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LIQUID MOISTURE TRANSPORT PERFORMANCE                      
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Abstract: The main purpose of this study is the data base creation of different textiles moisture 
management performance for design multilayer textile composites with predicted liquid moisture transport 
properties. In this paper are the results of studies the influence of fabrics structure and its raw composition 
on the liquid moisture transport performance of textiles. Moisture management property of the textiles was 
examined using MMT instrument. 

Keywords: textiles, multilayer textiles, liquid moisture transfer. 

 

 

1 INTRODUCTION 

The multilayer textile composites can be obtained by 
bonding the individual textiles in one multilayer 
structure. Such composites consist of textiles with 
various functional properties of different structure 
and different fibrous composition [1]. 

The main purpose of this study was the data base 
of moisture management performance of the modern 
technical textiles creation. These textiles can be used 
for design of multilayer textile composite with predicted 
liquid moisture transport properties, for example, quick 
absorbing of moisture and quick transport, distribution; 
reliable accumulating in textile composite volume. 
At the same time these liquids do not have to penetrate 
in external environment. Some test methods are 
known to measure liquid water absorbency and water 
vapor transport in textiles. These methods characterize 
by different aspects of moisture management 
characteristics, namely: diffusion ability, wicking, water 
vapor permeability, drying time etc. However, these 
methods are unable to characterize the behavior 
of dynamic liquid transfer in to textiles [2, 3]. 

In this work the liquid moisture transport properties 
were characterized by using the Moisture Management 
Tester (MMT). The method allows to measure 
quantitatively liquid moisture transfer in one step in 
a fabric in multidirections, where liquid moisture 
spreads on both surfaces of the fabric and transfers 
from one surface to the opposite. The essence of this 
method is described in detail in works [4, 5]. 

 

 

2 EXPERIMENTAL 

2.1 Materials 

In previous investigations, we have studied 31 
textiles using more than 35 indicators, with the help 
of which we can evaluate the ability of textile 
materials to interact with moisture, heat, vapor, etc 
[6]. According to these results we chose 6 textiles 
with different structures, compositions and physical 
properties (Table 1, Figure 1). Before investigation, 
the samples were put into the condition room with 
controlled temperature (T) 21±1°C and relative 
humidity (RH) 65±2% (refer to ASTM D1776) for 
at least 24 hours. 

2.2 Methods  

Structural characteristics of textiles were determined 
by standard methods in accordance with ISO 3932–
76, ISO 3933–76, ISO 3801–77. 

Hygroscopic and water-repellent properties 
of textiles were determined by methods in 
accordance with Ukrainian standard DSTU GOST 
3816 2009 (ISO 811 81). 

Moisture Management Tester (SDL Atlas) was 
chosen as testing equipment for textile dynamic 
wicking process visualizations. This method allows 
to quantitatively measuring liquid moisture transfer in 
one step in a textile in multidirections, where liquid 
moisture spreads on both surfaces of the textile and 
transfers from one surface to the opposite. 
Ten moisture management indexes are using 
to characterize the moisture management properties 
of textile [4, 5]. 
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Table 1 Basic structural parameters and physical performance of textiles 

Properties 
Sample code 

S Pq E A L BA 

Type of textile knitted fabric two-layer knitted fabric woven fabric 
Pattern tuck tuck plain double twill 3/3 twill 2/3 

Linear density [tex] 
warp 

12.0 19.1 35.2 
Cotton 12.6 12.4 20,4 

weft PP 14.8 17.2 13.3 

Density of weave (knitting) 
warp 230 245 315 132 800 650 
weft 135 120 230 90 340 430 

Fiber type [%] PP-100 Cotton-100 Viscose-100 PP-40/Cotton-60 PES-100 PES-100 
Surface density [g/m2] 95 207 330 183 160 180 
Thickness [mm] 0.7 0.8 0.8 1.6 0.3 0.3 
Hygroscopicity H [%] 1.1 14.5 15.5 8.9 1.5 1.4 
Water absorption Wa [g/m2] 270 315 650 1060 185 0 
Vertical capillarity C [mm] 158/136 177/175 143/139 23/148 // 22/131 197/177 0/0 
Water resistance WR [Pa] – – – – – 4310 

 

   
S Pq E 

   
A L BA 

Figure 1 The structure of textiles (Scale x 50) 

3 RESULTS AND DISCUSSION 

The liquid moisture transport performance of textiles 
and water content curves for the top (UT) and 
bottom (UB) surfaces of the individual textiles are 
shown in Figure 2 and Table 2.  

 

Sample “BA” has a water repellent finishing so water 
did not spread out over the top surface and did not 
penetrate through the fabric 

Table 2 Liquid moisture transport performance of textiles 

Properties 
Fabrics sample code 

S Pq E A L BA 
mean S.D.* mean S.D.* mean S.D.* mean S.D.* mean S.D.* mean 

Wetting Time [sec] 
T** 5.2 0.9 22.7 5.4 9.1 1.1 3.4 0.4 6.6 0.8 - 
B** 5.2 0.8 11.6 1.7 9.3 1.0 119.9 0.0 6.8 0.8 - 

Absorption Rate [%/sec] 
T** 59.7 0.8 26.3 2.3 57.6 5.2 43.9 1.1 60.2 0.9 - 
B** 64.8 1.5 44.6 2.4 64.7 5.3 0.0 0.0 72.9 5.3 - 

Max Wetted Radius [mm] 
T** 21.7 2.9 13.3 2.8 13.3 2.0 25. 0 0.0 25.0 0.0 - 
B** 21.7 2.9 15.0 0.0 13.3 2.0 0.0 0.0 28.3 2.9 - 

Spreading Speed [mm/sec] 
T** 3.2 0.7 0.6 0.1 1.3 0.1 4.2 0.2 4.3 0.3 - 
B** 3.3 0.7 0.8 0.1 1.3 0.0 0.0 0.0 4.4 0.3 - 

One-Way Transport Capability [%] 55 9 257 22 78 4 -649 26 108 6 - 
Overall Moisture Management Capability 0.46 0.05 0.44 0.09 0.32 0.01 0.00 0.00 0.56 0.05 - 
** T- top; B – Bottom; * S.D. – S. Deviation 
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Figure 2 MMT water content curves of the textiles 
1 – UT – water content curves of the top surfaces of the textiles 
2 – UB – water content curves of the bottom surfaces of the textiles 

Sample “L“ 
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For sample “S” and sample “L”, the water content 
of the top and bottom surfaces increase very quickly 
during the pumping time (starting at around 
6 seconds). Then the water content on top and 
bottom surfaces for sample “S” remained almost 
stable with little change after reaching a maximum, 
while those of sample “L” decreased gradually until 
the end of the test. For sample “A”, the relative water 
content on top layer increased abruptly from 0 to 
more than 900, but on bottom surface remained 
zero. For sample “E” the trend of the water contents 
of the top and bottom surfaces was the same. 

Figure 3 shows the top surface absorption rate 
(TAR) and bottom absorption rate (BAR) of each 
textile. TAR and BAR are the maximum moisture 
absorption rates of the top and bottom surfaces of 
the fabric respectively. Samples “S”, “E”, “L” had the 
same mean BAR and TAR, indicating that the liquid 
evenly distributed on the top and bottom surface of 
these textiles. The sample “A” had the zero BAR and 
the highest means TAR, indicating that all liquid was 
distributed only on the fabric top surface. 
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Figure 3 The TAR and BAR of the investigated textiles 

Figure 4 shows the top surface maximum wetted 
radius (TMWR) and bottom surface maximum 
wetted radius (BMWR) of the textiles. TMWR and 
BMWR are defined as the maximum wetted ring 
radius at the top and bottom surfaces respectively. 
It can be seen that samples “Pq” and “E” had the 
smallest top and bottom surface wetted radius. 
For sample “L” and “S” the TMWR and BMWR are 
nearly the same as are the top and bottom surface 
water contents. However, for sample “L” the TMWR 
and BMWR were higher than that of the other 
samples of textile. In case of the sample “A” the top 
water content was higher than that of the bottom 
surface (BMWR = 0 mm). It indicates that liquid was 
distributed only in the top layer of the textile. Sample 
“BA” has a water repellent finishing so water did not 
spread out over the top surface and did not 
penetrated through the fabric. 
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Figure 4 Maximum wetted radius of the top surfaces and 
maximum wetted radius of bottom surfaces of the fabrics  

Figure 5 illustrates the top surface spreading speed 
(TSS) and the bottom surface spreading speed 
(BSS). These dates indicate the spreading speeds 
of the liquid on top and bottom textile surfaces to 
reach the maximum wetted radius. As one can see 
from these figures, sample “Pq” had the smallest TSS 
and BSS among all the textiles. It indicates that 
the liquid moisture was assembled only on the top 
surface of the fabric and was not absorbed by 
the fabric. Sample “A” had only TSS. It indicates 
faster spread on the top surface of the textile. 
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Figure 5 The spreading speed at the top surface (TSS) 
and the bottom surface (BSS) of the textiles 

4 CONCLUSION 

As a result of our investigation is creation of data 
base of moisture management performance of the 
textiles. 

Based on received values of indexes, 
the investigated textiles are classified into 
categories: 

 water proof fabric – sample “BA”; 

 slow absorbing and slow drying fabric – sample “A”; 

 fast absorbing and slow drying fabric – sample “E”; 

 fast absorbing and quick drying fabric – samples 
“S”, “Pq”, “L”. 
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Presented classification gives the opportunity 
to design multilayer textile composites with predicted 
and requested liquid moisture transport properties. 
The requirements to textile composite dictate 
the order of initial textiles arrangement in multilayer 
structure. For example, for medical textile with 
higher liquid absorption and higher liquid resistance 
performances the order of initial textiles 
arrangement in multilayer structure is as follows: 
the first layer have to provide quick absorption and 
quick transport of water; the next layers must have 
to provide good liquid distribution ability through 
layer surface and liquid accumulation and the last 
one have to serve as good barrier against liquid 
penetration.  
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EVALUATION OF SELECTED DEVELOPMENTAL SAMPLES 
OF CHELATING AGENTS ON MODEL WASHING 

Petra Bayerová, Veronika Hrubešová, Ladislav Burgert, Michal Černý and Radim Hrdina 

Faculty of Chemical Technology, University of Pardubice, Czech Republic 
petra.bayerova@upce.cz 

 

 

Abstract: This work presents the results of model washing with addition of selected developmental 
samples of chelating agents. The washing was realized in hard water of 22°dH (given in 
German degrees of hardness). After 20x repeated washing the content of ash and Ca

2+ 
ion were 

determined. The image of fabric after the model washing was evaluated by means of images from 
a scanning electron microscope. 

Key words: chelating agents, washing of textile materials, model washing. 

 

 

1 INTRODUCTION 

Water has an irreplaceable role in textile industry. 
Any textile production is dependent on water and 
sufficiency of good quality water. Hard water is not 
useful for various domestic purposes (washing, 
bathing, drinking) and for many industries such as 
textile industry and dyeing industry. Dissolved salts 
like Ca, Mg, Fe and Mn affect many textile 
processes. Hard water causes the usual problem 
of deposition of insoluble salts which interfere with 
the proper dyeing and printing of the fabrics, textile 
finishing or pre-treatment of textile materials. 

Washing is one of the most important activities in 
the treatment and maintenance of textiles. Detergent 
is a part of the washing bath. It is a complex mixture 
containing various systems – surfactants, builders 
and auxiliary agents. Chelating agents are the most 
frequent agents used as components of detergents. 
Chelating agents (sequestering agents, chelating 
surfactants) are generally compounds creating 
chelates, which are specific kinds of complex 
compounds surrounding a cation (such as Ca

2+
, 

Mg
2+

, Fe
3+

, Cu
2+

, Mn
2+

). These substances are used 
for water softening [1]. 

Basic indicator of detergent quality is so-called 
washing efficiency. It can be divided into primary 
and secondary washing efficiency. Primary 
efficiency indicates the difference between 
the amount of soil before and after washing. 
Secondary efficiency describes how the amount 
of sediment builds up on washed fabric. Sinking 
takes place slowly and at least 10 scouring runs are 
used to determine incrustations [2]. 

New types of sequestering agents and chelating 
surfactants were synthetized at the Institute 
of Chemistry and Technology of Macromolecular 
Materials of University of Pardubice, Department 
of Synthetic Polymers, Fibers and Textile Chemistry. 

These substances were tested in repeated model 
washing in hard water. Secondary efficacy was 
determined. 

2 EXPERIMENTAL 

2.1 Samples of chelating agents 

Three types of sequestering agents (sample 1, 2, 3) 
and two types of chelating surfactants (sample 4, 5) 
were tested in this study – see Table 1. 

 

Table 1 Structures of chelating agents 

Sample Chemical structure 

No. 1 
NH CH

COONa

CH2 COONa

CH CH2 CH2 COONa

COONa

 

N-(1,2-dicarboxyethyl) 
glutamic acid tetrasodium salt 

No. 2 

N CH CH2 COONa

COONa
CH

CH2 COONa

CH2NaOOC

COONa  

N-carboxymethyl-N-(1,2-dicarboxyethyl)  
aspartic acid pentasodium salt 

No. 3 

CH2 CH N CH

CH

CH2 COONa

COONa

CH2 COONa

COONa

COONa

NaOOC

 

N,N'-bis(1,2-dicarboxyethyl) 
aspartic acid hexasodium salt 

mailto:petra.bayerova@upce.cz
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No. 4 

N (CH2)11

CH

CH2

CH3CHKOOC

CH2 COOK

KOOC COOK
 

N-dodecyl-N-(1,2-dicarboxyethyl) 
aspartic acid tetrapotassium salt 

No. 5 

N (CH2)11

CH

CH2NaOOC

CH3CHNaOOC

CH2 COONa

COONa
 

N-dodecyl-N-(1,2-dicarboxyethyl) 
aspartic acid tetrasodium salt 

 

2.2 Model washing process 

Prepared agents were determined under conditions 
for model washing. The washed material was 
a batch of 20 grams of cotton textile at a bath ratio 
of 1:20. The model detergent chosen consisted 
of water glass (soln. of sodium metasilicate), 
carboxy-methylcellulose, sodium carbonate, and 
sodium sulfate and analyzed chelating agent [3]. 
Washing bath contents 7 g/l of model detergent.  

The washing was repeated 20x in hard water 
of 22°dH (given in German degrees of hardness) for 
30 min at 90°C (Figure1). The hard water was 
prepared by dissolving CaCl2.6 H2O in distilled water 
(1°dH = 39.06 mg CaCl2.6 H2O). 

 

 

Figure 1 Process of model washing 

2.3 The evaluation of content of ash and Ca
2+

 
ions 

The image of fabric after the model washing was 
evaluated by means of images from a scanning 
electron microscope (JEOL JSM – 5500LV). 

After 20x repeated washing in hard water of 22°dH 
for 30 min at 90°C, the content of ash and Ca

2+
 ion 

were determined. After 20x repeated washing, 
the textile was incinerated in a platinum crucible and 
the amount of calcium was evaluated in ash. 
The content of calcium was determined by optical 
emission spectrometry with inductively coupled 
plasma (Integra XL2-GBC Australia). 

3 RESULTS AND DISCUSSION 

The prepared samples were tested at model 
washing conditions. The washing with model 
detergent without sequestering ingredients 
increased the content of inorganic deposits in cotton 
textile. The content of ash and calcium in textile was 
relatively high: 3.18% ash and 15.20 g/kg Ca

2+
. 

The addition of prepared samples with chelating 
effect improved the result as documented by 
the data in Table 2.  

A reduction of the content of ash and calcium mainly 
by typical sequestering agents (sample no. 1, 
sample no. 3) was observed. The lowest content 
of Ca

2+
 was shown in sample no. 3 N,N'-bis(1,2-

dicarboxyethyl) aspartic acid hexasodium salt - see 
Figure 6. A surprising result is the high content 
of ash and calcium in textile with using sample no. 2. 
Sequestration efficiency can be affected by overall 
chemical structure of molecule. 

With the addition of chelating surfactants (samples 
no. 4 and 5) the content of ash and calcium is lower 
than without prepared samples, too. The measured 
values are higher than for sequestering agents, 
whereas chelating surfactants have a lower value 
of sequestering capacity. 

The image of fabric after the model washing was 
evaluated by means of images from a scanning 
electron microscope (Figures 2-8). 

 

Table 2 Content of ash and calcium ion in the cotton textile after twenty times repeated washing in hard water of 22dH 

Sample Ash content [mass %] Content of  Ca2+ [g/kg] 

no. 1 + model detergent 0.45 1.97 
no. 2 + model detergent 1.99 11.40 
no. 3 + model detergent 0.11 0.50 
no. 4 + model detergent 2.68 11.10 
no. 5 + model detergent 2.18 10.90 
Washing without sequestering agents in hard water 3.18 15.20 
Washing without sequestering agents in distilled water 0.10 0.36 
Original cotton textile 0.10 0.23 
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Figure 2 EMS of fiber surface of the original cotton textile 

 

 

 

Figure 3 EMS of fiber surface of cotton textile washed without chelating agent with model detergent 
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Figure 4 EMS of fiber surface of cotton textile washed with chelating agent no.1 

 

 

 

Figure 5 EMS of fiber surface of cotton textile washed with chelating agent no.2  
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Figure 6 EMS of fiber surface of cotton textile washed with chelating agent no.3  

 

 

 

Figure 7 EMS of fiber surface of cotton textile washed with chelating agent no.4  
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Figure 8 EMS of fiber surface of cotton textile washed with chelating agent no.5  

 

4 CONCLUSIONS 

In this work the results of repeated model washing 
with an addition of selected developmental samples 
of sequestering agents and chelating surfactants 
were evaluated. The addition of the prepared 
chelating samples influences the bath positively. 
The content of calcium ion is reduced and its 
negative effect is more limited. The results 
of the determination of ash values and calcium ion 
are more favourable in prepared sequestering 
substances N-(1,2-dicarboxyethyl) glutamic acid 
tetrasodium salt and N,N'-bis(1,2-dicarboxyethyl) 
aspartic acid hexasodium salt. Pictures of fiber 
surface of cotton textile from a scanning electron 
microscope complement the idea of the sediment for 
washing material. 

It can be concluded that the prepared chelating 
agents are applicable in many detergent formulas 
and as textile auxiliary agents for some finishing 
operations. Sample no. 3 could be recommended as 
a replacement for existing sequestering agents.  
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Abstract: In this paper, a saturation rate during the capillary rise of a textile fabric was determined. 
A mathematical model based on the Archie’s law, considering the electrical resistivity, saturation rate and 
fabric tortuosity was established. In order to determine the saturation exponent a calibration method was 
introduced. According to this method the spatiotemporal distribution of the saturation rate during 
the capillary rise is presented. This method was also used to evaluate the saturation rate during 
the horizontal and downward capillary rise. It was found that the saturation rate remains constant for 
the case of the horizontal and descending impregnation. 

Keywords: capillary rise, electrical resistivity, horizontal-downward capillary, saturation rate. 

 

 

1 INTRODUCTION 

The comfort afforded by textile fabrics can be 
improved by understanding the liquid transport 
mechanism. In capillary flow through textile fabrics, 
the constitute yarns are responsible for the main 
portion of the wicking action [1, 2]. Therefore, many 
researches have been conducted to study 
the wicking behaviour in textile structure. Among the 
extensive research in this field, textile yarns were 
treated either as porous media [3, 4], the liquid 
transport through which can be described by Darcy’s 
law, or as capillary tubes, the liquid flow through 
which can be modelled by Lucas–Washburn kinetics. 
In the first case, however, the characteristic 
parameters, such as permeability, are difficult 
to quantify and are always obtained empirically [5]. 
In the second case, similarly, the effective radius 
of the capillary tube, the effective contact angle, etc., 
are also determined by fitting the experimental data 
[6]. A literature review, previously mentioned [1-8], 
shows that although broad research has been carried 
out in this area, a procedure to determine the 
saturation during capillary flow through textile based 
is still lacking. 

