.2 14.10+1.2 6.04+0.8
Polyamide (PA) 23.77 4.49%2 £ 0.5 98+7.2 41.77+0.8 32.43+1.7
Polyester socks -
Wrapped rubber wire 1.01 100.30+ 1.7 - 4.34+0.5 352.78+9.8

*Basic yarns

A two-cylinder sock machine was used to make the socks, made by “Lonati Bravo 856” (Lonati, Italy), 95 mm
(33/%inch) in diameter, with 168 needles, while a special sewing device - "Rosso 025 full tronic" (Rosso, Italy) - was used
to close the toes.

All sock samples (30 per the sock type) were made in the size number 11 with basic parameters: foot length 28 cm,
sock leaf length without render 16 cm and render width 4 cm, which correspondsto the size of footwear 42 -43. Table
2 presents the results of the most important construction parameters of rib construction socks and different raw
material compositions.

Table 2. Design parameters of rib knitted socks size 11 (42-43)

Sock mark (basic yarn-pattern  Thickness, Horizontal Vertical Loop Mass per unit Bulk density, Porosity,
construction mark) mm density, cm?  density, cm? length, mm area, g-m? g-cm3 %

BB-R1:1 1.70 £ 0.04 14.2 +0.4 9.710.2 6.4+0.1 339.8+5.3 0.20+0.02 86.8+1.1
CO-R1:1 1.75 £ 0.08 143+04 9.6+ 0.3 6.3+0.2 377.4+£9.0 0.21+0.01 86.1+1.4
CO/PES-R1:1 1.69+0.1 144 +0.8 9.5+0.4 6.1+0.3 307.7 £ 8.5 0.18+0.02 87.7+1.6
BB-R3:1 1.68 £ 0.1 112+14 11.9+1.3 5.4+0.5 318.9+8.1 0.19+0.01 87.5+1.8
CO-R3:1 1.72+0.1 11.3+1.2 11.8+1.3 53+04 335.9+8.4 0.19+0.01 87.4+1.6
CO/PES-R3:1 1.67 £ 0.09 11.1+1.2 12.0+1.3 54+0.4 307.1+7.7 0.18+0.01 87.6+1.4
BB-R7:1 1.65 + 0.08 10.9+1.0 122 +1.3 4.7+ 0.6 318.1+9.8 0.19+0.01 87.3+1.8
CO-R7:1 1.69 £ 0.07 108+ 1.1 123+14 4.7+0.6 339.9+8.3 0.20+£0.02 87.0+1.8
CO/PES-R7:1 1.61 +£0.08 11.0+0.8 12.1+1.0 4608 297.7£9.5 0.18+0.01 87.5+15
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3. RESULTS AND DISCUSSION

Knitted fabricis a flat textile product made of a large number of interconnected loops that make up basic structural
elements of the knit. These are very complicated structures with many elements that define the final functional
properties and therefore should be investigated and defined.

Table 3 provides results of testing the thermal characteristics of socks by a Thermo Labo tester and a Thermal
Mannequin. Higher values of the parameter warm-cold feeling, gmax, representacolder feeling and lower values a warmer
feeling, i.e. a higher value means faster heat loss from the skin through the knit, while the knit leaves the impression of
cooling[11]. Accordingto the obtained results, it can be seen that gmax is highly dependent on the loop length and porosity.
As the value for the mass per unit area or bulk density of the sockincreases, gmaxgenerally increases. Also, the values for
gmax, vary depending on the pattern construction, showing a decrease in sequence, R1:1> R3:1> R7:1. The reason lies in
the number of loops on the face (i.e. 1, 3 and 7 loops, respectively) and back (i.e. 1) and consequently the appearance of a
more compact and even structure of rib construction, when the sock gives a warmer or cooler feeling.

Socks of the BB yarn give a greater sense of coolness, followed by articles of the CO yarn and finally of the CO/PES
yarn. In this regard, it can be concluded that the sock marked BB-R1:1 is recommended for use in warmer days, i.e. in
spring and summer. Socks with markings, CO/PES-R7:1 and CO-R7:1, proved to be a bit warmer, i.e. inducing lower
feeling of cold on the skin, so they are recommended for wearing on colder days, i.e. in autumn and winter.