In this work, the saturation rate during the capillary 
rise is determined using an electrical resistivity 
method. A theoretical model was developed based 
on the Archie’s law. An experimental validation 
showed that our model can determine correctly 
the spatiotemporal distribution of saturation rate 
in textile structure. 

2 FABRIC SATURATION DETERMINATION 
USING ELECTRICAL RESISTIVITY 

There is an analogy between the laws of fluid 
mechanics and those of electrical conduction. 
The difference in pressure in a pipe is in fact 
the analog of a potential difference across 
a conductor, while the fluid flow is the analog of the 
electric current. In both cases, the relationship 
between pressure/flow difference and 
potential/current difference depends on the geometry 
(form and length) of the pipe or conductor. 

Archie’s law [9] has been the standard method for 
relating the conductivity of a clean reservoir rock 
to its porosity and the conductivity of the fluid 
saturating its pores for over 60 years. Initially, it was 
used as an empirical relationship for a narrow range 
of rocks and porosities, it has found wide application. 
It has been verified recently by analytical methods for 
certain special cases [10, 11] and has been extended 
for use when the surface conduction is significant, 
such as at low salinities and in clay-bearing 
lithofacies [12]. One form of the traditional Archie’s 
law can be expressed as [13]:  




  e water
e m m n

R
R

S
. (1) 

where Re-m [Ω.m] is the bulk effective resistivity of the 
porous material; Re-Water [Ω.m] is the resistivity of the liquid 
occupying the pores; ε is the porosity which is assumed 
to be fully saturated (i.e., identical to the volume fraction 
of the fluid phase); S is saturation rate,  is the tortuosity, 
m is the cementation exponent and n is the saturation 
exponent (usually close to 2). 
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The cementation exponent m, also called compacity 
factor and usually in the range 1.3–2.5, is an index 
of the pores sizes in the porous media [13]. It has 
been demonstrated by Keller [14] that the compacity 
exponent is closely related to the porous compacity 
level, pores size and distribution. 

The use of Archie's law requires the porosity and 
liquid resistivity determination. Moreover, 
the exponents m and n are empirical and determined 
for each sample. Thus, it is necessary to carry out 
calibration experiments determining these various 
parameters. 

Other researchers evaluated the saturation rate S 
as a function of the resistivity index IR, (second 
Archie’s law) defined by: 



 
1

R n
e sat

e mI
R S

R . (2) 

where, Re-sat [Ω.m] is the resistivity of the saturated 
material.  

By plotting ln
e sat

e m

R

R




 
 
 

as a function of saturation 

rates the constant n is determined. The exponent 
of "Archie saturation" n is also close to 2 but can 
reach 10 [15]. 

3 CALIBRATION METHODOLOGY 

A calibration is carried out for each sample in order 
to evaluate the saturation rates by measurement 
of electrical resistivity for each saturation rate. Thus, 
a sample (dimensions 5×5 cm) with dried mass md 
[g] is impregnated in distilled water and then 
transferred to a support. The mass of the sample 
is continuously recorded by an electrical balance 
in order to determine the saturation rate. 

The electrical resistivity was measured using the 
4339B high-resistance meter from Agilent® 
(Figure 1).  

The non-conductive grid allows the sample to be 
dried through both sides. Each sample is placed 
freely on the drying support and not tensioned 
to avoid deformations that can modify the size of the 
pores. During drying, wet mass mw [g] decreases. 
The saturation rate S is calculated as follows: 


 w d

d

m m
S

m
. (3) 

Thus, the calibration procedure consists in 
measuring the resistivity as a function of the different 
saturation rates. 

 

354.19 gr 

Non-conductive 
grid 

Support  

Sample 
5cm × 5cm 

Conductive rodes related to the electrical 
resistivity setup 

 

Figure 1 Calibration setup for sample electrical resistivity 

Figure 2 illustrates the sample calibration for the 
saturation exponent n determining. It is noticed that 
the regression line of the curve is linear with 
a coefficient of determination R

2
 = 0.984 and              

n = 2.5351. 
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Figure 2 Calibration a sample for determining the 
saturation exponent n 

4 SATURATION RATE DETERMINATION 
DURING CAPILLARY RISE FROM INFINITE 
RESERVOIR 

A series of experiments on a plain knitted structure 
was conducted with distilled water as wicking liquid. 
The experimental apparatus for vertical capillary rise 
[6]. The experiments were conducted in a standard 
atmosphere of 20±2°C and 65±2% relative humidity, 
and the samples were conditioned for 24 hours 
before testing. 
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Figure 3 Experimental apparatus for capillary rise 
considering evaporation [6] 

Figure 4 Spatiotemporal distribution of saturation rate in 
the case of a capillary rise test at 4 cm steps 

 

 

In the apparatus, the lab jack was used to hoist 
the liquid reservoir containing the wicking liquid, and 
the steel ruler to measure the wicking height. 

Figure 3 shows the Spatiotemporal distribution 
of saturation in width and height of a capillary rise 
test. For the same height, the saturation rate 
is identical which implies the structure is the same 
according to the width. According the Figure 3, 
not surprisingly, the penetration velocity of liquid 
in early stage is much higher than in subsequent 
stages. With time passing, the advancement of liquid 
becomes slower and slower until equilibrium 
is established. Figure 4 illustrates Spatiotemporal 
distribution of saturation rate in the case of a capillary 
rise test at 4 cm steps. 

5 SATURATION RATE DETERMINATION 
DURING HORIZONTAL AND DOWNWARD 
CAPILLARY FROM INFINITE RESERVOIR 

Figure 5 illustrates the variation in saturation rate 
in the case of horizontal and descending capillary 
at different vertical positions ha at 4 cm and at 8 cm. 

In the case of ha = 4cm, the average saturation rate is 
about 0.6675 with a standard deviation of 0.0093 and 
a coefficient of variation of 1.394%. Whereas for ha = 
8 cm, the average saturation rate is about 0.4106 
with a standard deviation of the order of 0.0068 and a 
coefficient of variation of 1.65%. Therefore it can be 
concluded that the saturation rate remains constant 
for the case of the horizontal and descending 
impregnation. 
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Figure 5 Saturation rate at 2 cm interval: horizontal hh 
and downward capillary from infinite reservoir hd 
(ascendant capillary ha = 4 cm and 8 cm) 

In addition, the average saturation rate is decreasing 
by increasing the distance from the reservoir (when 
ha increases). Indeed, by increasing ha, the saturation 
rate becomes smaller at the level of the horizontal 
and descending impregnation portion (see Figure 3). 
This is due to the effect of gravitational forces.  

6 CONCLUSION 

The saturation rate during capillary rise was 
investigated. Using modified Archie’s law, the 
saturation was determined based on the electrical 
resistivity of wetted textile fabric. The calibration 
method was carried out for each sample to determine 
the saturation exponent n before testing.  

The spatiotemporal repartition of the saturation rate 
during the capillary rise was presented. This method 
was also used to evaluate the saturation rate during 
the horizontal and downward capillary rise. It was 
found that the saturation rate remains constant for the 
case of the horizontal and descending impregnation. 
In addition, the average saturation rate is decreasing 
by increasing the distance from the reservoir when ha 
increases. Wicking in textile materials is very 
complicated and the mechanism has not been fully 
understood until now.  

Nevertheless, this research attempts to gain 
an insight into this area and to construct a framework 
for further studies. Modeling the fabric permeability 
during wicking will form the subject of subsequent 
researches. 
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Abstract: The article deals with the issues of predicting special purpose knitted fabrics properties. 
We suggest solving this problem by designing a 3D geometric model of a knitwear structure. The proposed 
technique has been used to design a 3D model of a double-layered knitwear structure, which is used for 
ballistic protective clothing manufacturing. 

Keywords: 3D modeling, weft-knitting, loop length, B-spline, knitted structure, yarn central line geometry, 
special purpose knitted fabrics, personal protective equipment, armor protection. 

 

 

1 INTRODUCTION 

The special purpose knitted fabric for personal 
protective equipment has to meet a number 
of requirements for physical, mechanical, hygienic 
and other properties, as it is subjected to various 
types of force application during wear. It is made 
of high strength threads and it is used to protect 
users against the following risks: effects of small 
arms projectiles, effects of shrapnel from explosives, 
effects of stabbing and cutting weapons. Clarifying 
the relationship between threads characteristics and 
their configurations in a knitted structure on the one 
hand and protective properties of fabrics on the 
other hand is a difficult task which demands 
a special approach and accuracy [1, 2]. 

Designing of a special purpose knitted fabric 
is concerned with choosing the optimal physical-
mechanical and geometric characteristics.  

The invention of the universal computer simulation 
systems has solved the problem of optimizing 
the properties of personal protection based on 
an analysis of raw materials properties. Such 
systems perform the analysis of physic-mechanical 
properties under investigation on the basis of their 
3D geometric models. Therefore, one of the crucial 
points for a simulation research of the reliability 
of individual armor protection products that are 
made of high tensile strength knitwear is 
the adequacy of the mathematical description of its 
structure.  

It is known that the structure of knitwear is 
determined in accordance with the size and 
configuration of the elements of the fabrics or 
a knitwear product itself, relative position of the 
knitting elements and the way these elements 
interact with each other. The automation of a knit 
structure design provides an opportunity to use 

an object model which reflects some properties 
of the object, particularly significant to the 
researcher. Thus there is no need to manufacture 
a sample. The models are called mathematic, when 
formalized by the means of mathematical tools and 
language. In other words, the mathematical models 
show the interrelationships among the parameters 
of the object and make it possible to estimate the 
outcome of the project decisions. The important 
benefit of using the described models is the 
opportunity to obtain information about the object 
without conducting the natural experiments. People 
have created and been improving the model of the 
knitting loop for approximately a century now. By this 
time a number of research studies have been done 
on geometric description of the knitwear structure 
and defining the interrelationships among its most 
significant properties. Different ways to define these 
interrelationships were provided in works by 
Е. Tompkins [3], J. Chamberlain [4], F. Т. Peirce [5], 
G.A.V. Leaf and А. Glaskin [6], D. Munden [7], 
Vekasi [8], A.S. Dalidovich [9], Korlinski [10], 
Morroka & Matsumoto [11]. V.R. Krutikova [12], 
Nutting & Leaf [13], Postle [14], Whitney & Epting 
[15], Popper [16], Postle & Munden [17], Shanahan 
& Postle [18], Hepworth & Hepworth & Leaf [19], 
A.V. Truevtsev [20], and others. 

Computer models of the knitwear structure are 
based on one or several theoretical models 
(geometric, energetic and/or mechanical). Also 
a ready-made prototype can be digitized. 
A theoretical base is required for building special 
programs which allow to recreate the knitted yarn 
geometry in the 3D modeling environment. 
The choice of the base is determined by the purpose 
of a CAD under construction. Different methods 
of building 3D models of fabric structure are 
described in works [21-25] and others. Such models 
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provide good topological yarn alignment in a model 
and therefore in a sample and also ensure a high 
level of visual resemblance. The following works [26-
29] give a spotlight on fiber length control within 
elements of the structure for a model and its 
prototype. It is known that BFS (Backface Signature) 
depth deformation of knitted fabrics is connected 
to the redistribution of the yarn in the knitwear 
structure. Therefore, the model which possesses 
exactly the same shape and loop length as 
the prototype is crucial for assessing the reliability 
of armor protection. 

2 LOOP CHARACTERISTIC POINTS 
POSITIONING  

During knitting process, a part of yarn takes a shape 
of a loop, if pulled through a lower fixative element 
(in most cases it is the head of the previous loop) 
and thrown over an overhead fixative element (the 
feet of the next loop) [26]. In Figure 1 a zone 
of fixation 1 is shown. It is the overhead one for the 
loop 2 and the lower one for the loop 3. Each zone 
of fixation contains two zones of the contact 
of threads (interlacing zones) 4 and 5 (see Figure 1). 
In turn, each zone of contact includes two points 
of contact 6, 7, 8, 9. Yarn interaction forces, as we 
assume, are applied at these points. 

 

 

Figure 1 Positioning of contact points in a plain-knitted 
structure 

Regardless which mathematical objects are used for 
the representation of the yarn configuration in 
a knitted structure, when modeling in 3D 
environment they must provide passing its central 
line through the characteristic points of the loop. 
Under characteristic points we mean points lying 
directly on the yarn central line, their location in 3D 
space has to be defined by using traditional ideas 
concerning shape of a loop. In Figure 2 such points 
are:  

K – the upper point of the loop head;  

В – the point of connection of the needle loop and 
the loop arm; 

Т – the central point of the loop arm; 

S – as the point of connection of the loop arm and 
the sinker loop; 

W – the lowest point of the sinker loop. 

 

 

Figure 2 Orthogonal views of the yarn central line of a 
loop half  

Requirements for the curves that can be used for 
representation of the yarn central line in 3D-
modeling systems are given below [29]: 

 the spatial curve equation must provide its 
passing through the characteristic points; 

 curvature of line segments between characteristic 
points must be "changeable"; 

 length of this spatial curve must correspond to 
loop length of a real knitted fabric having the 
corresponding basic structure parameters; 

 connections of curves representing the central 
lines of nearby structure elements of the knitted 
course in model must be smooth. 

It is fundamentally important for a spline to pass 
through defining points and to make formulas 
of passing from coordinates of characteristic points 
to curve equation between them easy to process 
within our programs. In the paper [29] Catmull-Rom-
curves and second-order Bézier curves were 
considered as possible basis for yarn axial line 
representation. In our view, quadratic Bézier curves 
suit the best. But they describe curve between only 
two neighboring points. Set of these curves could be 
accepted, however generation of smoothly-joined 
Bézier curves equation for such number 
of segments is a very complex task. Since B-spline 
equation is based on the same functions as Bézier 
curves, while being more convenient for machine 
description of continuous, repeatedly bent curve, 
we chose B-splines. 

Consider the task to create the plain-knitted 
structure 3D model. For an existing sample of 
a knitted structure, data values of l, w, c, t, d, where 
l is the loop length [mm], w - wale-spacing [mm],    
c - course-spacing [mm], t - thickness of the knitted 
fabric [mm], d - yarn diameter [mm], can be defined 
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experimentally or by formulas [9]. In a model, built 
on recorded data of w, c, t, d, the central line 
of a virtual yarn will pass through the characteristic 
points. However, through the above mentioned 
points in space it is possible to conduct a great 
number of curves with different curvature. 
The lengths of lines with different values of curvature 
will differ, respectively. Including a variable, which 
influences some control vertices position, to the 
calculation algorithm allows to regulate the length 
of a virtual loop and line curvature indirectly. Such 
an independent variable is the angle  (Figure 3).  

 

 

Figure 3 Positioning of characteristic points of a loop in its 
upper-right part  

The fabric plane assumed to contain points B and S 
and coincide with plane OXY for a coordinate 
system, in which the axis OX is directed along 
courses and divides a loop into wale direction 
symmetrically, and OY axis is oriented in the wale 
direction and form the line of symmetry of the loop in 
the course direction. In the upper-right part of the 
loop the characteristic points K, B, T with 
coordinates (XK; YK; ZK), (XB; YB; ZB), (XT; YT; ZT) are 
situated on the yarn central line as shown in Figure 
3. As the loop was assumed to be symmetrical 
relatively to its central axis, the point coordinates of 
T are: 

4

w
XT  ;    0TY ;    

2

dt
ZT


  (1) 

In the yarn interlacing zones (4 and 5 in Figure 1) 
the mutual location of yarns central lines is assumed 
depending only on the yarn diameter d. Also the 
projection of the needle loop on the XY plane is 
assumed to be a circular arc with the radius Rn (see 
Figure 3):  
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The point D (Figure 3) is the center of the circular 
arc, which represents the needle loop, and Dsm is the 
center of the sinker loop of an adjacent loop in 
projection on the fabric plane. Taking into account 
the location of the selected coordinates system we 
can define the coordinates of points D and Dsm by 
the following formula: 

0DX ; sin nBD RYY  (6) 
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Then the angle of the loop arm inclination in the 
fabric plane α will be calculated by the formula: 
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3 B-SPLINE CONTROL VERTICES POSITIONING 

To record a B-spline equation it is necessary to pass 
from the coordinates of points belonging directly 
to the yarn central line (characteristic points), to the 
coordinates of points that determine directions 
of tangents built to the curve at its characteristic 
points. In Figure 4 such points are P0, P1, P2, P3 and 
P4. To define a space location of tangents 
intersection points, it is easier to begin with 
operating of their projections on the orthogonal 
planes [26].  

On projection on the planes XOY and XOZ one 
fourth part of the yarn axial line is located between 
straight lines 1, 2, and 3 as shown in Figure 4. The 
line 1 is the tangent to the needle loop at its top 
point. It passes through the point K being parallel to 
the axis OX as well as to the plane XOY. Line 2 is 
the tangent at point B therefore it passes through the 
point B and forms an angle  with a straight line, 
parallel to the OY axis as can be seen in Figure 3. 
Angle of the line 3 inclination can be found on 
formula (8). The intersection of lines 1 and 2 is 
denoted by t12 (Xt12; Yt12; Zt12), and intersection of 
lines 2 and 3 by t23 (Xt23; Yt23; Zt23). In the XOY plane 
at the point B two 2D curves (projections of 3D curve 
segments) unite. They can be described as two B-
splines, or two quadratic Bezier curves. Each of 
them is defined by three points. For the segment KB 
they are points K (XK, YK), t12 (Xt12, Yt12), and B (XB, 
YB). For segment BT they are points B (XB, YB), t23 

(Xt23, Yt23), and T (XT, YT). Tangents to these curves 
(curve segments) at the point B coincide. 
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Figure 4 Central line of a yarn segment of an 
interlacement zone 

In a general case the equation of a straight line can 
be written in as: 

,аkxy   
 (9) 

where k is the slope of the line, а – ordinate of the point of 
intersection of the straight line and the axis OY.  

The slopes of tangents 1, 2, 3 will be represented by 
k1, k2, and k3. k3, respectively and a1, a2, a3 will 
represent the intersection point with the axis OY. 
Thus we can apply the following formula: 
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where XB, YB - are coordinates of point B, defined on 
formulas (2).  

Coordinates of the intersection point of lines 1 and 2 
are: 
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Using the same approach as was employed with the 
intersection point of straight lines 1 and 2, we find 
the intersection point of lines 2 and 3, taking into 
account that slope of the line 3 is known from 
formula (8). 

The points of contact between A and C belong to the 
curve segments КВ and BT respectively. The easiest 

way to find their exact location is to use an iterative 
method in a program environment. Thus, we have 
coordinates of points A (XA; YA) and C (XC; YC), and 
values of parameters of ua and uс in these points. 
Consequently, slopes of tangents to the yarn axial 
line at points A and C can be defined by means of 
differentiation of the B-splines equations. 

The point P1 is located on crossing of tangent to the 
spline in the point A (line a in Figure 4) with the line 
1. P2 is on crossing of the line a with the line 2. P3 is 
on crossing of the line c with the line 2, and P4 - with 
the line 3. The coordinates of the point P0 coincide 
with the coordinates of K, which were found before 
and coordinates of points P5 - P9 can be defined by 
using the rules of symmetry. 

4 THREAD CONFIGURATION IN THE DOUBLE -
 LAYERED KNITWEAR STRUCTURE 

Double-layered knitwear is commonly used for the 
armor protection manufacturing. The graphs are 
shown in Figure 5. The center line equations of the 
thread on different interlacement zones are compiled 
on the following considerations. In the double-layer 
knitwear [30] structure four types of threads are 
formed with different configurations: LC1, LC2, LR1, 
LR2 (Figure 5). 

 

 

Figure 5 The graphs of double-layered weft knitted 
structures  

For a mathematical description we isolate the 
repetitive part of the curve in each of these sections, 
coping of which can be used to recreate the entire 
section. Sections of the LC1 thread are formed on 
needles of the cylinder systems 1 and 5 and 
represent the loops of the single cross miss. 
Sections of the LC2 thread are also formed on 
needles of the cylinder systems 2 and 6 as loops 
with tucks. On needles of the systems 3 and 7 
sections of the LR1 thread are formed as loops of 
the cross miss, on which the loops that are formed in 
8 system and tucks of thread LR2 section are 
dropped. In systems 4 and 8, sections of the LR2 
thread are formed as loops of the cross miss, on 
which loops that are formed in system 7 are 
dropped.  

L 1C

LC2

L 1R

LR2
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Table 1 Initial knitting process data for knitted fabrics  

Knitting structure Raw materials in knitting system Linear density [tex] 

double-layer 
interlock-based 

 

1s, 2s, 5s, 6s – polyamide thread 
3s, 4s, 7s, 8s – UHMWPЕ fiber 

29 
44 

 

 

A mathematical description of the LC1 and LR2 
section configurations can be constructed by the 
algorithm for calculating the coordinates of the 
reference points, which we have developed for the 
single plain. It was developed in such way that the 
point P9 was sharpened along the course. For the 
cross miss loop it will be х9=А instead of х9=А/2. 
Consider the configuration of the thread LC2 section 
(Figure 6). 

 

 

Figure 6 Configuration of the filament axial line, 
representing half of a loop and half of a tuck (LC2) 

A thread segment which represents half of a loop 
and half of a tuck can be divided into 8 separate 
segments (S1 – S8) according to the curvature 
changes pattern. When considering the projection of 
half of the thread section in a double-layered weft 
knitted structures on the XOY, YOZ and XOZ planes 
(Figure 6), we observe that the areas S1, S5, S6, S8 
don't contain bending points, and the areas S2, S3, 
S4 contain one, in which the curvature changes sign 
turns to the opposite In this case the number of 
reference points, needed to describe a half of a loop 
and half of a tuck, is N=14 (Р0 – Р13). 

 

 

5 YARN CROSS-SECTION SHAPE 

One of the crucial points in creating a 3D model in 
knitted fabric is to set a shape and size of its cross-
section in characteristic points of a loop. 
Independently of the yarn structure detalization, it is 
possible to formulate the basic features of its cross-
section contouring. By definition, the cross-sectional 
plane of the yarn or thread passing through a given 
point of its central line is perpendicular to the 
tangent at this point. Due to the interaction between 
the mutually interlacing yarn segments, shape of 
their cross-sections changes, the compression area 
stay located in the cross-section segment that 
contains the main normal built to the curve at this 
point [29]. Then in the models that are using 
ellipses, circles and ellipses with a flat contact 
surface as the contour of the cross-section, normal 
and bi-normal lines can be arranged, as shown in 
Figure 7. 

 

Figure 7 Cross section of yarns, models of which are built 
without their structural elements displaying 

Investigating the link between physic-mechanical 
properties of a yarn and a cross-section shape is yet 
another topic which will be studied upon further 
research.  

6 EXPERIMENTAL DATA 

During experimental research the plain structure 
samples made of different raw materials were 
studied. Basic characteristics of real knitted fabric 
have been tested under standard conditions and 
using standard methods of testing. Samples made of 
4 yarn types with different loop length (L [mm]), 
flexlife and pilosity were studied. For each sample a 
3D model with equal geometric parameters was built 
up. The values of the variable γ ensure a model to 
be constructed according to the requirements 
mentioned above (Table 2). 
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Table 2 Angle γ values for the studied yarn types 

Yarn type № 
Loop length 

of a real fabric 
[mm] 

Values of the angle  
which gives the coincidence 

of the loop length 

Cotton yarn  
30x2 tex 

1.1 5.1 38 
1.2 5.5 33 
1.3 5.9 32 
1.4 6.3 24 
1.5 6.7 19 

Viscose thread  
28x2 tex 

2.1 5.2 16 
2.2 5.7 12 
2.3 6.2 9 
2.4 6.7 5 
2.5 7.2 2 

Wool-mixed yarn  
31x2 tex 

3.1 5.1 45 
3.2 5.5 40 
3.3 5.9 35 
3.4 6.3 30 
3.5 6.7 25 

Wool yarn  
31x2 tex 

4.1 5.2 37 
4.2 5.7 35 
4.3 6.2 18 
4.4 6.7 16 
4.5 7.2 6 

UHMWPЕ fiber  
66 tex 

5.1 4.0 36 
5.2 4.4 31 
5.3 4.8 29 
5.4 5.2 20 
5.5 5.6 16 

 

 

7 RESULTS AND DISCUSSION 

The task of predicting of the special purposes knitted 
fabrics properties might be solved by constructing a 
3D geometric model of the knitwear structure. 3D 
geometric modeling of the knitted fabrics structure 
requires an exact display of the configuration of the 
axial line of the yarn in its structural elements [28, 
29]. To describe the configuration of the yarn central 
line in the loop of the weft-knitting the authors have 
used the mathematic theory of B-spline construction. 
In the model, the length of the spatial curve varies 
with the change of the inclination angle of the 
tangent at the interlacing point as an independent 
variable. This makes the model flexible and feasible 
for use in 3D modeling systems where the loop 
length of the virtual knit pattern must coincide with 
the loop length of the real prototype. The suggested 
technique is realized at constructing a 3D model of 
the structure of double-layer knitwear made of ultra-
strong polyethylene threads. We have generated the 
models of the knitted fabrics structures by using 
software which was developed by us [27]. 

It should be noted that 3D models of a double-
layered knitted fabrics, constructed by us for the 
study, were built by using experimental data and 
selection of construction parameters by analyzing 
parameters of real structure and observing the 
structure under a microscope. Results, that we have 
obtained at this point, help us better understand a 
framework of model designing and clarify a plan of 
further research. To develop a theoretical base 
of passing from such input data as topology 

and thread properties to building a model, a set of 
additional experiments is required, as a mechanism 
of threads mutual impact has not yet been studied. 

Figures 8 and 9 show an image of a virtual sample 
of a plain-knitted structure fragment and a 3D 
structure of a double-layer knit with tuck connection 
of layers built by the means of this program [27]. 
 

 

Figure 8 3D geometric model of a plain-knitted structure 

 

Figure 9 3D geometric model of a weft double-layer knit 
with tuck connection of layers 
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There are broad perspectives of using such models 
for assessing protective properties of the special 
purpose knitwear. The double-layered knitwear 
structure with polyethylene threads is used for 
manufacturing a wide range of protective clothing, 
including clothing with ballistic protection. 
Unfortunately, the evaluation of knitted fabric ballistic 
resistance to impact from different weapon types 
can hardly be tested under real-life conditions. 

When designing special purpose knitwear, for 
instance for fencing clothing manufacturing, virtual 
models allow us to predict its pressure bearing 
capacity against multiple impact points caused by a 
tip of a fencing weapon. It gives us opportunities to 
visualize the hits of the blade tip on the loops and 
predict their deformation and as a result to design an 
optimal knitwear structure with the specified physic-
mechanical properties [31]. 

During experimental research we produced the weft 
knit structure samples made of different raw 
materials and studied their structure parameters. For 
each sample we designed a 3D model with 
geometric parameters that coincide with the real 
prototype parameters. We defined the angle values 
at tangent point of a fabric for each sample. 
Changing of an independent angular parameter 
value used as an independent variable γ, allows 
getting a spatial curve of a necessary length.  

8 CONCLUSIONS 

Three-dimensional geometric modeling and 
simulation of knitted fabric structures requires 
accurate reflection of the yarn axial line configuration 
in its structure elements. For configuration 
description of the yarn central line in a loop of weft-
knitted structure, mathematical basis of В-spline can 
be applied. The developed method of calculation of 
control vertices for B-spline definition coordinates, 
using the basic knitted structure parameters is 
worked out for building a 3D double-layered knitwear 
structure manufactured with the use of ultra-high-
molecular-weight polyethylene fiber (UHMWPE). 
Changing of an independent angular parameter 
value used as an independent variable γ, allows 
getting a spatial curve of a necessary length. 

The results of the conducted research have 
concluded the high level of conformity of the 3D 
model, namely, by the parameters of the loop length, 
course spacing and wale spacing the real 
parameters of its structure. 

Further researches will focus on defining the relation 
between the independent variable γ and yarn 
physic-mechanical properties which will allow using 
the developed technique for predicting the stability of 
knitwear to various dynamic loads without need for 
making a sample on knitting equipment. 
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Abstract: Chitosan fibers have been prepared from acetic-acid solution (2%) by a coagulation method. 
It was established that optimal concentration of chitosan solution depends on its molecular mass for fibers 
preparation. The influence of molecular mass value on mechanical properties of chitosan fibers has been 
studied. The fibers of the best mechanical properties have been obtained from chitosan of 2.1x10

5
 g/mol 

molecular mass, these fibers have strength of 188 MPa and Young modulus of 11.5 GPa. 

Keywords: chitosan, molecular mass, fibers, wet spinning, mechanical properties. 

 

 

1 INTRODUCTION 

Chitosan, a derivative of the natural polysaccharide 
chitin, has a biocompatibility, biodegradability, 
bactericidal activity and high sorption characteristics. 
Due to such properties chitosan based materials find 
a lot of applications in pharmacology and medicine. 
Recently, fibers, films and porous block materials 
have been applied as matrices for cellular 
technologies, tissue engineering and transplantology 
[1-4]. Chitosan-based fibers as mono- and 
multifilaments are promising materials for 
biodegradable surgical sutures, one-dimensional 
matrices for cellular technologies. Application of yarn 
or threads containing chitosan fibers makes it possible 
to obtain textile materials with the improved hygienic 
characteristics and high bactericidal properties [5].  

Method of wet (coagulation) spinning of chitosan-
based fibers is described in [4, 6-8]. It has been 
shown that the optimal solvent for chitosan is 2% 
aqueous solution of acetic acid [4, 8]. An aqueous 
solution of NaOH or a mixture of alcohol and 
an aqueous solution of NaOH or an aqueous solution 
of NaOH and sulfuric acid can be used as 
a precipitant. 

It is known that spinning conditions as well as initial 
molecular characteristics such as molecular mass and 
deacetylation degree can have a significant effect 
on the properties of the wet spun fibers. The influence 
of spinning conditions, in particular the factor 

of orientation drawing, on mechanical properties 
of chitosan-based fibers, has been described at the 
work [6]. The results of some research of the structure 
and mechanical properties of chitosan fibers are 
presented in [6, 7]. The studies of the resorption 
of chitosan fibers in vivo are presented in [9]. 

But, there is no information practically on the influence 
of molecular characteristics, primarily chitosan 
molecular mass, on the process of fibers spinning and 
their properties. Therefore, the aim of the work was to 
study the influence of the molecular mass of chitosan 
on fibers wet spinning as well as on the strength and 
elastic characteristics of the processed fibers.  

2 MATERIALS AND METHODS 

Chitosan samples of similar deacetylation degree 
were used for processing of the fibers. 
The characteristics of polymers are given in Table 1.  

Molecular mass MSD of chitosan samples was 
determined by an absolute method based on 
sedimentation and diffusion analysis of their dilute 
solutions in 0.33 M CH3COOH + 0.2 M CH3COONa. 
Velocity sedimentation was investigated using 
Beckman XLI analytical ultracentrifuge. Translation 
diffusion coefficients of chitosan molecules were 
received by means of the isothermal diffusion study 
in Tsvetkov diffusometer. 
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Table 1 The characteristics of chitosan samples 

 Raw materials Deacetylation degree DD [%] MSD [g/mol] Manufacturer 

1 crab 96 6.5x104 “Bioprogress” (Russia) 
2 crab 92 1.1x105 “Chitosan Techologies” (Russia) 
3 crab 94 1.5 x105 “Biolog Heppe” (Germany) 
4 shrimp 91.5 2.1 x105 “Biolog Heppe” (Germany) 

 

 

Sedimentation of chitosan has been studied at the 
solute concentration range 0.1-0.02 g/dl with the rotor 
speed 42000 rpm at temperature 298 K. The scans 
were received using Rayleigh interference optical 
scheme every 60 s within overall experiment time 
of around 10 hours. The normalized sedimentation 
coefficient distributions of chitosan samples (Figure 
1), corresponding to theirs molecular-mass 
distributions, have been acquired in velocity 
sedimentation experiments. 

To process fibers the aqueous mixtures (pH = 4-5) 
of chitosan have been stirred at room temperature for 
30 min until the partial dissolution of chitosan and its 
swelling. The concentration of chitosan in solution 
was varied from 3.5 to 6.5% and depended on 
chitosan samples. Then the 2% acetic acid solution in 
water has been added into the mixtures during 
a continuous stirring. The mixtures of the solution 
of chitosan have been stirred in the glass bulb at room 
temperature during 90 min and then filtered and 
deaerated for 24 h at the pressure 0.1 atm. 

Rheological measurements of polymer solutions were 
carried out on the rheometer Physica MCR 301 
(Anton Paar) at 20°C according to the method 
of “cylinder in the cylinder” in the regime of shear flow 
with the shear rates 10

-4
 - 100 sec

-1
. 5 ml of solution 

was placed into the rheological cuvette and 

the dependence of viscosity (η) on the shear rate ( ) 
was obtained.  

The fibers were spun by coagulation method [6-8], 
at the laboratory equipment developed at the Institute 
of Macromolecular Compounds RAS. The scheme 
of this processing is presented in Figure 1. 
Precipitator was the mixture 10% solution of NaOH 
and C2H5OH in the proportion 1:1. Monofilament 
processing was flowed through the die hole with 
the diameter of 0.6 mm, the feed rate of the solution 
through the die hole was 5.5 mm/sec; the time 
of precipitation was 150 sec. The factor of orientation 
drawing  [%] of the monofilament in the coagulation 
bath was varied from – 20% (shrinkage) up to +100%. 
The fibers were washed in the distilled water and then 
dried at a temperature of 50°C during 10 min. 

The studies of the structure were conducted on the 
microscope Supra-55 VP (Carl Zeiss). 
The measurements of the mechanical properties 
of the processed fibers were carried out with Instron 
5943 at room temperature and the load speed 
of 10 mm/min; basic length of the fibers was 100 mm. 
The cross section S [m

2
] of the monofilaments was 

estimated by the formula S = T/ρ, where T is 

the linear density [tex] of monofilament and specific 
gravity ρ of chitosan is equal 1400 kg/m

3
. Prior to the 

mechanical testing fibers were placed in special box 
with relative humidity 66% for 24 hours. 
 

 

Figure 1 The scheme of chitosan fibers processing 

3 RESULTS AND DISCUSSION 

All investigated chitosan samples were similar in 
deacetylation degree but its molecular masses 
(Table 1) and sedimentation coefficient distributions 
(Figure 2) were quite different. Sample 2 was 
characterized by the narrowest distribution among the 
studied chitosans 2-4, when sample 1 had another 
type of distribution.  
 

 

Figure 2 The normalized sedimentation coefficient 
distributions for samples 1-4 at c = 0.02 g/dl. On x-axis, 
the values of sedimentation coefficient s are expressed 
in Svedbergs (S); where one Svedberg unit corresponds to 
10

-13
 second 
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To optimize the process of wet spinning 
the information about the rheological properties of the 
chitosan solution is necessary. Figure 3 represents 
the dependences of the viscosity on the shear rate for 
the 4% chitosan solutions in 2% acetic-acid solution.  

It is obvious that the molecular mass of chitosan has 
a significant influence on the effective viscosity (η) 
of solutions and the dependence of the viscosity 

on the shear rate ( ). The viscosity of solutions 
increases with increasing molecular mass. 
The optimum concentration of a solution of chitosan 
for processing decreases with increasing molecular 
mass. The dependences of viscosity on shear rate for 
solutions with similar viscosities and different 
concentrations of chitosan are shown in Figure 4. 
 

 

Figure 3 Dependences of viscosity on shear rate for 4% 
chitosan solutions. The numbers correspond to the sample 
numbers shown in the Table 1 

 

 
Figure 4 Dependences of viscosity on shear rate for 
chitosan solutions with different concentrations of chitosan: 
sample 1 – 6.3%, sample 2 – 5.5%, sample 3 – 5%, sample 
4 – 4% 

 

As seen in Figure 4 the dependences of viscosity on 
shear rate for these solutions are similar and have 
a nonlinear behavior. The slope of the curves 
increases substantially with an increase in the shear 

rate, the significant decrease of viscosity is observed 
at the shear rate of 10 s

−1 
or more. The decrease 

in viscosity upon an increase in the shear rate is 
related to the destruction of the initial structure of the 
polymer solution and the creation of a new oriented 
structure that means transition from isotropic state 
to anisotropic one. The formation of the anisotropic 
structure of the polymer solution under the action 
of shear field is typical of the majority of rigid-chain 
polymers. 

 

 
a 

 
b 

 
c 

Figure 5 Dependences of the tensile strength (a), Young 
modulus (b) and elongation at break (c) of the chitosan 
fibers obtained from 4% solutions on the factor of orientation 
drawing () 
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Studies of rheological properties have allowed 
determining the optimal concentrations of chitosan for 
processing (Table 2) and the feed rate of solution 
through die hole. It is shown in [4, 6] that oriented 
structure of the chitosan fibers is formed during 
flowing of the solution through the die hole. In turn, 
the orientation of the macromolecules depends on 
the shear stress occurring in the die hole. 
The optimum feed rate Q [mL/min] of the polymer 
solution through the die hole of the radius R can be 

calculated according to the proportion Q =π R
3
/2 

which is correct for Newtonian liquids [10]. The shear 

rate  should be quite high in order to provide good 
orientation of the macromolecules but not too high 
in order to make possible the complete coagulation 
of the fiber in the alkali/ethanol bath. Thus, the Q has 
been chosen to ~0.1-0.3 mL/min. This value 

corresponds approximately to the ∼100 s
−1

 as 
indicated in Figure 4. The solutions have possessed 
the necessary rheology characteristics preserving the 
laminarity of the jet in the coagulation bath after the 
flowing of the solution through the die hole. 

It has been found [3, 4, 6] that optimal concentration 
of chitosan with MSD = 2.1x10

5
 g/mol for processing 

is 4%. In connection with this to study the molecular 
mass effect on mechanical properties, fibers from 4% 

chitosan solutions for samples 2-4 have been 
prepared (Figure 5). The fibers from 4% chitosan 
solutions for sample 1 could not be spun due to low 
viscosity of its solution. 

It has been shown that molecular mass influences 
factor of orientation drawing () and the mechanical 
properties of fibers. Maximum factor of orientation 
drawing for sample 2 was 50%, the maximum 
strength of fibers did not exceed 120 MPa. 
But, the fibers from sample 3 and 4 have been spun 
with factor of orientation drawing up to 100%, wherein 
the strength and Young modulus of these fibers grows 
considerably and elongation at break decreases with 
an increase in the drawing up to maximum factor 
of orientation drawing 100%. Fibers spun chitosan 
with molecular mass 2.1x10

5
 g/mol have highest 

mechanical properties: strength is 188 ± 9.1 MPa, 
Young modulus is 11.5 ± 0.6 GPa, elongation 
at break is 4.8 ± 0.6 %.  