Thermal conductivity is one of the most important parameters for the insulating ability of a material and its
measurement is based on the heat transfer from the warmer to the colder part, i.e. heat conduction. The increase in
thermal conductivity signifies higher ability for heat transfer and lower thermal resistance [11-13]. It is noticeable that A
dependson the raw material composition of socks, pattern construction or loop length of the tested samples. For all socks
of the same basic yarns, thermal conductivity decreases with the pattern construction order R1:1>R3:1>R7:1. Also, the
values of A are related to the loop length, thickness or the mass per unit area of the sock in proportional manner.

Considering the results for A, it can be concluded that socks with base yarns of BB and CO achieve better heat
conduction and are therefore recommended for use on warmer days, which is in line with the claim of the influence of
the warm-cold feeling parameter.

The heat retention coefficient, a, decreases starting from R7:1 to R1:1 regardless of the raw material composition,
which means that the construction and structure of the knitted fabrics are decisive factors that define the ability to retain
heat. R7:1 sock retains more warm air in its volume as compared to socks with the other knitting patterns. While the
CO/PES sock has the highest heat retention coefficient, the lowest « value was determined for the bamboo knits of any
knitting pattern, which is explained by the structure and properties of the fibers used. Structure (surface morphology, fiber
porosity, etc.) and fiber properties affect heat retention properties. For example, an interesting property is the thermal
conductivity of individual fibers (e.g. for bamboo-like fibers the thermal conductivity is about 0.230 W-m1-K-%; for cotton
0.464 W-m1-K-1and for polyester 0.141 W-m'1-K'1 [11]). Namely, considering the order of magnitude lower value for air of
0.026 W-m'1.K-1 [11] itis obvious that the thermal conductivity of textiles will be higher with the increase in the proportion
of fibers in the volume of the material or the use of fibers with higher thermal conductivity.

The parameter thermal resistance of socks (determined by the Thermo Labo method), Rc, varies according to the
pattern construction, raw material composition or individual design parameters. In essence, the thermal resistance
reflects the thermal insulation of the material and is greatest at rest because in that case the air under the sock is also
at rest [12,13,16]. The highest values of Rc: were registered for R7:1 socks of rib construction marked R7:1, as well as
for socks that have CO/PES as the basic yarn in the composition. Thus, the R7:1 rib knitted sock is the largest thermal
insulator, while a sock marked R1:1is the largest thermal conductor as also determined above and explained by a more
compact and more even structure of R7:1 compared to the other patterns. The presence of 7 loops on the face and one
loop on the back of the sock, implies a larger continuous contact surface and a more even number of contact points
compared to the other rib knits (lower change of loops on the face and back), providing a larger area for skin contact,
greater coverage and thus weaker heat dissipation. On the other hand, socks marked R3:1 and R1:1 have more frequent
change of loops on the face and back, as well as a longer length of loops, which causes a special shape of rib knitted
fabric that is more conductive. Socks that have the least values for thickness, loop length, mass per unit area or bulk
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density show the highest values for thermal resistance, which is not expected but is associated with a more dominant
influence of other parameters that are decisive, e.g. by pattern construction or by the type of basic yarn.

It is interesting to consider the thermal resistance results of the socks determined by the Thermal Mannequin, Rctn,
where the socks are in a tense, slightly stretched state, similar to the wearing conditions. The R7:1 socks stand out
providing significant resistance, while the lowest value of thermal resistance is registered for R1:1 socks. While the loop
length values decrease in the sequence R1:1>R3:1>R7:1, there isa noticeable increase in the thermal resistance, Rctn, in
the sequence R1:1<R3:1<R7:1, regardless of the raw material composition. The values of porosity and sock thickness
decrease in the series of marks R3:1>R7:1, which is opposite to the changes in Rctn.