The mechanical properties of chitosan fiber spun from 
solution with optimal concentrations of chitosan for 
each sample are given in the Table 2. 

The molecular mass of chitosan doesn’t effect on 
appearance of the fibers. All obtained fibers have 
a smooth surface and homogeneous internal structure 
(Figure 6). 

 

Table 2 Properties of chitosan fibers 

№ of 
chitosan 
sample 

Optimal concentration  
of chitosan in solution 

[%] 

Maximum 
orientation drawing 

[%] 

Mechanical properties 
Strength 

[MPa] 
Young modulus 

[GPa] 
Elongation at break 

[%] 

1 6.3 40 110±8.3 7.7±0.6 3.9±0.7 
2 5.5 80 156±4.4 10.3±0.4 4.1±0.8 
3 4.0-5.0 100 169±7.3 11.5±0.5 4.6±0.8 
4 4.0 100 188±9.1 11.5±0.6 4.8±0.6 

 

 

  

  
a b 

Figure 6 SEM micrographs of chitosan fibers: longitudinal view (a) and cross-section (b)  
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4 CONCLUSIONS 

The molecular mass has a significant influence on 
the effective viscosity of chitosan solutions. 
The viscosity of solutions increases with increasing 
molecular mass, at the same time the optimum 
concentration of the solution for fibers processing 
decreases with increasing molecular mass.  

The chitosan fibers have been prepared from 
an aqueous solution of 2% acetic acid by coagulation 
method. The concentration of polymer was optimal 
for each chitosan sample:  

 6.3% for chitosan with MSD = 6.5x10
4
 g/mol,  

 5.5% for chitosan with MSD = 1.1x10
5
 g/mol,  

 4-5% for chitosan with MSD = 1.5x10
5
 g/mol  

 4% for chitosan with MSD = 2.1x10
5
 g/mol.  

The fibers with highest factor of orientation drawing 
(=100%) have been prepared from chitosan with 
MSD = 2.1x10

5
 g/mol, an increase in the strength 

ceases at  ∼ 40% for chitosan sample with 
MSD = 6.5x10

4
 g/mol and  ∼ 80% for chitosan 

sample with MSD = 1.1x10
5
 g/mol respectively. Fibers 

of the best mechanical properties have been spun 
with MSD = 2.10x10

5
 g/mol chitosan sample, whose 

fibers have a strength 188 ± 9.1 MPa and Young 
modulus 11.5 ± 0.6 GPa, elongation at break is 
4.8 ± 0.6%. 

The obtained fibres may be used for preparing the 
matrices for cell replacement technologies and tissue 
engineering, biodegradable surgical suture materials 
or hemostatic material. 
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Abstract: Nowadays a lot of people pay attention to various aspects that can preserve and improve their 
health and standard of living. Therefore, ecological knitwear of a functional purpose made of natural raw 
materials becomes popular. The authors developed the structure and proposed the set factors for 
producing the integrated knitted fabric where hemp or nettle yarn will be used to form one of the layers in 
two-layer knitwear. Such fabric may be used as a functional textile material for manufacturing the linen 
products of medical treatment and preventive care, in particular for the underwear of wounded servicemen 
during their treatment and rehabilitation. The new structure is a two-layer fabric with forged connection of 
layers by main threads. Connecting forged yarn-overs in the fabric are arranged in staggered manner. 
At places of connecting yarn-overs, blind holes are generated; they provide ventilation and rapid water 
removal from under the clothes. In the research, it is determined how the type of eco-raw material of one 
of the layers in integrated two-layer knitwear influences on the linear dimensions of knitwear, the relaxation 
properties, the level of capillarity and the change in the liquid level in time. 

Keywords: eco-textiles, environmentally friendly knitwear, hemp yarn, nettle yarn, knitwear, multifunctional 
knitwear. 

 

 

1 INTRODUCTION 

The variety of chemical composition and physical-
mechanical properties of raw materials makes it 
possible to obtain knitted materials with predefined 
properties. A number of experiments are conducted 
in our laboratories in order to study various physical 
and mechanical properties of knitted fabric made 
from natural yarn and to change their properties 
when this yarn is combined with modern, artificially 
manufactured components for creating 
multifunctional knitwear. 

Along with such widely known types of natural raw 
materials as cotton and wool, nowadays items from 
little-known and still poorly studied types 
of ecologically pure raw materials become popular. 
This may be yarn from eucalyptus, banana, coconut, 
soy, bamboo, maize, hemp and nettle. Along with 
antibacterial and antiseptic properties, such materials 
have positive preventive and sometimes also 
therapeutic effect on a person. From the point of view 
of tactile sensations, eco-materials do not irritate the 
skin, and do not become electrified. If eco-raw 
materials are used to form a functional layer 
of integrated knitwear, then textile material of medical 
treatment and preventive care will be formed. 
In particular, such materials will be helpful for the 
underwear for wounded servicemen during their 
treatment and rehabilitation, as well as for use in field 
operations during warfare. 

The purpose of this work is to develop & research 
consumer properties of integrated two-layer weft 
knitted fabric from eco-raw materials. 
In experimental studies, we planned to find out the 
influence of the type of eco-raw material on the 
technological shrinkage of integrated knitwear, 
deformation properties and capillarity. 

2 MATERIAL 

The advantages of eco-yarn from hemp and nettle 
over the cotton are obvious. Hypoallergenic 
properties (very low allergenic capacity) of this yarn 
are achieved due to the absence of toxic chemicals 
in the raw materials; these chemicals may be used to 
control weeds, plant pests and diseases of cultivated 
plants. The costs of growing hemp and nettle are 
relatively small while therapeutic and environmental 
effects are beneficial. Items from hemp yarn are 
widely used now. Products from this yarn have high 
consumer and hypoallergenic properties. They create 
a temperature and energy balance, have antiseptic, 
wound-healing and anti-allergic functions. Thanks to 
the porous structure, hemp fibre retains heat and 
absorbs moisture (it allows the body to breathe 
during heat). Contact with endocrine glands has 
rather positive effect on nervous and cardiovascular 
systems. Hemp fibre reflects ultraviolet radiation. 
Medical scientists have proved that treatment 
of small wounds and scars with dressing material 
from hemp fibre speeds up the healing process 
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by three times. The reason is that hemp fibre retains 
up to 20% of the oil in its composition; this oil is 
an effective wound-healing agent [1-3]. 

But hemp fibre is quite tough and non-uniform 
in thickness. A large amount of admixtures (a large 
percentage of inclusions in fibre) complicates 
the situation. If the yarn is rewound, the influence 
of these factors is reduced. Thanks to the waxing, 
the yarn becomes more uniform. To improve the 
knitting capacity of hemp yarn, moisturizing 
is necessary. 

Little-known raw materials from nettle also have 
health benefits. It is proved that nettle products help 
with illness, such as headache and pain in joints. 
Nettle items improve blood circulation; have 
a calming effect on the nervous system; favourably 
affect sleep, overall well-being and even the mood 
of a person (joy, calmness and confidence); cause 
pleasant feelings. They help to cope with depression, 
loss of energy and fatigue. These items have 
a favourable effect on biologically active points, that 
is, they harmonize the work of inner parts of human 
body. They have a warming effect due to which they 
help to eliminate the inflammatory and stagnant 
processes in the body. That’s why people use nettle 
belts and plates as the first aid from pain [4-6].  

Nettle raw materials are treated in the same way 
as flax. The production of nettle yarn is not 
complicated but it is rather time-consuming [2]. 

The above mentioned facts enable us to speak 
of high hygienic properties of knitted fabric made 
from hemp and nettle yarn. As eco-raw materials 
from nettle and hemp have advanced medical 
properties, it is very important to expand the range 
of their further use, including in underwear for 
medical treatment and preventive care.  

Adequate quality of knitwear is an important problem 
in the production of special-purpose clothing. Quality 
parameters of such clothing (sport, underwear, 
protective), including therapeutic effect, are 
determined by such consumer properties as changes 
in linear dimensions after washing, relaxation 
parameters and capillarity. If the influence of the raw 
material type in integrated knitwear layers on its 
consumer properties is determined, then it will 
ensure the production of knitwear with predefined 
quality. 

A number of scientists tried to the forecast 
the sorption capacity of knitted fabric with 
a hydrophobic synthetic polyester thread [1-7]. 
The authors of the paper draw conclusions about 
the influence of the knitting density, the special 
features of structure formation and the type of raw 
material on the sorption capacity of knitted fabrics. 
The ability of a knitted fabric to remove vaporous 
moisture from a human body to the outside of a linen 
or protective item is an important factor that 
influences bodily comfort [8, 9]. Therefore, it is 
necessary to examine the influence of raw materials 

of integrated knitwear on capillarity and the method 
of moisture withdrawal. 

There is also no information on the influence of these 
types of eco-raw materials as a hydrophilic layer 
of integrated knitwear on its functional properties. 

3 EXPERIMENTAL 

3.1 Material  

Despite all the positive features, hemp and nettle 
fibres are very non-uniform in thickness and quite 
tough. That’s why these materials are not widely 
used in knitwear. A lot of admixtures in hemp and 
nettle make it almost impossible to process these 
yarns on knitting equipment. Therefore, it is 
necessary to conduct further research in order to 
find out parameters that provide normal process 
of stitch formation [10]. 

The authors developed technology for production 
of integrated two-layer knitwear with forged 
connection of layers by main threads; this 
technology is produced for the two-bar circular 
knitting machine. In the fabric, the connecting yarn-
overs are arranged in staggered manner. At places 
of connecting yarn-overs, blind holes are generated; 
they provide ventilation and rapid water removal 
from under the clothes.  

Graphical record of the weave structure in two-layer 
knitted fabric is presented in Figure 1. 
 

 

Figure 1 Weave structure (graphical record) 

This structure makes it possible to obtain knitted 
fabric with a clear distinction of functional layers. 
One layer is of synthetic threads (for withdrawal 
of vaporous moisture from underwear), the other – 
of natural one (absorbing and rapidly evaporating 
moisture). The authors suggest that hemp or nettle 
yarns should be used as raw materials for 
hydrophilic layer in two-layer knitwear; these yarns 
provide therapeutic and preventive properties 
of knitted fabric. 
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To form a hydrophobic layer, it was decided to use 
anti-allergic polyester thread with high capillary 
capacity. This thread also provides elasticity, shape 
retention and thermal regulation; it also makes these 
items attractive to consumers. Moreover, this type 
of raw material is inert to the development 
of pathogenic microflora due to its hydrophobic 
property, it does not absorb extraneous odours and 
dirty spots may be easily removed during washing. 

The set factors for fabric in the developed functional 
samples are presented in Table 1. 

Table 1 Set factors for knitted fabrics  

Sample 
No. 

Type of raw materials 
in knitting system 

Linear density 
[tex] 

1 
1, 3, 5, 7 Feeds – hemp yarn 25Х2 
2, 4, 6, 8 Feeds – polyester thread 16.7 

2 
1, 3, 5, 7 Feeds – nettle yarn 31Х2 
2, 4, 6, 8 Feeds – polyester thread 16.7 

 

The samples were made on a two-bar circular 
knitting machine of 16

th
 class with a ribbed 

arrangement of needles. To improve the knitting 
capacity of hemp and nettle raw materials, the yarn 
was rewound three times. The rewinding of the yarn 
made it possible to remove its admixtures and non-
uniformity in thickness. In order to reduce the flexural 
rigidity of the yarn, it was moistened before knitting. 

3.2 Shape stability 

Shape stability is an important consumer property 
of sport and linen knitted fabric. These fabrics have 
to retain their shape in everyday use and after 
multiple washing cycles. Shrinkage parameters of 
knitted fabric patterns (removed from machine) after 
washing and drying are determined according to 
a standard procedure [11].  

In this research, the authors determined in which 
way the type of eco-raw material influences linear 
dimensions (technological shrinkage after washing 
and drying) of the samples of integrated two-layer 
knitwear after washing and drying. Parameters 
of developed functional fabrics before and after 
the first washing are presented in Table 2. 

As a result of the first washing, shrinkage of knitted 
fabric removed from machine took place both along 
the length and width. The diagrams shown in 
Figure 2 illustrate the average values 
of technological shrinkage parameters of knitted 
fabrics (removed from machine) after the first stage 
of washing and drying (confidence probability 95%). 

The following washing did not cause further change 
in linear dimensions of samples. 

 

 

Figure 2 Technological shrinkage of knitted fabric 
removed from machine after the first stage of washing and 
drying 

In this research it was found that technological 
shrinkage along width after washing and drying does 
not depend on the type of eco-raw material of the 
hydrophilic layer and is equal to 5%. 
The peculiarities of structure formation in two-layer 
knitwear, namely the presence of connecting forged 
yarn-overs, may explain considerable shrinkage 
along the length, about 20-30%. Significant 
shrinkage along the length is also caused by 
moistening of the yarn. When moistened, 
the connecting yarn-overs (formed from the raw 
material of considerable rigidity) are aligned due to 
elastic properties of the thread. 

The kind of eco-raw material of the hydrophilic layer 
in the integrated two-layer knitwear affects the 
technological shrinkage along the length after 
washing and drying. If hemp yarn is changed to 
nettle yarn, then shrinkage along the length 
of knitwear is increased by 50%. The reason is that 
nettle yarn has the greater flexural rigidity compared 
to the hemp yarn. 

Significant shrinkage along the length leads 
to increase in surface density: sample 1 - by 40%, 
sample 2 - by 70%. The increase in surface density 
after washing leads to an increase in material 
consumption of the product. To reduce 
the shrinkage along the length and, correspondingly, 
the surface density, it is necessary to reduce 
the frequency in arrangement of the connecting 
yarn-overs along direction of knitting. 

 

Table 2 Parameters of knitted fabrics  

Sample No. 
Before washing After washing 

number in 100 mm of knitwear surface density ms 
[g/m2] 

number in 100 mm of knitwear surface density ms 
[g/m2] wales courses wales courses 

1 75 95 255 80 130 355 
2 80 90 242 85 130 411 
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3.3 Deformation characteristics 

Shape stability of knitwear may be evaluated based 
on the known components of the deformation 
relaxation: fast-moving, slow-rotating and residual. 
The deformation properties of the samples are 
determined according to standard procedure [12]. 
In determining tensile strain of knitwear, the load 
value was constant and equal to 6 N. The results 
of the research are presented as graphs (see 
Figures 3 and 4). 
 

 

Figure 3 Deformation and relaxation of deformations for 
the sample 1 

 

Figure 4 Deformation and relaxation of deformations for 
the sample 2 

As can be seen from the graphs (Figures 3, 4), 
deformation of samples of knitted fabrics at a load 
of 6 N is similar. Both for the hemp and nettle yarns, 
the total deformation in tension along the width 
(along the wale) is greater than along the length 
(along the course). However, in sample 2, it varies 
up to 3%. Compared to sample 1, the total 
deformation in width is 15% greater, in length - 7% 
smaller. The residual deformation of the prototypes 
is within the range 18-23%. This indicates 
a sufficient elasticity and shape stability of knitted 
fabrics. Greater part of residual deformation when 
sample 2 is stretched along the length (by 15%) may 
be explained by the greater flexural rigidity of the 
nettle yarn and the greater coefficient of friction for 
the thread-by-thread, which prevents the reverse 
process of thread redistribution from the sticks of the 

hinges to the slip stitch. The diagrams presented 
in Figures 5 and 6 clearly illustrate the components 
of the deformation relaxation of the samples. Knitted 
fabric, where the face layer is produced from nettle 
yarn, is less shape-stable in length. The obtained 
results make it possible to predict the behaviour 
of knitwear under service loads.  

 

 
a 

 
b 

Figure 5 Components of deformation in sample 1 along 
width (a) and length (b) 

 

 
a 

 
b 

Figure 6 Components of deformation in sample 2 along 
width (a) and length (b) 

3.4 Capillarity 

To determine capillarity means to measure the 
height of the capillary rise of the coloured liquid in 60 
minutes’ experiment along vertically placed sample 
of two-layer knitwear. Capillarity of the developed 
samples of bicomponent two-layer knitwear was 
examined according to the standard procedure [13]. 
Capillarity of the developed knitted fabric samples is 
determined along the wales (along the width of 
fabric) and the courses (along the height of fabric) 
both from the hydrophilic side and from the side of 
the hydrophobic layer. Table 3 shows the average 
values for the rising in liquid level along the courses 
and wales in case of hydrophilic layer from hemp 
yarn (sample 1). 
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Table 3 Results for raising the liquid level in time, sample 1 

Duration of 
experiment 

[min] 

Raising of liquid level from the side of hemp layer 
[mm] 

Raising of liquid level from the side of polyester layer 
[mm] 

along courses along wales along courses along wales 

5 5.5 5.6 4.4 2.9 
10 7.5 8.4 5.8 4.3 
15 9.3 9.3 6.2 5.1 
20 10.2 10.1 6.6 5.3 
25 10.9 10.8 6.9 6.3 
30 11.6 11.5 7.2 6.7 
35 12.2 12.1 7.4 7.2 
40 12.4 12.5 7.6 7.4 
45 12.6 12.9 7.8 7.7 
50 12.9 13.1 8.0 8.0 
55 13.1 13.4 8.2 8.2 
60 13.3 13.6 8.3 8.4 

 

 

To clearly visualize results of research and 
to determine in which way the height of liquid level 
depends on the time of experiment, appropriate 
graphs are generated (see Figures 7 and 8). 

 

 

Figure 7 Raising the liquid level along the courses, 
sample 1 

As seen from the graphs, the liquid level from 
the side of the hydrophilic layer (hemp yarn) is 
higher than from the hydrophobic side (polyester 
thread). It is explained by the capillary properties of 
the raw material. 

The difference in liquid levels at the 60
th
 minute 

of experience, which corresponds to the level 
of capillarity, along courses is 5.0 mm, along 
the wales - 5.2 mm. The level of capillarity along 
the wales is higher because of the high degree 
of thread orientation in stitches in the direction 
of wales. 

During experiment, the liquid level from the side 
of the hydrophilic (hemp) layer along the courses is 

increased by 141.8%, along the wales - by 142%; 
from the side of the hydrophobic layer (polyester) 
along the courses - by 88.6%, along the wales – 
by 189.7%. Thus, the dynamic of liquid level raising 
from the hemp layer side does not depend on 
the direction of experiment. But from the side of the 
hydrophobic layer, the speed of liquid level raising 
along the wales is more than 2 times higher than 
along the courses. This may be explained 
by considerable shrinkage along the length and 
an increase in fitting density in connecting forced 
yarn-overs from the side of the hydrophilic layer 
(hemp yarn). 

 

 

Figure 8 Raising the liquid level along the wales, sample 1 

Table 4 shows the average values of liquid level 
raising along the courses and wales in case 
of formation of the hydrophilic layer from the nettle 
yarn (sample 2). Based on the data in Table 4, 
graphs are generated (see Figures 9 and 
10).They clearly illustrate in which way the raising 
of liquid level depends on the time of experiment. 
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Table 4 Results for raising the liquid level in time, sample 2 

Duration of 
experiment 

[min] 

The liquid raising from the side of the hemp layer 
[mm] 

The liquid raising from the side of the polyester layer 
[mm] 

along the loop rows along the loop columns along the loop rows along the loop columns 

5 6.2 5.5 5.8 3.9 
10 7.9 7.6 6.9 5.1 
15 9.5 8.8 7.9 6.3 
20 10.4 9.6 8.4 7.1 
25 11.2 10.4 8.8 7.6 
30 11.7 11.0 9.1 8.1 
35 12.1 11.3 9.5 8.5 
40 12.3 11.6 9.8 8.7 
45 12.6 11.9 10.2 9.0 
50 12.8 12.2 10.4 9.2 
55 13.1 12.6 10.7 9.5 
60 13.3 12.8 10.9 9.7 

 

 

 

Figure 9 Raising the liquid level along the courses, 
sample 2 

As seen from the graphs, as in sample 1, the liquid 
level from the side of the hydrophilic layer along 
the courses and wales is higher than from the side 
of the hydrophobic layer. The liquid level from 
the side of the hydrophilic layer along the wales is 
15% lower than along the courses. 

During experiment, the liquid level from the side 
of the hydrophilic (nettle) layer along the courses is 
increased by 114.5%, along the wales - by 132.7%; 
from the side of the hydrophobic layer (polyester) 
along the courses - by 87.9%, along the wales – 
by 148.7%. Thus, the dynamic of liquid level raising 
along the wales is higher than along the courses. 
And for a hydrophobic layer, the height of the liquid 
level raising along the wales is almost 2 times higher 
than along the courses. This is explained by 
considerable shrinkage of the knitted fabric along 
the length (30%). 

 

Figure 10 Raising the liquid level along the wales, 
sample 2 

The indicator of capillarity level of textile material is 
the height of liquid level at the 60

th
 minute of the 

experiment. According to the data obtained 
in Tables 3 and 4, the corresponding capillarity 
diagrams along the course and wale (Figures 11, 
12) are generated; they clearly illustrate 
the influence of the type of raw material (from which 
the hydrophilic layer of integrated two-layer knitwear 
is formed) on the level of capillarity. 

As can be seen from the diagrams presented in 
Figure 11, the capillarity from the hydrophilic layer 
does not depend on the type of eco-raw material. 
This may be explained by the same vegetable origin 
of hemp and nettle eco-raw materials. Moreover, 
the direction in which capillarity was determined is 
insignificant. The level of capillarity both along 
the wales and courses is almost the same. 
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Figure 11 Diagrams of capillarity of the developed 
samples of two-layer bicomponent knitwear from the side 
of the hydrophilic (hemp or nettle) layer 

 

 

Figure 12 Diagrams of capillarity of the developed 
samples of two-layer bicomponent knitwear from the side 
of a hydrophobic (polyester) layer 

Connecting elements (from hydrophilic raw 
materials) that are present in the structure of two-
layer knitwear influence the capillarity 
of hydrophobic layer. However, the type of eco-raw 
material in the hydrophilic layer (from which 
connecting yarn-overs are formed) has an influence 
on the capillarity level from the hydrophobic layer. 
If the hydrophilic layer is formed from the nettle 
material, then the capillarity level on the side 
of hydrophobic layer increases along the courses by 
31%, along the wales - by 15.5% (Figure 12). 

A greater shrinkage along the length of bicomponent 
knitwear (where nettle yarn and connecting yarn-
overs from it are used as a hydrophilic layer) may be 
explained by the fact that elastic properties of the 
yarn appear in horizontal stretches, in particular, 
by considerable flexible rigidity of the yarn. 

4 CONCLUSIONS 

When developing bicomponent knitted fabrics in 
order to form functional properties, special attention 
should be paid to the type of raw material from 
which the hydrophilic layer of integrated knitwear is 
formed. To develop textile material for the items 

of medical treatment and preventive care, it is 
advisable to use such eco-raw materials as hemp 
and nettle. 

In experiments on consumer properties of the 
developed samples of integrated two-layer knitwear, 
the influence of the type of eco-raw material 
on linear dimensions was determined. When nettle 
yarn (from which connecting yarn-overs of the two-
layer knitwear are formed) is used for a hydrophilic 
layer, the shrinkage along the length is increased 
by 50%. This is due to a significant flexural rigidity 
of nettle yarn compared to hemp. The deformation 
properties of knitted fabric are determined. The part 
of residual deformation (that indicates the shape 
stability of textile material) is the same along 
the width of samples and is equal to 0.18. But the 
part of residual deformation along the length 
of sample 2, produced from nettle, is more by 15%. 
The higher coefficient of thread-by-thread friction 
in the nettle yarn prevents the deformation 
relaxation. Obtained results enable us to predict 
the behaviour of knitwear under service loads. 

In the study on capillarity, the influence of type 
of eco-raw material on the capillarity level 
of samples is determined. The change in liquid level 
is determined in time over the functional layers 
of the integrated two-layer knitwear using the eco-
raw material as the hydrophilic layer. The results 
of studies on the water-absorbing properties 
of bicomponent two-layer knitwear testify that type 
of raw material of the hydrophilic layer has 
an influence on the capillarity level from 
the hydrophobic side. It was found that the capillarity 
in sample 2 from the side of the hydrophobic layer is 
higher than that of sample 1: along the courses - by 
31%, along the wales - by 15.5%. More significant 
influence in the direction of the courses is explained 
by the transverse direction of the formation 
of stitches from one yarn in the course of knitwear. 
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Abstract: Protective garments constitute an important class of technical textiles and they serve for various 
application areas such as active sports, military, medicine and fire-fighting. One of the most shared 
properties of protective garments is providing a barrier against water or liquid penetration. Also these 
garments should exhibit water vapour permeability and protect from wind in order to maintain wearer 
comfort. These expectations for the protective garments may be provided by waterproof-water vapour 
permeable coatings. 

In this study, polypropylene fabric was coated in order to examine its usability in protective sportswear. 
Effects of coating polymer type and curing temperature on the specimen permeability properties and 
abrasion resistances were investigated in order reveal their usability. According to test results, 
waterproofness of samples did not increase to the desired levels but windproof samples were obtained 
from coated polypropylene samples. Polyether type polyurethane coated samples gave more preferable 
and consistent results when compared to polyether type polyurethane coated equivalents after washing. 
Coating improved the abrasion resistance of all coated samples. 

Keywords: coating, polyurethane type, curing temperature, polypropylene fabrics, protective garments, 
permeability properties, abrasion resistance, scanning electron microscopy. 

 

 

1 INTRODUCTION  

Protective garments possess various functional 
properties such as resistance to chemicals, fire 
retardancy, ballistic protection etc. according to their 
end-uses. In addition, most of the protective 
garments are expected to show waterproofness 
at least to a certain level. For this purpose, coating or 
lamination is applied to protective fabrics [1, 2]. 
Some functional properties such as fire retardancy, 
liquid and dust impermeability and hand changes can 
also be provided by coating. 

Coated fabrics can be defined as engineered flexible 
composite materials that are coated with a polymer 
layer from one or both sides. Woven, knitted or non-
woven fabrics can be used as the base fabrics for 
coating. Coating polymers are applied to base fabric 
surfaces as viscous solutions or dispersions. After 
the application of the polymer layers, the liquid phase 
is removed by heat and the polymer forms 
a continuous layer on the fabric surface. Coating can 
be applied by using hot melt polymers, too [3-5]. 

Main polymers for textile coating are natural and 
synthetic rubber, polyurethane (PU), polyacrylic, 
polyvinyl acetate and polyvinyl chloride [6]. 
In addition to these main types, their variants, 
copolymers and terpolymers are also synthesized for 
coating. PU is a multipurpose coating polymer which 
can be used for the coating of protective garments, 

upholstery, artificial leather, inflatable boats and etc. 
PU is not a single polymer but it consists of 
a polymer group with similar chemical structure. 
The repeating unit of PU is given in Figure 1. 
By changing the R, R' groups, various PU types can 
be obtained and desired properties can be 
engineered. Mostly known types of PU polymers are 
polyether and polyester types for textile coatings. 
Polyester and polyether type PUs can give different 
modulus, tensile strength, hardness, thermal 
oxidative stability or hydrolytic stability to the end 
product [6, 7]. 

PU coating polymers may be solvent-based or water-
based. PU coatings are frequently done by using 
organic solvents. This increases problems such as 
flammability, toxicity, disposal and recycling. Also 
solvent systems are usually more expensive. Water-
based PU types are more attractive as they are eco-
friendly and less harmful for human health during 
production. Using water based coating polymers may 
be a good alternative for textile applications [6, 8]. 

 

 

Figure 1 Urethane [5] 
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Polypropylene fiber (PP) consumption is increasing 
day by day according to its advantageous properties 
such as low cost, lightweight, wicking property and 
fast drying. However, it is not preferred for protective 
garments as it has some technical problems like low 
melting point [9]. 

In the literature, research works exist in which 
common fabrics were coated and their properties 
such as water resistance, water vapour permeability, 
mechanical properties and etc. were tested to be 
used in different areas. In these researches mostly 
cotton [10, 11], polyamide [12-17], polyester [18] and 
blended fabrics [15, 19, 20] were coated. 
Polypropylene was coated very rarely [21]. Mostly 
used coating polymers at these studies were PU, PU 
copolymers or PU blends as PU is a versatile 
polymer. 

In this study, polypropylene fabrics were coated in 
order to create an alternative for protective garments. 
This is expected to expand the usage 
of polypropylene fibers. 

Two PU coating polymer types and two curing 
temperatures were selected as the experimental 
variables for this study. As mentioned before, PU 
polymer can be engineered by using different kinds 
of monomers. Therefore, in this study, coatings were 
made by using both polyether and polyester based 
PU coating polymers in order to make comparisons 
for permeability properties [6]. Water-based PU types 
were selected as the coating polymers of this study 
due to their advantageous properties. 

2 MATERIALS AND METHODS 

2.1 Materials 

Polypropylene base fabric, aliphatic polyether (R) 
based PU, polyester (W) based PU, cross-linking 
agent and thickener were the materials of this study. 
Properties of polypropylene base fabric are given 
in Table 1. 

2 types of water-based PU dispersion were used for 
coatings in this study. Properties of coating polymers 
are given in Table 2. 

An anionic, blocked isocyanate type cross-linking 
agent was used as the auxiliary material. Density 
of the cross-linker is 1.1 g/cm

3
 at 25°C and the pH is 

7-10. 

As the thickener, anionic acrylic polymer dispersion 
was used. Density of the thickener is 1.1 g/cm

3
 

at 20°C and the pH is 6. 

Table 1 Properties of PP base fabric 

Yarn type Weave 
Warp density 

[warp/cm] 
Weft density 

[weft/cm] 
Unit mass 

[g/m2] 

100% PP 
multifilament 

2/2 
twill 

56 40 76 

 

Table 2 Properties of coating polymers 

Polymer 
type 

Polyether type PU 
(R) 

Polyester type PU 
(W) 

Chemical 
structure 

Aliphatic polyether 
polyurethane 

dispersion 

Polyester polyol and aliphatic 
isocyanate polyurethane 

dispersion 
Appearance White dispersion White emulsion 

Ionic 
structure 

Anionic Anionic 

pH 7.5-8.0 7.0-9.0 
Density 

(at 25°C) 
1.0 g/cm3 1.06 g/cm3 

Viscosity 
(at 25°C) 

50-400 cps 
[centipoise] 

50-400 cps 

 

2.2 Methods  

Methods of the study consist of coating of samples 
and analyses of the obtained samples. 

2.2.1 Coating 

Recipes of coating pastes are given in Table 3. 

Viscosities of the coating pastes were measured 
by using Brookfield viscometer. Polypropylene base 
fabrics were coated with the above mentioned 
coating pastes by using laboratory type blade coating 
machine, as two layers of coating. Coated samples 
were cured at 120 and 140°C for 2 minutes. 

As a result, 4 types of coated samples were obtained 
by changing the polymer type and curing 
temperature. Samples were coded as in Table 4. 

Table 3 Polyether and polyester type PU coating pastes 

Content 
Polyether type 

PU paste 
Polyester type 

PU paste 

PU [parts] 100 100 
Cross-linking agent [parts] 10 10 

Thickener [parts] 0.3 0.7 
Viscosity [cps] 9000 27800 

Table 4 Codes of samples 

Polymer type Curing temperature Sample code 

Polyether type PU (R) 
120°C R120 
140°C R140 

Polyester type PU (W) 
120°C W120 
140°C W140 

 

2.2.2 Fabric tests 

Coated samples were tested in order to reveal their 
usability for protective garments. As permeability 
properties; air permeability, water vapour 
permeability and waterproofness of samples were 
determined before washing and after 5 washing 
cycles. Also sample abrasion resistances were 
tested. Sample thicknesses and unit mass values 
were determined in order to detect the physical 
changes of samples after coating. In addition, fabric 
surfaces were evaluated by using scanning electron 
microscope (SEM). 
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All the tests were performed under standard 
atmosphere conditions (20±2°C temperature and 
65±2% relative humidity). 

Determination of sample thickness and unit mass  

Unit mass changes of samples are related to added 
polymer by coating. To determine the add-on value, 
sample unit mass values were determined before 
and after coating process according to TS 251 
standard [22]. Add-on [%] values were calculated 
according to: 

100
w

ww
[%] onadd

i

is



  (1) 

where: ws - unit mass after coating, wi - unit mass before 
coating. 

Thickness values of samples were determined 
according to TS 7128 EN ISO 5084 standard [23] 
by using James Heal RxB Cloth Thickness Tester 
under 5 g/cm

2
 pressure. Thickness and unit mass 

measurements were repeated 5 times for each 
sample type. 

Determination of air permeability 

Air permeability of samples was measured according 
to TS 391 EN ISO 9237 standard [24] by using 
Textest FX3300 air permeability tester. Air pressure 
was kept as 200 Pa during test. Measurements were 
performed on 20 cm

2
 sample area and test was 

repeated for 15 times for each sample type. 

Determination of water vapour permeability 

Water vapour permeability is related to breathability 
of samples. Water vapour permeability of samples 
was determined by using SDL Atlas International 
M261 model water vapour permeability tester, 
according to BS 3424-34: 1992-Method 37 [25]. 
The amount of water vapour passed through the 
samples was determined after 24 h and permeability 
values were calculated. Test was repeated 3 times 
for each sample type. 

Determination of waterproofness 

Waterproofness values of samples were determined 
according to TSE 257 EN 20811 standard [26] 
by using Textest FX 3000 Hydrostatic Head Tester 
III. Pure water was used as the test liquid. Water 
pressure gradient was kept 60 cm/min during tests. 
Test area was 100 cm

2
. Water pressures, when 

the third water drops appeared on the sample 
surfaces, were recorded as the waterproofness 
values. Test was repeated 3 times for each sample 
type. 

Determination of abrasion resistance 

Coated surfaces of samples were abraded according 
to TS EN ISO 12947-3 standard [27] by using Nu-
Martindale Abrasion and Peeling tester (James H. 
Heal Co. Ltd.). Test was repeated 3 times for each 
sample type. Samples were abraded 80000 abrasion 
cycles and weighed after each 2500 cycles. Test was 
performed by using 9 kPa pressure. 

Determination of washing resistance 

Samples were subjected to domestic washing cycles 
according to TS 5720 EN ISO 6330-2002 6A 
standard [28]. “A” type laundry machine was used. 
Main washing temperature was selected as 40°C and 
washing time was 24 min. 4 g/l non-phosphate ECE 
reference detergent without optical brightener was 
used. Samples were dried via straight hanging. 
Samples were objected to 5 washing cycles. 

SEM analysis 

Sample surfaces were observed by using scanning 
electron microscope (Jeol 6060, Tokyo, Japan). Both 
coated and uncoated surfaces of samples were 
evaluated microscopically. 

3 RESULTS 

3.1 Thickness, unit mass and mass change 
values of samples 

Thickness, unit mass, add-on [%] and mass changes 
after washing are given in Table 5 and visualized 
in Figures 2-3 (with 95% confidence intervals). 

As seen from Table 5, average fabric thickness is 
0.223 mm for polypropylene base fabric where 
thickness is between 0.213-0.237 mm for coated 
samples. From Figure 2, it is understood that fabric 
thickness was increased only for R140 sample in the 
level of 6%. In contrary, sample thickness values 
decreased between 0.5% and 4.5% for R120, W120 
and W140 samples. Similar thickness decrements 
after coating were experienced in the literature for 
polyester/rayon fabrics [19]. 

 

Table 5 Thickness, unit mass, add-on % and mass changes of samples (*PPZ represents PP base fabric) 

Sample code 
Thickness [mm] 
(Standard dev.) 

Unit mass [g/m2] 
(St. dev.) 

Add-on [%] Mass change after 5 washing [%] 

PPZ 
0.223 

(0.0054) 
76 

(0.7) 
0 4.36 

R120 
0.213 

(0.0089) 
92 

(1.8) 
21 -1.45 

R140 
0.237 

(0.0531) 
107 
(8.8) 

40 0.85 

W120 
0.215 

(0.0114) 
99 

(2.6) 
30 -1.68 

W140 
0.222 

(0.0054) 
111 
(7.7) 

46 -1.34 
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Figure 2 Thickness of coated samples 
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Figure 3 Add-on % and mass changes of coated samples 

Add-on values and mass changes after washing are 
showed in Figure 3 (with 95% confidence intervals). 

Coated samples showed unit mass increments 
between 21-46%. Add-on was higher for W coated 
samples which had a higher paste viscosity before 
coating. Also, R140 and W140 gave higher unit mass 
values. It was thought to be related to shrinkages 
of PP fabric under higher curing temperatures. After 
5 washing cycles, mass changes were detected up to 
2%. 

In spite of unit mass increments up to 40%, sample 
thicknesses reduced after coating. It may be related 
to penetration of coating polymer to the inner parts 
of base fabric and stretching of samples during heat 
application. For further evaluation, samples were 
exposed to air permeability and waterproofness tests 
and examined microscopically by using SEM. 

3.2 Waterproofness of samples 

Waterproofness results of samples are given in 
Table 6. When the results were evaluated generally, 
it was concluded that both base fabric and coated 
samples showed very low waterproofness even 
before washing. Highest waterproofness was 
obtained from R120 sample before washing 
(164.3 mm water column) but it was also lower than 
the lowest limit of waterproofness for many 
application areas. According to Sen and Damewood 
(2005) [6], a waterproof-breathable fabric should not 
permit water passage until 1300 mm water column 
hydrostatic pressure. Similar low waterproofness 
results were obtained for water-based PU coated 
cotton fabrics in the literature [7]. 

Table 6 Waterproofness of samples 

Sample code 
Waterproofness [mm water column] 

(Standard Deviation) 
Before washing After washing 

PPZ 
71.5 

(23.5) 
35.3 
(4.2) 

R120 
164.3 
(19.2) 

37 
(15.4) 

R140 
150.7 
(28.9) 

24.0 
(8.2) 

W120 
33.0 
(6.1) 

0.0 
(0.0) 

W140 
61.0 

(29.5) 
0.0 

(0.0) 
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Figure 4 Waterproofness results with 95% confidence 
intervals 

Samples coated with R (polyether) type polymer 
gave higher waterproofness when compared to base 
fabric (Figure 4). When the observations during 
waterproofness tests were considered, it was noticed 
that W (polyester) type polymer coated samples got 
wet before the starting time of test and many water 
drops appeared on the surface after starting the test. 
According to preliminary thermogravimetric 
analysis/differential thermal analysis (TGA/DTA) on 
the polyether and polyester type PU (with 10% cross-
linking agent), it was concluded that polyester type 
PU might not have completed its cross-linking at 120 
and 140°C during curing. TGA/DTA analysis results 
are given in Supplementary work. The TGA/DTA 
curves indicated that polyether type PU had a cross-
linking temperature around 120-130°C (around 
exothermic peak interference) and polyester type PU 
had a cross-linking temperature around 120-140°C. 
Because of polypropylene melting and softening 
temperature limitations, 120 and 140°C were 
selected as the curing temperature. Polyester type 
PU had higher cross-linking temperature than 
polyether type PU. An insufficiency of curing 
procedure may have resulted with lower 
waterproofness of polyester type PU. 