The values of Rctn in socks of different pattern construction and raw material composition in the stretched state reflect
the deformation of the loop in the rib knitted fabrics due to stress, when the whole structure is deformed, thus changing
the thermal behavior. On the other hand, when measuring the thermal resistance in the relaxed state, Rct, effects of the
original structure and construction of the knit, density, loop size, thickness, porosity, etc. are more pronounced.

Table 3. Thermal properties of rib knitted socks determined by the Thermo Labo and Thermal Mannequin tests

Sock tags Photographs showing Thermo Labo method Thermal Mannequin method
& the sock surface gmax/ W-cm2 A/ W-m1lK! a/% Ra/103m2KW-1 Ran / 103 m2 K-W-1
8T ) 3 { R8BI
BB-R1:1 AR EL ) 0.100 0.050 18.64  32.31+0.001 16.93 + 0.0005
CO-R1:1 f A j\ 8 § 0.094 0.053 22.03 32.85 + 0.001 16.97 + 0.0005
tER A
R R 1’%';‘\ A AR
ARRREREAR
AR AR g |
CO/PES-R1:1 AR f‘ KR Q"Li § 0.086 0.052 2246  34.97 +0.0007 17.20 + 0.0007
RARRREE
RARARERE
S
N AR
BB-R3:1 0.072 0.048 18.22 35.29 + 0.0009 17.97 £ 0.001
CO-R3:1 i } 0.066 0.052 22.88 37.04 £ 0.001 18.35 + 0.001
A
v
i
CO/PES-R3:1 § 0.060 0.048 24.58 37.44 £ 0.001 18.39 £ 0.001
i
AR
BB-R7:1 0.057 0.041 22.03 40.54 + 0.001 19.57 + 0.001
CO-R7:1 : 0.045 0.037 27.97 46.18 + 0.002 19.98 + 0.0009
CO/PES-R7:1 0.044 0.033 31.78 48.19+0.0009 19.99+0.0008

3. 1. Correlation and regression analysis of measurements

Figure 1 shows the correlation of the thermal resistance results determined by the Thermo Labo (Rct) and Thermal
Mannequin (Rctn) methods for all socks investigated in the present study. The value of the obtained Pearson’s correlation
parameter (r = 0.949) indicated statistically proven linear correlation between the results measured by two different
measuring devices. In other words, the correlation analysis of the thermal resistance results of the socks in the relaxed
state measured by the thermal plate and the corresponding values for the socks in the stressed state determined by the
Thermal Mannequin showed that there is a statistically significant correlation between the measurements (Fig. 1).

Next, multiple linear regression analysis is performed, which studies the relationship between several regression
(independent) variables and criterion (dependent) variables and/or serves for prediction of the value of the dependent
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variable based on one or more regression variables. It is an extension of a simple linear regression in which there are

now several independent variables (xz1, x2, x3...) used to study the effects on the dependent variable (y) [14,15].

| n
0.048 | Pearson’s r = 0.949

0.046 - y=-0.04 + 4.31x -
0.044 —
0.042 —
0.040 —

0.038

Retn / m2 K W1 (Thermo Labo)

0.036 +

0.034

0.032 +

0017 ~ o0dis 0d19 0020
Rctn / m? K W-1 (Thermal Mannequin)

Figure 1. Correlation between thermal resistances determined for all sock types investigated in the present study by using Thermo
Labo and Thermal Mannequin measuring systems

In the selected case, the dependentvariable is the thermal resistance Rc: (determined by the Thermo Labo method)
of bamboo socks in all knitting patterns. These sock samples were selected based on the lowest results for Rct, regardless
of the pattern construction. Thickness (T), loop length (L), mass per unit area (M), and porosity (P) were taken as
independent variables, in order to explain the variability of the dependent variable, Rc:.

Tables 4 and 5 show the data of this type of analysis, starting from the applied parameters and their coefficients,
through the basic statistical data on the success of the dependence description to the Anova analysis, i.e. analysis of
variance.