Waterproofness of all coated samples decreased 
after 5 times of washing. Polyester type PU coated 
samples did not give any water column after 
washing. As a result of visual inspection, it was 
understood that coating polymer partly removed from 
the sample surfaces after washing.  
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This was due to lower hydrolytic resistance of 
polyester type PU when compared to polyether type 
PU [6]. Also it might be related to poor adhesion 
between coating polymer and polypropylene or 
insufficient cross-linking. 

3.3 Water vapour permeability of samples 

Water vapour permeability of samples are tabulated 
in Table 7 and visualized in Figure 5 (with 95% 
confidence intervals).  

Table 7 Water vapour permeability of samples 

Sample code 
Water vapour permeability [g/m2/24 h] 

(St. dev.) 
Before washing After washing 

PPZ 
838.0 
(11.8) 

800.5 
(15.2) 

R120 
300.0 
(25.9) 

434.8 
(26.6) 

R140 
445.0 
(91.5) 

418.7 
(105.1) 

W120 
458.0 
(5.2) 

683.4 
(8.5) 

W140 
64.0 

(31.4) 
646.2 
(13.4) 
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Figure 5  Water vapour permeability of samples 

Highest water vapour permeability was obtained from 
PP base fabric with 838 g/m

2
/24 h permeability value 

before washing. Water vapour permeability 
of unwashed coated samples reduced to 
approximately 50% of base fabric. This was due to 
additional PU coating layer which contributed mass 
transfer limitation through the fabric. Even the most 
breathable coating polymer was applied to the 
samples; it would add a resistance to the vapour flow 
by closing the pores and creating an additional layer 
[29]. 

When the results before washing were considered 
generally, any relation between the curing 
temperature, polyurethane type and water vapour 
permeability was not found. But the sample with 
higher add-on, namely W140, showed the lowest 
water vapour permeability.  

After washing, water vapour permeability of coated 
samples increased especially for polyester type PU 
coated samples. It was due to removed polymer from 

the sample surfaces which resulted with a more open 
sample structure. 

3.4 Air permeability of samples 

Air permeability values of samples are given in 
Table 8 and Figure 6 (with 95% confidence intervals). 

Before washing, PP base fabric had higher air 
permeability when compared to coated samples as it 
had open pores (Table 8, Figure 6). In contrary, 
unwashed coated samples showed air permeability 
lower than 8.5 L/m

2
/s independent of curing 

temperature and coating polymer type. This is due to 
filling of the gaps between the fibers and yarns by 
coating polymer. Sample W140 with lowest water 
vapour permeability, also showed the lowest air 
permeability among all the samples, before washing. 

According to Sen and Damewood (2005) [6], air 
permeability of fabrics should be lower than 
1.5 ml/cm

2
/s at 1 mbar in order to provide 

windproofness. This corresponds to 15 L/m
2
/s at 

100 Pa pressure. According to test results, before 
washing, coated samples belonged to windproof 
fabric class despite being measured at 200 Pa. 

After washing, air permeability values of polyester 
type PU coated samples increased in big amounts as 
for water vapour permeability results. It was again 
due to the removed coating polymer from the sample 
surfaces. Air permeability of polyether type 
polyurethane coated samples remained almost 
the same after coating and they remained to be 
windproof after washing. 

Table 8 Air permeability of samples 

Sample code 
Air permeability [L/m2/s = mm/s] 

(St. dev.) 
Before washing After washing 

PPZ 
205.7 
(6.7) 

190.6 
(10.6) 

R120 
8.4 

(6.9) 
7.3 

(7.0) 

R140 
7.8 

(4.2) 
10.5 
(8.7) 

W120 
7.1 

(7.0) 
142.5 
(7.8) 

W140 
0.0 

(0.0) 
99.7 

(24.7) 
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Figure 6  Air permeability of samples 
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Figure 7 Mass changes of samples after abrasion cycles 

 
3.5 Abrasion resistance results of samples 

Average weight losses of samples were calculated 
after every 2500 abrasion cycles up to 80000 cycles. 
Weight losses are given in Table 9. Also results are 
visualized in Figure 7. 

Table 9 Weight losses of samples after abrasion cycles 

No.  
of abrasion cycles 

PPZ R120 R140 W120 W140 

2500  0.2 -0.2 0.0 -0.7 -1.9 
5000  -0.5 -0.2 -0.2 -0.7 -2.3 
7500  -1.1 -0.3 -0.4 -0.8 -2.5 
10000  -1.9 -0.4 -0.5 -0.79 -2.7 
12500  -2.1 -0.4 -0.7 -0.7 -2.8 
15000  -2.5 -0.4 -0.7 -0.8 -2.9 
17500  -3.2 -0.5 -0.7 -0.7 -2.9 
20000  -3.7 -0.5 -0.9 -0.6 -2.9 
22500  -4.3 -0.4 -0.9 -0.6 -2.8 
25000  -4.9 -0.4 -1.0 -0.6 -2.8 
27500  -5.5 -0.5 -1.0 -0.5 -2.7 
30000  -6.4 -0.5 -1.0 -0.5 -2.7 
32500  -6.9 -0.5 -1.0 -0.3 -2.7 
35000  -7.8 -0.5 -1.1 -0.5 -2.7 
37500  -8.4 -0.5 -1.2 -0.4 -2.7 
40000  -8.9 -0.5 -1.1 -0.3 -2.8 
42500  -9.8 -0.5 -1.1 -0.2 -2.6 
45000  -10.5 -0.4 -1.2 -0.2 -2.7 
47500  -11.2 -0.4 -1.2 -0.2 -2.6 
50000  -12.0 -0.4 -1.3 -0.2 -2.6 
52500  -13.0 -0.4 -1.3 -0.1 -2.6 
55000  -13.7 -0.4 -1.2 -0.1 -2.6 
57500  -14.9 -0.3 -1.3 -0.1 -2.4 
60000  -15.9 -0.4 -1.3 -0.1 -2.4 
62500  -17.4 -0.4 -1.3 -0.2 -2.4 
65000  -18.8 -0.3 -1.2 0.0 -2.3 
67500  -20.2 -0.2 -1.3 0.1 -2.3 
70000  -21.7 -0.1 -1.4 0.2 -2.2 
72500  -22.9 -0.1 -1.3 0.0 -2.2 
75000  -24.4 0.0 -1.4 0.2 -2.3 
77500  -22.2 0.1 -1.3 0.1 -2.2 
80000  -20.9 0.1 -1.4 0.1 -2.3 

 

According to test results, abrasion did not cause 
important weight losses for coated samples. On the 
other hand, PP base fabric lost approximately 21% 
of its weight after 80000 abrasion cycles. Holes were 
formed on the base fabric after abrasion. 

Highest weight loss was observed for W140 
specimen after 20000 abrasion cycles, around 
2.87%. Weight losses of coated samples fluctuated 
in a narrow range. This is related to sticking of fibers 
of abrasion fabric to the coated samples. Weight loss 
was lower than 1% for R120 and W120 samples after 
80000 abrasion cycles and 1.35 % for R140 sample. 
Surface gloss of coated fabrics increased visibly after 
abrasion. 

3.6 SEM evaluation of samples 

SEM images of coated samples are given in 
Figure 8. SEM images were taken from both coated 
and uncoated sides of samples. As seen from the 
Figure 8, in the coated sides, coating polymer 
covered the gaps between the fibers on the surface 
of samples. In contrary, any polymer residue was not 
observed on the uncoated sides of the samples. 
As the coating pastes were viscous enough, coating 
polymers did not penetrate to the other side of the 
polypropylene fabrics. On the other hand, although 
coating the samples as two layers, all the coated 
surfaces of the samples were not covered by 
a polymer film. Coating polymer mainly filled 
the gaps between fibers but some gaps between 
the yarns can be observed especially in W120 and 
W140 samples. It is thought to be the reason of very 
low waterproofness as every unfilled point attributed 
to water passage at high pressures. A continuous 
polymer film is needed on the surface of base fabric 
for a very good waterproofness level. 

Despite not producing a continuous coating polymer 
film on the surface, polymer which was deposited 
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between the fibers reduced the air permeability 
effectively. 

The surface images were not enough to determine 
the level of penetration of coating polymer. But, as 
a distinct polymer film was not detected on the 
surface, it is understood that some amount of applied 
polymer penetrated to a deepness of the fabric 
cross-section. But it did not leak to the other side 
(uncoated sides) of samples as seen from Figure 8. 
This supports the phenomena that coated fabrics did 
not thicken after coating. 

 

 
R140 coated side x250 

(top face) 

 
R140 uncoated side x250 

(back face) 

 
W120 coated side x250 

(top face) 

 
W120 uncoated side x250 

(back face) 

 
W140 coated side x250 

(top face) 

 
W140 uncoated side x250 

(back face) 

Figure 8 SEM images of coated samples 

4 DISCUSSION 

In this study, polypropylene fabric was coated 
systematically to be used in protective sportswear. 
Permeability properties and abrasion resistance 
of samples were determined in order to reveal the 
usability of these samples. Also physical properties 
such as thickness and unit mass were measured in 
order to observe physical changes after coating. 
Sample surfaces were observed by SEM in order 
to support test results. 

When the results before washing were considered 
generally, add-on [%] was found higher for samples 
cured at 140°C and it was thought to be related to 
thermal shrinkages at higher temperatures. 
Air permeability of coated samples was found very 
low independent of coating polymer type and curing 

temperature. It was found advantageous as the 
samples showed windproofness. In contrary, water 
vapour permeability values of samples decreased 
in lower amounts. This showed that coating polymer 
penetrated to pores of fabric but the water vapour 
was permitted at some amount through the coating 
layer. Partly coverage of pores by coating polymer 
was supported by SEM evaluation. Coating 
procedure did not increase the waterproofness 
of samples to the desired levels. Polyether type PU 
gave relatively higher waterproofness for coated 
samples. Coated samples showed very high 
abrasion resistance when compared to base fabric. 

After washing cycles, it was observed that coating 
polymer partly removed away from polyester type 
polyurethane coated samples. It affected the 
waterproofness, water vapour permeability and air 
permeability results. Waterproofness of polyester 
type polymer coated samples decreased to zero, 
while air permeability and water vapour permeability 
increased. The increments in the water vapour 
permeability and air permeability were interpreted as 
negative related to the absence of waterproofness. 
Some inferiority at permeability properties was 
obtained for polyether type polymer coated samples 
too, but the degree of the inferiority was lower. It was 
due to higher hydrolytic stability of polyether type 
polyurethane when compared to polyester type 
polyurethane [6]. 

Coated samples of this study are proposed to be 
used as windbreaker for sportswear. To be used in 
intensely water contacting sports such as sailing and 
mountaineering, waterproofness of polypropylene 
fabrics should be enhanced by using different coating 
parameters and coating polymer types. Also, 
compatibility between polypropylene base fabric and 
coating polymer should be enhanced in order 
increase waterproofness. In the literature 
polypropylene fibers were modified by using 
additives, making polymer blends or graft 
polymerization. By these modifications, water 
sorption and dyeability of polypropylene fibers were 
enhanced [30-32]. Similarly, polypropylene fibers 
hydrophilicity and polarity may be altered by fiber 
modifications and their compatibility to coating layer 
may be improved in the further studies. 
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Abstract: One of the greatest potential in electrospun fiber is the area of bioengineering. For many 
biomedical applications, the materials used have to be biocompatible, thus natural polymers have a distinct 
advantage over synthetic materials. In this study, electrospinning of collagen derivative (CD) of porcine 
skin with polyvinyl alcohol (PVA) and polyvinyl acetate (PVAc) were carried out. We investigated 
morphology of the prepared fibers. The optimal distance between syringe needle and collector was          
9-12 cm. Obtained nonwoven materials from PVAc and PVA with the addition of Gelatin and Collagen 
derivative have a diameter of fibers in the range of 0.502-0.894 µm and 0.443-0.895 µm for PVAc:CD and 
PVA:CD composition respectively. 

Keywords: collagen, PVA, PVAc, electrospinning. 

 

 

1 INTRODUCTION 

Leading global trend in the fibers production 
technology is to reduce the diameter of threads 
filament to micro- and nanoscale size. Nanofibers 
became an important group of one-dimensional 
nanostructures because of their unique properties 
such as high surface area, high porosity, and their 
high safety in comparison with other nanomaterials 
[1, 2]. These abilities improve the quality of products 
and allow creation of innovative materials. Today 
there are many methods of ultrafine fibers forming: 
melt-spinning, aerodynamic spraying molten fibers in 
the form of a jet of compressed air (melt-blowing), 
forming a molten mixture of polymers and nanofibers 
by electrospinning.  

Electrospinning has several advantages over other 
production methods such as the relative ease of use 
and being cost-effective, production of fibers in 
a diameter range of lower than 100 nm, easy 
incorporation of active materials such as drugs, 
vitamins, antioxidants, metallic nanoparticles, etc. 
This technology allows obtaining new nanofibers with 
controlled porous structure. Moreover, organic and 
inorganic materials, which are temperature sensitive, 
are resistant to electrospinning process due to the 
absence of heat [1, 3]. There has been a wide array 
of polymers used with electrospinning to create 
structures composed of sub-micron diameter fibers. 
These include the common synthetic polymers 
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 
polycaprolactone (PCL), polydioxanone (PDO), 
polyvinylalcohol (PVA) [4], polyvinylpyrrolidone (PVP) 
and polystyrene (PS). Z.M. Huang et al [5] have 
given a comprehensive summary of polymers that 
have been successfully electrospun. 

Due to diversity of applications in electrospinning, 
considerable amount of work is focused on extending 
the applications and end-uses. Electrospun 
nanofibers can be used to collect pollutants 
as filtration materials through chemical adsorption 
as they have high specific surface area [6, 7]. A wide 
range of natural polymers including gelatin, collagen, 
elastin, silk and fibrinogen have also been used, 
as well as blends of natural and synthetic polymers 
can be electrospun [8-10]. This method is very 
suitable to process natural polymers and synthetic 
biocompatible or bioabsorbable polymers for 
biomedical applications [11]. 

Gelatin is widely employed in food industries, 
cosmetics, pharmaceutical and medical applications 
due to its biodegradability and natural abundance. 
In addition, gelatin has shown a great interest in fiber 
formation via electrospinning technology according 
to its unique chemo-physical properties such as 
surface tension along with its viscosity and 
conductivity [12]. Collagen is the major structural 
protein of connective tissue such as skin, bone, 
cartilage, tendons and ligaments. Because of its 
biological properties and availabilities, it is widely 
used as a biomaterial with multiple physical forms 
such as sponges, films membranes, wire and fabrics 
[13]. Untanned or limed leather can be a source 
of collagen, gelatin and collagen hydrolysate [14]. 
Collagen hydrolysate is a polypeptide composite 
made by further hydrolysis of denatured collagen. 

In the present work, we investigated the possibility 
of application of collagen derivative (CD) in 
electrospinnable solutions by using the mixture of CD 
with polyvinyl alcohol (PVA) and polyvinyl acetate 
(PVAc) in suitable ratios. 

mailto:maksym.koliada@gmail.com
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2 MATERIALS AND METHODS 

2.1 Reagents 

Polyvinyl alcohol PVA (grade 16/1, Mass portion 
of acetate groups not more than 0.9-1.7%) was 
purchased from Himlaborreactiv (Kyiv, Ukraine). 
Polyvinyl acetate PVAc (dry matter 15%) was 
supplied from a local market in a form of glue. Food 
grade, beef-hide gelatin (200 bloom) was supplied 
from a local market. 

2.2 Electrospinning 

The electrospinning set-up (Figure1) consisted 
of a syringe pump to deliver electrospinning solution 
to the spinneret – stainless steel blunt needle 
(0.5 mm inner diameter) at a flow rate approx. 
0.5 ml/min. Electrospinning of the various solutions 
was performed using an applied voltage of 30 kV and 
a spinneret-to-collector distance 9-12 cm. 
Electrospun samples were collected using a stainless 
steel plate covered with polytetrafluoroethylene 
(PTFE) film substrate in the form of nonwoven 
matrices. The temperature within the setup was 
maintained at 25±1°C. The spinning geometry was 
upwards, this allows obtaining of nonwoven materials 
without drops of electrospinning solution on the 
sample. Obtained matrices after sufficient drying 
were peeled off from the collector with the aid 
of a surgical knife and transferred on the clean slide 
glass until subjected to characterization.  

 

 

Figure 1 Capillary type electrospinning setup (1-syringe 
pump, 2-needle, 3-collector, 4-hight voltage power supply) 

2.3 Obtaining of collagen derivative 

Preserved pig skin was purchased from local 
slaughterhouse in Kyiv, Ukraine. After it was fleshed, 
unhaired, neutralized and washed as by 
conventional technology of leather production 
beamhouse processes, the dermis of the skin was 
cut into small pieces (1x1 cm). Collagen derivative 
(CD) was then extracted from the pieces by acid 
hydrolysis using 0.1 M acetic acid. Ratio skin:acid 
1:3, duration 6 hrs., at 70-75±1°C. The obtained 
collagen solution was then neutralized with a 25% 
solution of Na2CO3, (pH=4.0±0.5, dry matter 9.75%, 
ash 1.46%). 

2.4 Preparation of electrospun solutions 

PVA (10% solution) and PVAc (10% solution) was 
prepared by stirring for 40 minutes on a water bath. 
Afterwards, PVA or PVAc was incorporated into 
the CD or gelatin (Gel) solution; the dispersion was 
maintained at 25-30°C for 30 min under stirring until 
complete dissolution. Table 1 displays the test 
combinations chosen for this study (PVA:CD; 
PVAc:CD and PVA:Gel; PVAc:Gel). 

Table 1 Composition ratio details on PVA, PVAc, collagen 
derivative and gelatin used for electrospinning 

Sample 
PVA, 
PVAc 

Collagen Derivative, 
Gelatin 

1 9 1 
2 8 2 
3 7 3 
4 6 4 
5 5 5 

2.5 Morphological characterization 

The morphology and diameters of the produced 
fibers were examined by using a light microscope 
Biolam-C11. Fiber diameter analysis was carried out 
by randomly counting 100 fibers per experiment 
using software (ImageJ, 1.51 P). The diameter 
values of the obtained fibers were statistically 
analyzed by using the Minitab-18 program (Minitab 
Inc., USA). 

3 RESULTS AND DISCUSSION 

Experimental ratios for both PVA and PVAc 
composition are 9:1, 8:2 and 7:3. Table 2 shows the 
experimental results of the performed runs for PVAc 
combinations. The optimal distance between syringe 
needle and collector was 9-12 cm. While increasing 
the CD content takes place drop formation, which 
leads to impossible electrospinning formation. This 
requires further studies of rheology characteristics 
of compositions, the inner diameter of needle and 
distance between syringe needle and collector.  

Table 2 Parameters of PVAc electrospinning  

Sample PVAc 
Collagen 

Derivative, 
Gelatin* 

Distance 
between 

electrodes [cm] 

Formation 
stability 

1 9 1 9-10 + 
2 8 2 10-12 + 
3 7 3 10 + 
4 6 4 9 ± 
5 5 5 9-10 - 
1* 9 1 10-12 + 
2* 8 2 12 + 
3* 7 3 12 + 

* PVAc:Gelatin compositions 

 

Ratios 6:1 and 5:5 performed insufficient 
electrospinning, the fibers were short and teared on 
small pieces even after reducing the distance 
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between electrodes (ex. >9 cm). Compositions 
containing gelatin were unstable by mean of rheology 
(gelation occurs), temperature 25-30°C is too low 
to maintain them sufficient and runny. Higher 
viscosity causes beads.  

 

 

Figure 2 Representative microphotographs of the 
electrospun solutions a,b,c – PVAc:CD; d,e,f – PVAc:Gel 
of the ratios 9:1, 8:2, and 7:3 respectively 

It has been well know that the concentration 
of polymer solution, applied voltage and conductivity 
affects bead formation, bead density, morphology 
of the electrospun fibers, and average diameter 
of the fibers [2, 15]. A comparison of CD and Gelatin 
with respect to ability to spin fibers and 
electrospinning process conditions showed that CD 
could spin fibers and gave practically defect-free 
(drops, thickenings) nanofibers. Mixed compositions 
containing Gelatin were rather difficult to process by 
this method because of the poorly disperse solutions 
and unstable in time viscosity that plugged 
the capillary orifices.  

The morphology of electrospun PVAc containing CD 
or Gelatin shows in Figure 2. It is clear from the 
figure that no phase separation has been observed in 
the same time the homogeneity of the obtained fiber 
can be easily observed. According to the obtained 
data (Figure 3) PVAc:CD composite shows the 
increasing of the beads diameter size. A network of 
fibers could be observed along with beads. The fiber 
density increased as well as the fiber networking.  

High-density fibers for both addition of Gelatin or CD 
along with beads were observed at ratio 
PVAc:CD/Gel and PVA:CD/Gel as 7:3. Therefore, for 
more accurate evaluation of the fibrous material 

morphology, additional studies were performed on 
light microscope Biolam-C11. Figure 3 shows 
diameter ranged between 0.496-1.443 µm and 
0.502-0.894 µm for PVAc:Gel and PVAc:CD 
respectively.  
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Figure 3 Images and bar graphs of diameter ranges 
of electrospun PVAc/CD and PVAc/Gel fibers – 7:3 ratio 

 

Figure 4 Representative microphotographs of the 
electrospun solutions a,b,c – PVA:CD; d,e,f – PVA:Gel 
of the ratios 9:1, 8:2, and 7:3 respectively 

Table 3 shows the experimental results of the 
performed runs for PVA combinations with Gelatin 
and CD. The resulting fibers also showed that the 
incorporation of the CD into the composition not only 
decrease the average diameter but also reduced the 
diameter distribution of the electrospun fibers from 
0.766 µm and 0.773 µm for PVAc:Gel, PVA:Gel, to 
0.643 µm and 0.606 µm for PVAc:CD PVA:CD 
respectively, as shown in Figures 3 and 5. 
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Table 3 Parameters of PVA electrospinning 

Sample PVA 
Collagen Derivative, 

Gelatin* 
Distance between 
electrodes [cm] 

Formation 
stability 

1 9 1 9-10 + 
2 8 2 10 + 
3 7 3 10 + 
1* 9 1 10 + 
2* 8 2 12 + 
3* 7 3 12 + 

* PVA:Gelatin compositions 

 

40

30

20

10

0

1.41.21.00.80.60.4

40

30

20

10

0

Mean 0.6064

StDev 0.1095

PVA/CD

Mean 0.7734

StDev 0.2099

PVA/Gel

PVA/CD

Diameter, mkm

P
e

rc
e

n
t,

 %

PVA/Gel

 

Figure 5 Images and bar graphs of diameter ranges of 
electrospun PVA:CD and PVA:Gel fibers – 7:3 ratio 

4 CONCLUSION 

Described the features of the structure (diameter – 
up to 1 µm) and properties of nonwoven polymeric 
materials obtained by electrospinning method. 
Obtained nonwoven materials from PVAc and PVA 
with the addition of Gelatin and Collagen derivative 
have a diameter of fibers in the range of 0.502-
0.894 µm and 0.443-0.895 µm for PVAc:CD and 
PVA:CD composition respectively. The optimal 
distance between the electrodes ranges between 9-
12 cm for established voltage of 30 kV for both 
compositions. We studied the influence of Gelatin 
and Collagen derivative on the morphological 
characteristics of fibers. It had been shown that 
adding of CD in compositions with PVA and PVAc 
leads to obtaining fibers with diameter >0.500 µm 
of 38% and 26% (of whole volume) respectively. 
Application of collagen derivative allows expanding 
the applications of final nonwoven polymer materials 
due to the wide range of reactive groups of collagen 
and their incorporation with other modifiers such as 
drugs, vitamins, antioxidants etc. 
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Abstract: In this contribution, the composites with textile reinforcement and rubber matrix are studied 
experimentally. The reinforcement is in the form of fibre and material is PA66. These composite with textile 
structure are applied in tire casings for passenger cars and conveyor belts. The aim of research work 
of authors is propose and evaluate the experimental procedures for tests cyclic loading of selected 
composites, which consist of textile reinforcement with a different cord angle. The image analysis is 
applied for obtaining of information about geometry parameters of cords for specimen design for tests. 
The test machine Autograph AG-X plus 5kN – Schimadzu with a video-extensometer is used for the tests 
of low cyclic loading in tensile with cycle loops. The results of tests and geometry parameters are needed 
for creation of computational models of composites such as parts of tire casing.  

Keywords: composite, textile fibre, PA66, tire, low cyclic loading, video-extensometer, cycle loop. 

 

 

1 INTRODUCTION 

For computational modeling of parts of tire casings 
and tires, the material parameters of matrixes and 
reinforcements are necessary as input data for the 
computational model and the experimental data 
of composite structures can be used as the 
verification criteria for the comparison 
of computational outputs with test results [1]. 
The static tests are not able to provide 
the information about the operational behavior. 
For computational modeling of a tire casing, 
the results from experimental data from cycle tests 
are needed.  

It is necessary to deal with cyclic tensile tests of long-
fiber composites with textile and steel reinforcement 
together as tire casings or conveyor belts. Therefore, 
the aim is also to propose and evaluate 
the experimental procedures for cyclic loading tests 
of selected composites, which consist of textile 
reinforcement with a different cord angle. 
The optimization of an angle of textile reinforcement 
in composites is possible on the basis of the results 
from the test of cyclic loading. A standard automobile 
radial tire casing consists of elastomer parts and 
parts with textile-cords (Table 1) and steel-cords in 
a tire tread as reinforcements.  

The structure parts applied into passenger car radial 
tire casings are: textile carcass plies, a textile cap ply 
(called an overlap belt) and steel-cord belts [2, 3].  

These structures of tire have got different cord 
material, angle and numbers of layers. The behavior 
of such materials as tire belts under mechanical 

loading is in many ways different from the behavior 
of commonly used technical materials [4, 5]. 

Table 1 Materials of textile-cords for tires [3] 

Material 
Labeling of construction 

[tex] 
Application 

Polyester 
PES 144x1x2 
PES 167x1x3 

Carcass plies 

Polyamide 6 
PA6 94x1x2 
PA6 94x1 

Cap ply 

Polyamide 66 PA66 140x1x2 Cap ply 

Rayon (viscose) 
VS 184x1x2 
VS 244x1x2 

Carcass plies 

Aramid Aramid 110x1x2 
Carcass plies for  
sport tire casings 

 

The PA66 and PES textile fibers are used for 
passenger tires, especially for common purposes. 
The aramid fibers, especially Kevlar, are used for 
tires of sport and high-speed cars. Kevlar has a high 
strength (up to 2750 MPa), a low modulus of elasticity, 
low elongation and dimensional stability [3].  

The sidewall also shows the material of cords and 
number of plies in the sidewall and under the tread 
of tire casing. The sidewall of a tire for passenger 
cars consists of one polyester carcass ply with a cord 
angle of 90° and in the tread, there are four plies: 
one polyester ply, two steel plies with a cord angle 
approx. 21–27° in ply and one polyamide cap ply with 
a cord angle approx. 0°, see Figure 1.  

A tire with the symbol Extra load (XL) may have two 
polyester- or two polyamide plies. The textile carcass 
density (it is a number of ends per one meter 
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of width, marked as EPM) is from 700 to 1150 m
-1

. 
The EPM of a textile cap ply is 1100–1200 m

-1
.  

 

 

Figure 1 The structure of tire casing – cord angles 

Tests of specific long-fiber composite materials with 
an elastomer are not standardized. The paper [5] 
describes the geometric parameters of single-layer 
specimens of tire casings with different cord-angles 
(0°, 25°, 45°, 60° and 90°) for tensile tests. Some 
standards describe the testing procedure and 
conditions of testing, the shape and geometric 
parameters of the test specimens for static tensile 
tests [12, 13]. E.g., the standard ASTM D-3039-76 
[14] describes the width of test specimens of fiber-
resin composites in the form of strips 25 mm wide, 2-
4 mm thick with the working length of 150 mm. 
Therefore, for tests of cyclic loading the shape 
of single-layer specimens with textile cords and 
an elastomer must be designed.  

The dynamic-mechanical properties of such 
composites can also be described by an elastic, 
viscous modulus and a loss factor [6]. For 
computational modeling, the modulus of elasticity 
and Poisson ratio are used as material input 
parameters of textile reinforcements. The LASE 
modulus from the producer of a textile cord is used 
[7]. LASE is a modulus of elasticity for elongation 5% 
(LASE is an acronym of Load At Specific Elongation 
5%). Another option is the determination of modulus 
as stress necessary for elongation by 100% obtained 
by extrapolation for elongation by 2%. After the 
vulcanization process and during the industrial 
process of a tire casing, the modulus can be 
changed (the influence of heat during vulcanization). 
The conditions of tire’s vulcanization process are 
the temperature of 193°C, the pressure of 1534 kPa 
and time 10 min. 

The static tensile modulus of elasticity of PA66 is 
from 900 to 3450 MPa or from 9 to 50 cN/dtex [3, 8, 
9]. It is a broad range. In case of rayon, the modulus 
is from 600 MPa to 11 GPa or 8–120 cN/dtex. 
Typically values of modulus of elasticity are in 
Table 2. Usually the test conditions are 
a temperature of 20±2°C, humidity of 65±5% and 
an initial length between clamps of a test machine 
(gauge length) 500 mm [10. The Poisson ration 
of PA66 is approx. 0.4.  

Table 2 Modulus of elasticity of textile cords [11] 

Material 
Labeling of 

construction [tex] 
Modulus of 

elasticity [GPa] 

Polyester PES 110x1x2 4 
Polyamide 66 PA66 94x1x2 3.4 

Rayon 
(viscose) 

VS 184x1x3 11 

Aramid Aramid 167x1x2 25 

 

The low-cyclic loading of composites is still actual 
and has been discussed increasingly, because the 
obtained experimental can be really good information 
in relation to the composite behavior and they can be 
used as input parameters for computational 
modeling. Therefore the aim of research work 
of authors is propose and evaluate the experimental 
procedures for tests cyclic loading of selected 
composites.  

2 EXPERIMENTAL METHODS  

2.1 Image analysis of cross-section of tire casing 

The geometric configuration of reinforcements is the 
main factor for the specification of material 
parameters, which would be used for the description 
of the whole area of casing under the tread. 
The photo camera Canon EOS 600 D and 
a standard light microscope were used to obtain 
the images. The software IMPOR 5.0 with plug-in 
Object Measuring is used for the image analysis.  

The cord structure of the selected tire casing 
Continental 245/40 R18 97Y XL is represented in 
Figures 2 and 3. The tire has polyamide cords in cap 
ply, the detail of polyamide cord is in Figure 3 bellow. 
The cord structure for different tire casing Dunlop 
215/40 R17 87V XL is in paper [15].  

 

 

Figure 2 The structure of tire casing 245/40 R18 by photo 
camera 

The image analysis is applied for obtaining 
the information about geometric parameters of cords 
such as distances between cords and ply thickness 
for specimen design for tests of low cyclic loading. 
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Figure 3 The detail of structure by light microscope with 
polyamide cord in cap ply of tire casing 245/40 R18 by light 
microscope 

2.2 Specimen design 

Before carrying out the mechanical tests, 
the geometric parameters of test specimens had 
been proposed and test conditions with respect to 
the test apparatus had been determined. 
The composite specimens with an angle of the textile 
reinforcement 0° (textile reinforcement is 
perpendicular to the direction of loading), 45° and 60° 
are used for the cyclic tests. The composite 
specimens are consisted of one layer. The PA66 is 
used as textile reinforcement and elastomer for 
production of radial tire carcass is used as matrix. 

The geometric parameters of rectangle shape 
specimens are a length of 195 mm, a width 
of 35 mm, initial length between clamps of a test 
machine 100 mm and a thickness of the specimen 
of 1.05 mm. The cord diameter is 0.5 mm. The EPM 
is 870 m

-1
. The specimens were produced by 

the authors. The initial length between the points for 
a video-extensometer is 50 mm, see Figure 4. 

 

Figure 4 Specimens with geometric parameters (in mm) 

2.3 Methods of cyclic loading 

The tests of cyclic loading of these composites are 
requested for the verification analyses between tests 
and computational modeling of tires. Standards and 
a methodology of optimal testing of composites with 
the textile structure have not been determined yet but 
the determination can be based on the behavior 
of elastomers under the cyclic loading [16]. 
For elastomers under the first cycle, there is 
the occurrence of Mullins effect. This effect 
is characterized by a big hysteresis. In the second 
cycle, there is a typical stress drop, which decreases 
in each following cycle. In case of the cyclic 
deformation with constant amplitude, the stress-
elongation characteristics are stabilized over several 
cycles (usually up to 10 cycles). For textile materials, 
the DIN 53835-13 standard is defined [17] and 
according to the mentioned standard, the conditions 
are taken into consideration during the first 5 cycles. 

The design of method for cycle loading tests 
of composites with a textile fiber and an elastomer 
matrix on a test machine with a video-extensometer 
has these conditions: the loading speed 250 mm/min 
for cycles and 50 mm/min for a pre-test by force 
value 2 N [17]. Five cycle loops are applied. Every 
cycle loop consists of five cycles. Every cycle is 
defined as loading to a certain percentage 
of elongation between clamps of a test machine and 
unloading to a certain percentage of elongation 
between clamps of a test machine. 

For angles 0° and 45°, the first cycle loop consists 
of cycles with loading to 30% and unloading to 3% 
of elongation (not 0% because the negative force is 
not possible during tensile testing for certain 
composite specimens with the textile reinforcement). 
The second loop consists of cycles with elongation 
higher by 10%: loading to 40% and unloading to 10% 
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of elongation. The third loop consists of five cycles 
that have loading to 50% and unloading to 20% 
of elongation, the fourth loop with cycles has loading 
to 60% and unloading to 30% of elongation. The fifth 
loop has cycles with different elongations, the loading 
to 60% is the same as fourth loop and unloading is 
5% of elongation. The final step is loading to 100% 
of elongation. The specimens with a cord angle 
of more than 45° have a higher rigidity, so the 
method is different for an angle of 60°: all values 
of elongations are multiple 0.4 of values 
of elongations for angles of 0°, 30° and 45°.  

2.4 Experimental apparatus 

The test machine Autograph AG-X plus 5kN – 
Schimadzu with a video-extensometer for large strain 
as tensile tests of composite materials with elastomer 
and viscoelastic materials with the test mode Control 
of software Trapenzium X version 1.4.5 is used for 
the tests of cyclic loading in tensile with cycle loops. 
Before the tests, calibration of the video-
extensometer is required. 

The software Matlab was used for separation of data 
for every cycle for obtain graphic curves. 

3 RESULTS AND DISCUSSION 

3.1 Geometrical parameters of cords 

The geometric parameters of the reinforcements 
of tire casing 245/40 R18 in place end of steel-cord 
belts are showed on the Figure 5 and schematic 
structure in the center of the tread is on the Figure 6.  

 

 

Figure 5 The image analysis of part of tire casing 245/40 
R18  

The EPM of the textile cap ply is approx. 850 m
-1

. 
The diameter of cords is 0.69 mm and the thickness 
of the cap ply is approx. 1.2 mm. The textile carcass 
has 0.5 mm diameter of cords and the thickness is 
0.92 mm. The steel cord belts consist of two plies 
with a density of 920–960 m

-1
 and the cord 

construction is 2x0.30 mm. The thickness of the steel 

cord belt (two plies altogether) is 1.94 mm. 
The thickness of layers of elastomer under tread is 
visible on the Figure 6. 

 

 

Figure 6 Geometrical parameters of cords in cross-section 

The geometric parameters (Figure 6), which were 
obtained by an image analysis of the cross-section 
(the accuracy of the parameters is 95%), will be used 
as necessary geometric input data in order to create 
a computational model with a real configuration 
of cords. 

The obtained information about the geometric 
arrangement of reinforcements can be used also for 
an optimization of arrangement of cords in a tire 
casing in order to gain better stiffness parameters in 
individual directions. 

3.2 Composite after tests of cycle loading 

Deformations of specimens are shown in Figure 7. 
The geometrical change of the specimen shape is 
not symmetrical for an angle of 45°, a part of the 
specimen was pulled from jaws of the testing 
machine during the test. White lines on a side of the 
surface of the sample are signs of better 
representation of deformation during the test. 

 

  

Figure 7 Photos of specimens by a video-extensimeter for 
the deformation 100 mm (photos obtained by a video-
extensimeter) 
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Raw data from Trapezium X have over 46 000 rows 
for every angle. The further data processing is 
difficult because of a large number of data fields in 
Microsoft Excel. Therefore the software Matlab was 
used for searching of cycle maximum and minimum 
from raw data. 

Dependences of true stress on elongation between 
points for a video-extensometer (marking as 
elongation ex.) are: 

 the Figures 8 and 9 (in Figure 8 dependences 
of engineering stress on elongation between 
clamps of the test machine are only for 
comparison with true stress - elongation ex.) for 
a cord angle of 45°;  

 the Figure 10 for a cord angle of 0°;  

 and the Figure 11 for a cord angle of 60° 
(a different method).  

The behavior of specimens during the tests is very 
different. 

The fifth cycle in every cycle loop can be considered 
as a stable cycle because difference between fourth 

and fifth cycle is about to 5%. Therefore 
the dependences of fifth cycle of every cycle loop are 
important for the comparison between the cord 
angles. The comparisons of the fifth cycles are given 
in Figure 12 as dependences of true stress on 
elongation ex.  

The approximate the dependences for a cord angle 
of 0° (Figure 12) can be used as input material 
parameters of an elastomer matrix. 

The envelope curve for a cord angle of 45° is in 
Figure 13. This curve can be used as input material 
data, which describes a textile cap ply as a whole, for 
computational modeling of a specific tire carcass e.g. 
a sport bike tire [18].  

The computation modeling and calculations of long-
fiber composites are very difficult because 
the accurate materials characteristics of matrixes [19] 
and reinforcement are needed but these accurate 
materials characteristics have to be obtained from 
the tests of cycle loading. 

 

 

  

Figure 8 Dependences of engineering stress on elongation 
between clamps for a cord angle of 45° 

Figure 9 Dependences of true stress on elongation 
between points for a video-extensometer for a cord angle 
of 45° 
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Figure 10 Dependences of true stress on elongation 
between points for a video-extensometer for a cord angle 
of 0° 

Figure 11 Dependences of true stress on elongation 
between points for a video-extensometer for a cord angle 
of 60° 

 

 

  

Figure 12 Comparison of the fifth cycle of cord angles 0° 
and 45° 

Figure 13 The final envelope curve for a cord angle of 45° 

 

 

4 CONCLUSSIONS 

The geometric parameters, which were obtained by 
the image analysis of cross-section, will be used 
as necessary geometric input data in order to create 
the computational model with real configuration 
of cords. The geometric parameters, which were 
obtained by an image analysis of the cross-section 
(the accuracy of the parameters is 95%), will be used 
as necessary geometric input data in order to create 
a computational model with a real configuration 

of cords. The results can be used for an optimization 
of the deposition angle of textile reinforcement in 
composites. 