According to Table 4, the regression equation-model, can be represented as in equation (8):

Rct = 0.044 +0.0064T—0.0064L + 1.14x10*M — 2.34x10°P (8)

Table 4. Values of the coefficients of the regression model for prediction of R« of bamboo socks

Value Standard error t-value Prob >|t|
Intercept, m2 K-W-1 0.044 0.056 0.78 0.48
T/ mm 0.0064 0.022 0.28 0.79

L/ mm -0.0064 0.001 -5.97 0.0039

M/ gm2 1.14x104 2.78%x10°5 4.10 0.0148
P/ % -2.34x104 9.75x104 -0.24 0.82

Given the very high value of the coefficient of determination (R2 = 0.988), it is concluded that 98.8 % of the variability
of the dependent variable can be explained by using the analyzed independent variables.

According to Table 4, the independent variables loop length and mass per unit area significantly contribute to the
model (Prob > |t| =0.0039 and 0.0148 < 0.05, respectively). The other variables, thickness and porosity have values for
Prob > |t| > 0.05, so their contribution to the model is lower (Prob > |t| =0.79 and 0.82, respectively), since these
values exceed the standard level of significance (p = 0.05).

Analysis of variances for multiple regression, Table 5, tests the significance of the regression relationship, i.e., checks
whether the independent variables are relevant for describing the behavior of the dependent variable. This table
highlights a statistically significant F-value (Prob> F = 4.47x10 < 0.05), so the use of this model is justified, i.e. the
thickness, loop length, mass per unit area and porosity regressors cause at least 95 % variance of the Rt variable. Thus,
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there is a statistically significant association between the key variable and its regression variables. In other words, the
used regression model is practically usable because with the help of selected properties of socks, the thermal resistance
of socks can be predicted with great reliability. In addition, the model could be tested for prediction of the values of
thermal resistance for other socks produced from a similar raw material composition and differentrib knitting patterns
when the construction parameters, thickness, loop length, mass per unit area and porosity are known.

Table 5. Parameters of the Anova analysis for multiple regression of R« of bamboo socks

Degrees of freedom Sum of squares Mean square F value Prob > F
Model 4 1.02x104 2.55x10° 80.58 4.47x10*
Error 4 1.26x10% 3.16x107
Total 8 1.03x104

Normality and linearity of the distribution, as well as the existence of atypical points are analyzed in graphs
presented in Figure 2. The upper diagram shows that the values of the dependent variable, experimentally determined
and predicted by the model, are highly overlapping, implying that that the criterion of acceptability and significance of
the regression model is met.

The lower diagram (Fig. 2) confirms that atypical points and large variations of residuals are absent i.e. deviations
are fairly evenly distributed and most results are accumulated around a straight line, i.e. around point 0. The horizontal
band pattern suggests that the residual variance is constant.

B Depandant variable
0.042 O Multiple regression of R«

0.040 - 0 a

0.038 ~

Dependent variable
o o
o o
w w
B D
1 1

] - g
0.032

Oom

0.030 . . . . :
0 2 4 6 8 10
Order

Figure 2. Diagrams of model validity and regularity of residuals

4. CONCLUSION

Thermophysiological comfort of knitted socks depends on many parameters. A comprehensive approach to
measuring and calculating a number of parameters in the technological process including yarn characteristics,
production variables and the final sock characteristics can provide reliable indicators for quality characterization of the
properties of finished socks.

The results obtained in this research emphasize the fact that thermal properties of socks largely depend on the rib
knitting pattern, type of the basic yarn in the blend and finally on the type of fiber out of which this basic yarn is made.

The results obtained in the present study for the parameter warm-cold feeling, thermal conductivity and heat
retention coefficient varied depending on the construction pattern, mass per unit area, loop length, thickness and raw
material composition. Socks of basic bamboo yarn are recommended for use on warmer days, i.e. in spring and summer.
Socks marked CO/PES-R7:1 and CO-R7:1 proved to be warmer, so they are recommended for use on colder days, i.e. in
autumn and winter.



P. TASIC et al.: THERMAL PROPERTIES OF MEN'S SOCKS Hem. Ind.77(3) 181-190 (2023)

Thermal resistance of the socks determined by using two methods (Thermo Labo and Thermal Mannequin) varied
according to the construction pattern, raw material composition and individual tested properties. The R7:1 rib knitted
sock is the greatest thermal insulator, while the R1:1 sock is the greatest thermal conductor in the present study, which
is due to the fact that the R7:1 rib knitted sock has the most compact and even structure compared to the other knits,
owing to the very construction and arrangement of loops. Also, thermal resistance values determined by the two
methods for socks in the relaxed state and in the stressed state were shown to be linearly correlated with the statistical
significance.

Multiple linear regression showed that the independent variables loop length and mass per unit area significantly
affect the dependent variable - thermal resistance of socks (determined by the Thermo Labo method).

Based on the above, it can be concluded that bamboo (regenerated cellulose) socks, regardless of the knitting
pattern, are more suitable for wearing during higher temperatures or in summer, while for lower temperatures, socks
made of the CO/PES blend or pure cotton are better solution.
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Izvod

IstraZivanje je fokusirano na utvrdivanje uticaja struktumihi konstrukcijskih parametara rebrastih pletenina
na termicka svojstva muskih carapa. Muske ¢arape izradene su u tri razliita prepletaja (1:1, 3:1, 7:1) od tri
vrste osnovnih preda: bambus, pamuk i me3avine pamuk/poliester sa dodatnom filamentnom poliamid-
nom predom obmotanom gumenom niti za tzv. render ¢arape. Za sve analizirane uzorke ¢arapa u desno-
desnom prepletaju, odredeni su strukturni parametri preda i konstrukcijski parametri pletenina. Uticaj
pojedinih parametara na toplotna svojstvacarapaproveren je natemelju istrazivanja toplo-hladnog osecaja
(toplota opipa), koeficijenta toplotne provodijivosti, koeficijenta sposobnosti zadrzavanja toplote i toplotne
otpornosti, odredene pomocu mernih uredaja “Thermo Labo” i “Thermal Mannequin”. Utvrdeno je da
strukturni i konstrukcijski parametri pletenina uti¢u na toplotna svojstva ¢arapa, ¢inedi ih manje ili vise
izolatorima, odnosno provodnicima toplote. Vrednosti parametra toplota opipa, kao i toplotna
provodljivost variraju zavisno od prepletaja, pokazujuéi pad u nizu, R1:1 > R3:1 > R7:1. Sposobnost
zadrZavanja toplote opada u nizu, R7:1 > R3:1 > R1:1. Najvece vrednosti toplotne otpornosti odredene
pomocu oba primenjena metoda registrovane su kod ¢arapa rebrastog prepletaja oznake R7:1. Primenjena
je regresiona analiza pri ¢emu su kao nezavisne promenljive izabrane debljina, duZina petlje, povrsinska
masa i poroznost, dok je zavisna promenljiva toplotna otpornost odredena primenom “Thermo Labo”
uredaja. Pokazano je danezavisne promenljive, duZina petlje i povrsinska masa znacajno doprinose modelu.
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Abstract

The study investigated how certain design parameters affect the permeability properties of ORIGINAL SCIENTIFIC PAPER
jacquard fabrics. Six woven samples were made on the same cotton warp and with the same

loom setting. The fabrics were made from two different types of weft yarns (cotton and uDC: 675.017.6: 677.1/.5:

Lyocell Clima), in two different pattern sizes (with larger and smaller monochrome areas), 646.21:687.051.5

and two groups of double twill weaves (self-stitched double cloth, interchanging double
cloth). We proved the importance of the size and distribution of the pattern/motif, the type Hem. Ind. 77(3) 191-202 (2023)
of weave and the type of yarns used in the jacquard fabrics and the influence they have on
the permeability properties in close relation to the aesthetic function. All patterns with
interchanging double weave have significantly higher air permeability than patterns with
self-stitched weave. For thermal conductivity, the influence of the raw material and the size
of the pattern/motif is obvious. Forfabrics with patterns with larger geometric areas, where
the presence of weft threads on the surface is greater, the thermal conductivity is higher.
The pattern size, on the other hand, does not affect the ultraviolet protection factor (UPF),
unlike the raw material from which it is made.

Keywords: jacquard pattern; self-stitched / interchanging double weave; porosity; air perme-
ability; thermal conductivity.

Available on-line at the Journal web address: http://www.ache.org.rs/Hl/

1. INTRODUCTION

The use of jacquard fabrics has been popular in the textile and apparel industry for decades. They are used for both
clothing and decorative purposes, precisely because of their appearance - diverse weaving patterns and use in various
forms, which contribute to the final appearance and functionality of the fabrics. Modern jacquard fabrics can be made
of a variety of fibres, from natural cotton or silk to blends with synthetic fibres such as polyester. What they all have in
common is the jacquard structure, which means that the pattern is woven and shaped by a combination of different
weaves and multicoloured yarns, usually creating complicated shapes in a complex structure, and they are in most cases
stronger and thicker than many other fabrics. Some jacquard fabrics are double-sided, meaning that both the front and
back side of the fabric are usable (e.g., for decorative curtains), while others are clearly single sided, meaning that only
one side of the fabric is usable (e.g., for upholstered furniture).

Jacquard fabrics are not so widely used for clothing purposes, mainly because of the way they are made and their
high price. Despite modern weaving technologies, digitization of processes and the use of CAD/CAM systems, the
production of jacquard fabricsis still a challenge in itself. The doctrine of fast fashion does not allow the use of expensive
jacquard fabrics, so they have been completely displaced by printed fabrics, and with the advantages of digital printing
luxury jacquards have completely lost the battle. Only in haute couture, upholstery and interior design, this type of
fabric continues to be used. This is also reflected in the small number of studies that have been conducted on the
properties and characteristics of jacquard fabrics.
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Recently, the concept of sustainable fashion has come to the fore as sustainable principles have become a necessity
in all production technologies, especially in the textile and apparel industry, which are among the biggest polluters.
Sustainable production, product quality, product life cycle, recyclability and reusability are more important than price
for many consumers. These are new circumstances in which jacquard fabrics have also become important for use in
apparel. In addition, jacquard weaving of 3D woven structures for composites is also increasing in the field of technical
textiles. Among the other 3D weaving techniques, multilayer weaving is interesting because of the variety and
complexity of the possible 3D structures [1].

The literature review shows that most studies have been conducted to evaluate the physical-mechanical properties
of jacquard fabrics used for upholstery. A study [2] was conducted on the self-cleaning properties of jacquard upholstery
fabrics with different construction parameters. In this research, a nano-TiO2 coating was applied to 18 double faced
woven fabrics produced by the jacquard weaving technique with three different weft densities, two different raw
materials for the warp threads, and three different face weave patterns under the same conditions using the sol-gel
method. In addition to self-cleaning effectiveness, the effects of fibre type, weft setting and weave pattern on the air
permeability of upholstery fabrics were also investigated.

The effects of design parameters of the woven fabrics are also reflected in the surface texture of the woven pattern,
so their influence on the propertiesimportant to users was studied [3]. The effect of different weft yarn properties (yarn
linear density and yarn types such as filament yarn, staple fiber yarn, and textured yarn) on surface abrasion
performance of jacquard fabrics was investigated. The experimental results showed that the yarn properties and the
degree of yarn crimp affect the abrasion resistance of the jacquard fabrics.

Bending properties of jacquard woven fabrics and the effects of weft density, weft yarn count, weave, and Lycra
content in the weft on these properties have also been studied by Sule [4]. Different weft yarns were used on a viscose
filament warp yarn for weaving jacquard satin fabrics. The experimental results showed that the bending rigidity of the
fabrics in the warp and weft directions increases with increasing weft density and when thicker weft yarn is used. The
bending rigidity is also influenced by the weave and, thus, by the number of interlacing points (4/1 satin and 7/1 satin),
with fewer interlacing points inducing lower bending rigidity.

Properties of fabric depend on the raw material, the type of yarns and the construction properties of the fabric. The
choice of material is important from the point of view that each material has its own properties, which are transferred
to the fabric. Functionalization of fabrics allows influencing the physical-mechanical properties by using special yarns to
improve for example elasticity [5,6], thermal regulation [7,8], protection against ultraviolet rays (UV) [9-11], etc. In
addition, from the design point of view, the shape and size of the pattern, its frequency and distribution on the surface
are also important, not only as a visual effect, but also in terms of the above-mentioned characteristics [12-14].

Permeability properties are of great importance for certain types of textiles, such as technical textiles (philtres), as
well as for clothing and some decorative textiles, as they contribute to the comfort of the user. By comfort, we mean
the ability to dissipate excess heat and/or water, regulate airflow, and protect against the effects of UV rays. The
permeability of textiles depends on the type of penetrating medium, weather conditions, the geometric structure of
the textile and the raw material [15,16].

The internal geometric structure of textiles, empty spaces of different shapes and sizes, i.e., porosity and pore
structure, are closely related to the permeability properties of textiles. Porosity is an important physical property of
textiles and is defined as the volume of air in the total volume of the body, i.e. the ratio between the volume of empty
spaces and the total volume of the textile. Porosity itself as a physical parameter of textiles is not sufficient for
determination of the textile permeability. For a more accurate prediction, we need parameters that additionally
describe the porosity, such as: the size, number, and distribution of pores. These provide detailed information about
the internal geometric structure of fabrics and how it relates to the permeability properties of the fabrics. For this
purpose, the Jaksi¢'s porosity measurement method and optical methods for determining porosity parameters in woven
fabrics were used in several experimental studies [17-21]. The authors' intention is to compare the two methods and
obtain more descriptive data about the internal geometric structure of fabrics.
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The aim of this work was to investigate how certain design parameters affect the permeability properties of jacquard
fabrics and how to influence permeability by different jacquard patterns. The main objective was to determine the
importance of the size and distribution of the pattern/motif, the type of weave (self-stitched/interchanging double
cloth), and the type of yarns used in the design of jacquard fabrics, and the influence of these parameters on
permeability propertiesin close relation to aesthetic function. For the porosity, size, and distribution of the pores, both
the Jaksi¢ and the optical method were used in the work. The influence of basic design parameters of jacquard fabrics
on their propertiesis well known and well studied. However, the influence of design parameters as well as the weave
structure, which determines the frequency of interlacing and compactness, has been studied to a much lesser extent.
The aim of our research is therefore to focus not only on aesthetic function, but also on comfort and UV protection

properties as functions of the structure of the jacquard weave.

2. EXPERIMENTAL

2. 1. Material

Six jacquard woven samples were produced on the same cotton warp (Tekstina d.o.o0., Slovenia) (8 x2 tex; warp
sequence 1 black : 1 white) and with the same loom (Minifaber Spa, Italy) setting (40 warps/cm; 40 wefts/cm). The
fabrics were made from two different types of weft yarns (Litia Spinnery, Slovenia) (cotton, 24 tex and Lyocell Clima,
25 tex), in two different pattern sizes (Figure 1; left - larger squares and right - smaller squares) and two groups of double
twill weaves (Figure 3; self-stitched double cloth, interchanging double cloth). The sample labeling, characteristics of
samples and on-loom settings are shown in Table 1.

Table 1. Characteristics of samples and on-loom settings

Material and fineness, tex Yarn density, cm Yarn diameter, mm
Sample Pattern Weave
warp weft warp weft warp weft
; IargIIer White CO co 0.1947 0.221
3 m /ani erh - 8x2 tex 24 tex ’ ' Double
2 smaller I;r:geer: anging 40 40 awill
i weaves
5 smaller Black CO  Lyocell Clima 02053  0.199
- - 8x2 tex 25 tex
6 smaller/ interchanging

For the design of fabric production, we used the program Arahne (Arahne d.o.o., Slovenia), which specializes in the
development of CAD/CAM software for dobby and jacquard weaving [22]. In the design process, we combined the
aesthetic side with the knowledge of how construction parameters and machine settings can affect the properties of
the jacquard fabric. The size and shape of the pattern and its frequency can greatly affect certain properties of the
fabric, both functionality and appearance. The surface texture and colour effect of the pattern on the fabric is
determined by the weave, the yarn and its structure, the arrangement of the yarns, the density, and the colour of the
yarns. In most cases, the surfaces in different areas of the pattern are not the same, so the size, shape, and frequency
of the pattern play an important role.

Ratio of the size and shape of large and small patterns can be clearly seen in Figure 1. The length of the square in
the fabric with the large pattern is 12.7 cm, while in that with the small pattern it is 7 cm, which is about 50 % smaller
so that the frequency of alternating stripes where the weave changes is about 50 % greater. Patterns with larger areas
(compared to smaller ones), exposes more of the yarn from which itis made and affects the surface by influencing the
reflection of light, appearance of texture on the fabric surface, etc. The weave has also a major influence since it
determines the interlacing points and the frequency of weft and warp threads on the surface and in the structure and
this is also reflected in certain permeability properties (interchanging double cloth structure, self-stitched double cloth
structure, weft/warp effect, etc.). Each part of the surface in the sample has a specific characteristic, so the differences
in size and frequency of the sample area can be considerable.
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For this purpose, to study the influence of the size and shapes in the jacquard patterns and the influence of different
weave on the permeability properties, we created the first pattern with larger white, black, and grey squares that create
a 3D visual effect (Figure 1, left), while the second pattern consists of frequently changing smaller squares (Figure 1,
right). Different sizes and shapes in the jacquard patterns mean different frequencies of the different weaves, which

affect the frequency of thread interlacing.

Figure 1. Patterns for fabrics in two different sizes (left - larger, right - smaller)

For all samples, a 1/5 twill double weave (Fig. 2) was used, a somewhat unclassical weave for all surfaces of the
pattern but chosen to simplify the research study.

Self-stiched double weave Interchanging double weave

ﬁ\ o e e o o 1we

0 ONO/O O O 2. we.

~76\0 o0 o\o/o~ 1l we.
e oo /0 o o 2.we

O O\NO/O O O 2.we.

white effect  grey effect black effect white effect  grey effect black effect

Figure 2. Weaves and weft cross sections for all three colours in jacquard patterns

To achieve the maximum black effect resulting from the colors of the yarn and the white weft threads (due to the
warp sequence - 1A (black) 1B (white) and the weft sequence 1la (white), this was the only possibility to choose the
stitching points as shown in the cross-section schema of black effect (Fig. 2, Self-stitched double weave). The black
colour on the sample (Fig. 3, effect 2) was achieved with the warp weave effect, where the surface is dominated by a
black warp. The white colour (Fig. 3, effect 3) was obtained with a weft effect combined with a white warp, with the
studied white colour weft dominating the surface. The grey colour (Fig. 3, effect 1) was obtained with a weft effectin
combination with a black warp, with the surface also dominated by the white colour weft.
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Figure 3..Different‘cglour eff&s of woven fabric surface: 1. grey, 2. black and 3. white

2. 2. Methods

Physical, permeability and UV properties of the fabrics were investigated according to standard methods: warp and
weft density (SIST EN 1049-2) [23], mass per unit area (SIST EN 12127) [24], thickness (SIST EN I1SO 5084) [25], air
permeability (SIST EN I1SO 9237) [26], thermal conductivity (DIN 52 612) [27], UV transmission and reflection were
measured and ultraviolet protection factor (UPF) was calculated, accordingto the standard EN 13758-1:2001 [28], size
and distribution of pores were determined by using the Jaksi¢ method [20].

The Jaksi¢ method for determining the porosity of textiles is based on selectively squeezing the liquid in the pores
out of the wet textiles by pressure. On the rotameter, at different pressure differences, the volume velocity of the air
flow through a given surface of the dry sample is measured. The sample is then immersed in a liquid of known density
and surface tension. When it is completely wetted, it is inserted into the measuring head of the rotameter and the
pressure difference is determined until an air bubble appears. The differencesare read, and the hydraulic diameter of
the largest pore is calculated. Then the pressure is increased, and the pressure value is read at preselected volume
flows. The measurement is completed when the volume has been squeezed out even from the smallest pores [20].

The optical method usesimage analysis and is based on the