In this study, methods for testing of textile 
composites with five cycle loops for different 
elongation with five cycles in every cycle loop have 
been designed with following finding: 

 The fifth cycle in every cycle loop can be 
considered as a stable cycle, because difference 
between fourth and fifth cycle is small. 
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 The values of true stress for a cord angle of 45° 
are approximately 20–25% higher than values for 
a cord angle of 0° (reinforcement has right angle 
to loading force).  

 Suggestion for the second option of the method: 
unloading for the next cycle loop only to the 
maximum elongation from the previous cycle 
loop. 

A mathematical description of the envelope curve 
from the fifth cycles (Figure 13) is search. The curve 
can be replaced by polynomial of 9

th
 degree.  

The results from tests of low cyclic loading can be 
used for the optimization of the deposition angle 
of textile reinforcement in composites. 

For the specimens with steel-cord, different (lower) 
elongations for definition of cycle loops must be used 
because the specimens of steel-cord belt have 
higher stiffness than the specimens of composite 
with textile reinforcement such as a tire carcass.  

The test machine Autograph AG-X plus 5 kN – 
Schimadzu has a hybrid temperature-humidity 
chamber allowing the tests from -70 to 180°C and 
from 20 to 80°C, it is possible to change the humidity 
from 30 to 95%. Future research is needed for the 
tests of cyclic loading of composites, which will be 
realized at different temperatures.  
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Abstract: The main aim of this paper was to evaluate the surface absorbency of loop terry fabrics using 
a new method. Evaluated loop terry fabrics with the different material composition and structural 
parameters were intended for the manufacturing of terry towels. After the detailed analysis of the thread as 
well as fabrics themselves, the new measurement method was used for determination of the surface water 
absorbency and subsequently, the drying time of terry fabrics was also specified. The results 
of measurements indicate that the surface water absorbency is not related to the material composition, but 
the drying time is closely connected with the given composition. Based on the observation and 
investigation, the surface water absorbency is related to the structural parameters of fabric and threads. 
The new testing method could be included into the new evaluation methods of surface water absorbency 
or it could be even used instead of current methods which are applied for assessment of the terry fabrics 
absorbency. 

Keywords: surface water absorbency, drying time, height and number of terry loops, loop terry fabric, 
material composition and structure of fabric. 

 

 

1 INTRODUCTION  

Bath body cleansing is the most natural and 
the most common activity which leads to 
the refreshment of human skin and regeneration 
of all human body. After hygienic body cleansing 
the towel is used in order to wipe the skin and this is 
the moment when the towel in the close contact with 
human body skin. Generally, the towels, which are 
used in our bathrooms, have to meet the following 
requirements: a high absorption capacity, moisture 
wicking, tactile softness and fineness [1].  

Other requirements that should be characterized in 
relation to terry towels are: non-allergy, antibacterial 
effects, antimycotic effects, odour resistance, fast 
drying up and easy maintenance [2]. Some of these 
properties are described in this. Moreover, a very 
important component of the towel comfort is the wet 
thermal feeling, which was not studied in 
the submitted manuscript [3]. 

In relation to the towels assortment, the process or 
course of the water transfer does not exhibit 
the same features in comparison with the clothing 
fabrics where the water is transferred from the skin 
through clothes and then it gets quickly to 
the ambient environment. In the case of the towels, 
the transfer of water is divided into two specific 
phases [4]. In the first phase, the water is quickly 
transferred from the skin to the towel. Taking into 
account the specific time interval after the first 
phase, the second phase occurs. In relation to this 
second phase, the moisture evaporates from terry 

towel to the environment and long-term desiccating 
process occurs. Based on the predetermined 
investigation procedures and steps, the following 
evaluation is introduced in this paper: 

- evaluation of the first phase of surface water 
absorbency in relation to the terry towel, 

- evaluation of the second phase, which stands for 
the time interval of the terry towel desiccating 
process, which is based on the water evaporation 
to the environment [4]. 

The main objective of the paper was to specify 
the influence of the material composition and 
the influence of the basic parameters of terry fabrics 
on their surface water absorbency as well as 
the time of desiccating process. The measurements 
were repeated after every washing (max. number 
of washing procedures = 5 times). The new method 
was designed and tested in relation to measurement 
of surface water absorbency, while the given method 
was based on the simulation of the practical 
application of the terry fabrics in order to determine 
their surface water absorbency during the hygienic 
body cleansing. Fabrics, which were used for 
investigation as samples, were made of cotton, 
regenerated cellulose, lyocell fibres, and their 
mixtures. Besides the thread and fabrics evaluation, 
the specification of number and measurement 
of loops height had been performed before 
the measurement of the surface water absorbency 
properties were investigated. The research program 
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involved the measurement of the absorbency and 
wicking of the terry fabrics.  

2 METHODS AND USED MATERIAL 

2.1 Materials  

Terry towels belong to the special type of fabrics. 
A terry towel is described as a textile product which 
has a loop piles on one or both sides, generally 
covering the entire surface or forming stripes, some 
areas or any patterns (with end hems or fringes and 
side hems or selvages) [5], (Figure 1). It is formed 
directly in the process of weaving through the warp 
thread system. Besides one type of weft threads, 
two systems of warp threads are required – basic 
warp and loop warp in relation to the production 
of these textiles. The loops are formed of terry warp, 
using the weaving in a special way. The stability 
of the woven system is based on lacing of basic 
warp threads with the weft threads. During 
the finishing treatment, the loops can be shortened 
by cutting. 

 

Figure 1 Cross-section of double-sided terry fabrics [5] 

The selection and evaluation was closely connected 
with the terry woven fabrics, the weaving system 
of which was based on a trivalent or tetravalent 
cross rips according to [5]. The warp wise was 
formed by threads of basic warp along with 
the threads of loop warp in the ratio of two warp 
threads to the two loop threads (2:2). This interlacing 
was repeated in the case of all woven samples 
except the sample designated as n.5, where 
the ratio was determined for one warp thread and 
the one loop thread (1:1). Assortment of terry fabrics 

was used for preparation of individual samples for 
which a detailed structural analysis of the following 
characteristics was made: dimensional changes 
according to [6], area density of fabric and fineness 
of thread according to [7], the thickness of the fabric 
according to [8], number of threads in the fabric 
according to [9], (Table 1). The height and number 
of loops of terry fabrics was also assessed. 
The measurement of the loops was done using 
a metal measuring instrument which was placed 
between the individual lines of loops (Figure 2). 
The measurement was repeated ten times for each 
sample after every washing process. After the loops 
had been straightened, the height of these loops 
was measured in various sites of terry towel. Based 
on the microscopic observation, the images with 
the minimum and maximum height of loops were 
selected. From Figre 2, it can be seen that 
the shorter loops on the fabric were formed into a U-
shape and the longer loops twisted themselves 
along their length. Table 2 shows that the average 
height of loop terry fabric was different. The height 
of loops, measured after each washing process, was 
changed minimally. The number of loops over 
the area of 100100 mm was also measured. 
The given number was counted in the warp and weft 
direction after each washing process. Table 2 shows 
the average value of the number of loops. 
The number of loops was also changed minimally 
after each washing process. 

 

  

Figure 2 Measurement of height of the loops – sample n.4 
(left) and sample n.9 (right) 

 

Table 1 Properties of terry fabrics and threads  

n. Materials 
Thickness 

[mm] 
Unit weight 

[gm-2] 
Fineness [tex] 
weft/2 warps 

1 100% cotton 400 2.22 35/56/35 
2 100% cotton 450 2.23 38/61/35 
3 100% cotton 500 2.39 38/60/34 
4 100% cotton 600 3.21 38/57/55 
5 100% microcotton 400 2.63 48/60/44 
6 70% cotton  30% tencel 450 2.05 40/60/37 
7 60% cotton  40% regenerated cellulose 450 2.05 40/57/37 
8 55% cotton  45%regenerated cellulose 450 2.16 41/63/37 
9 50% cotton  50%regenerated cellulose 450 2.56 37/57/38 
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Table 2 Average height and number of loop terry fabric 

n. 
Properties 

Height l  
[mm] 

Number n  
[100x100mm] 

1 3.7 3840 
2 3.1 4216 
3 4.0 4480 
4 2.3 4096 
5 3.3 4080 
6 2.8 4464 
7 3.3 3840 
8 4.0 4096 
9 5.4 4224 

 

2.2 Measured surface water absorbency 

The main objective of this work was to measure 
the surface water absorbency of the terry fabrics. 
After the each measurement of the mentioned 
properties, the washing process of towels was 
carried out. Washing conditions were determined 
according to [10] as follows: temperature 
of the wash bath was 60°C, the ratio of solution to 
the sample was 50:1, the number of rinses in cold 
water was 2 and washing time was 60 min. ECE 
detergent [3] was used as a testing washing agent 
for preservation of colour fastness. A new type 
of device was designed and constructed for 
simulation of the surface water absorbency. Figure 3 
shows the components needed to construct 
the given device.  

Relating to surface absorbency ability of terry 
towels, the tests were performed under the strict 
conditions determined for tested samples. Two 
measurement points or areas were designated for 
the each one sample. At first, the tested sample was 
fixed in the holder and then, 50 ml of distilled water 
was poured into the funnel, from which the given 
water flowed down onto the surface of the terry 
fabric. To preserve the same conditions for all tested 
samples relating to water speed, the speed 
of the water flow was determined to be constant and 
it was 8 s. The testing procedure was connected 

with determination or detection of the overflowed 
distilled water which was not absorbed by terry 
fabric [11].  

 

 
 

Stand 
 
 
 

Holder 
of textiles 

 
 
 
 

Collectionbox 

Outpost 

Funnel Flow tube 

 

Figure 3 Parts of device necessary to measure 
the surface water absorbency of terry fabric 

The overflowing water was collected in the collection 
box and then poured into a measuring cylinder. 
Subsequently, the value of overflowed water was 
subtracted from the original amount of distilled water 
(volume) and this calculation led to the result 
of the testing procedure and it was the determination 
of average value of surface water absorbency 
of the terry fabric in the predetermined area. After 
the each measurement of the mentioned properties, 
the washing process of towels was carried out. Terry 
fabric samples were washed for 5 times at all.  

3 RESULTS AND DISCUSSION 

The new method is based on descriptions in 
literature resources referring to surface water 
absorbency [3] and it is similar to the method for 
evaluation of the resistance of fabrics to surface 
wetting according to [12]. From Figure 4, it is clear 
that repeated washing process led to increase 
of the surface water absorbency.  

 

 

Figure 4 The average values of the surface water absorbency n (ml) of terry towels – reference samples (before 
washing - 0) and after 1, 2, 3, 4, 5 washing  
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The measurement was performed on one sample at 
two areas. The highest increase of surface water 
absorbency was observed for all the samples after 
the first washing process in comparison with these 
samples before the first washing process. 
The highest value of surface water absorbency was 
observed in the case of the samples designated as 
n.4 and n.5. The sample no.3 was an exception, 
because the value of the surface water absorbency 
was the lowest in comparison with all tested 
samples and moreover, the given value was not 
changed during the whole testing process. Table 3 
shows the increase in surface water absorbency and 
thickness after the first and last washing process. 

Table 3 Increase of surface and thickness 

 
Increase of surface  

water absorbency n [%] 
Increase  

of thickness h [%] 

1 15 8 
2 5 18 
3 0 19 
4 9 7 
5 1 9 
6 11 25 
7 19 24 
8 11 24 
9 15 21 

 

The correlation dependences were used for 
the evaluation of the impact of structural parameters, 
such as thickness (Table 1, 2), on surface water 
absorbency. From the correlation dependence, it 
can be seen that the thickness of the towel has 
the main impact on surface water absorbency (Figure 
5).  

 

 

Figure 5 Dependence of surface water absorbency on 
the thickness 

Increase in the thickness of the towel leads to 
the increase in the surface water absorbency. This 
dependence was evaluated and verified after 
the each repeated washing process. The obtained 
results after each one washing process are in 
the accordance with values, which can be seen in 
Figure 5, where the correlation dependence after 
the last wash is shown. The sample designated as 

n.3 was excluded from the correlation dependence 
due to different results of surface absorption (see 
Figure 4). 

In the second phase of testing procedure of loop 
terry fabrics, the evaluation was focused on 
the ability to desorb and transport the moisture into 
the ambient environment. The tested samples were 
washed in detergent under according to 
the predetermined conditions and they were left to 
desiccate in air at relative humidity of 60±1% and 
ambient temperature of 21±1°C. The washing 
conditions and the composition of the wash bath are 
given and explained in part 2.2. In relation to 
the defined time intervals, samples were weighed on 
the analytical balance. The weighting of the samples 
was repeated until the value of the weight 
of the dried sample was the same as it was before 
the test. Table 4 shows the total desiccating time 
of individual terry fabric samples. After mutual 
comparison, drying speed and trend in humidity 
decrease are different because they are influenced 
by the various material compositions. 

Table 4 Time of terry fabrics desiccating 

Sample 1 2 3 4 5 6 7 8 9 
Time 

of desiccating [h] 
42 48 48 42 54 54 54 54 60 

4 CONCLUSION 

The work was focused on evaluation of loop terry 
towel (fabric). The surface water absorbency 
of predetermined areas or sites of terry fabrics was 
observed and evaluated in relation to material and 
structural composition. The main objective was to 
simulate real conditions of surface water absorbency 
of terry towels. The constructed device for 
measurement of surface absorbency of towels was 
designed and constructed. The given constructed 
device could be used for more precise measurement 
of the absorbency of the towels because it 
represents the reliable simulation of the surface 
absorbency of towel during its contact with the wet 
human skin. Compared to other methods, which 
have been used for determination and evaluation 
of water absorbency and of water absorption 
according to [13], wicking process according to [14], 
the evaluation of surface water absorbency is more 
impartial (objective) and more accurate for the given 
towel assortment. The results of the measurements 
show that samples designated as n.4 and n.5 have 
the best surface water absorbency. In the case 
of these samples, there is very good transport 
of moisture from the skin and therefore, they are 
a good representatives of wet sorption while this 
sorption is based on the structure of terry fabric. 
The impact of material composition and structural 
parameters of terry towel fabrics on surface water 
absorbency was also evaluated. Based on 
the obtained results, it is important to point out that 
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material composition did not have any significant 
impact on changes of observed properties. Relating 
to findings, it can be concluded that the addition 
of tencel and regenerated cellulose to the cotton 
mixture does not have any impact on the increase 
of the surface water absorbency. In comparison with 
the cotton, the mentioned components exhibit better 
antimycotic and antibacterial properties as well as 
better odour resistance [2]. Repeated washing 
process and subsequent measurement of surface 
water absorbency of towels led to increase 
of the surface water absorbency after each one 
washing process. Moreover, the measured values 
are stabilized after the fifth washing. Interesting 
results were obtained in relation to sample 
designated as n.3, because there were not any 
changes observed after the repeated washing 
process (the given sample exhibited the same values 
of surface water absorbency after each washing and 
measurement) and it can be attributed to high 
surface tension, which is caused by significant 
deterioration of surface water absorbency leading to 
malfunctioning of terry towel fabrics. Terry towel 
fabric made of 100% cotton (samples designated as 
n.1, 2, 4) exhibited increase in surface water 
absorbency along with the increase in area density 
and thickness. The evaluation of the structure of terry 
towels, based on the number and the height 
of the loops lead to the interesting results because 
the increase in the number and height of loops led to 
the opposite effect in comparison with 
the expectations. Especially, the terry fabrics with 
lower number of loops and smaller height exhibited 
the higher surface water absorbency. In relation to 
the second phase standing for the evaluation 
of the desiccating process of towel samples, 
the given terry fabric samples, which contain cotton 
combined with other more absorptive component, 
exhibit much longer time interval of desiccating. 
The reason was mainly based on the different values 
for the humidity additions of regenerated cellulose 
and tencel in comparison with cotton. 

Although the results of the introduced method are not 
so clear, the investigated measurement process 
of surface absorbency is more objective (in 
comparison with the older universal methods). Our 
task is to continue in the verification of the method, 
using the different types of towels. Moreover, models 
with satisfactory prediction for other structures 
of towels are going to be found. In addition, the wet 
thermal contact feeling could be included into 
the investigation processes as well as models. 
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Abstract: The objective of this research is to formulate a model for the establishment of Non-Machinery 
Weaving Tool (called ATBM) lurik textile industry in Klaten Regency, Indonesia. This research was 
an action research involving ten persons. The data were gathered through in-depth interview, participatory 
observation, and focus group discussion. The establishment model was applied through three phases, that 
is, 1) conducting need analysis, 2) arranging action plan, and 3) implementing a model of small bussiness 
management plan. The establishment program was developed through several actions, namely: 
developing an innovative lurik design, manipulating the non-machinery weaving tools, diversifying the lurik 
weaving patterns and techniques, growing the capacity of sekir sketcher, granting the capital support, 
managing the work agreement and contract, motivating the entrepreneurs and workers, and developing 
the promotional media. 

Keywords: non-machinery weaving, industry, lurik, textile, design  

 

 

1 INTRODUCTION 

Lurik textile is one of the oldest and classic weaving 
fabrics that still exist on many traditional weaving 
textiles industries in Java Island in Indonesia. 
Its solid texture and specific design with paralel 
hard-lines have been the preference clothing for 
most average people from villages in Central Java. 
Its traditional function is weakening due to 
the modernisation in the industrial production 
of textiles. This partly comes from the way the lurik 
are produced that only relied on the non-machinary 
weaving tool called Alat Tenun Bukan Mesin (from 
here on called ATBM). The competition of modern 
textiles indutries to provide a qualified textile with 
more advance design makes the lurik textiles more 
vulnerable. Although wearing the lurik textiles 
is considered less modesty, this material is still 
produced by small bussiness unit. The lurik (which 
literary means parallel lines) textile industry, 
however, is now considered as an important national 
asset that must be renewed to keep them alive 
as part of Indonesian traditional pride. This paper 
aims to share a model to empowerment of the small 
weaving industry and to preserve the lurik textiles 
to become a better design and production. 

According to the Law of the Republic of Indonesia, 
Number: 20 of 2008, micro business is a business 
unit which owns the net asset of fifty million 
Indonesian Rupiahs (hereafter the Indonesian rupiah 
is written as Rp) at the most excluding the land and 

building for the business site, or a business unit 
which annual sale result ranges estimated 
Rp300 million to Rp2.5 billion [1]. This kind of small 
industry is weaving craft production. Weaving 
is a fabric made through a simple way by weaving 
the warp yarns and Pakan yarns by crisscrossing 
them at 900 [2-4]. The ATBM weaving is a weaving 
craft whose production process is done manually 
by using the non-machinery weaving tools (ATBM).  

One of the weaving craft center resides in Klaten, 
Central Java. Their production house is mostly 
located in the villages, such as in Burikan, Tulas, 
Karangmlese, Juwiran, and Jobotan. The generic 
problems they encountered are varied but 
a multifaceted difficulty. Viewing from their business 
scale point of view, most of the ATBM weaving 
industries is considered in the micro-scale 
industries. Viewing from their motifs, nearly all 
of the weaving fabrics produced have tradition lurik 
motifs. Viewed from their product use, the lurik 
weaving fabrics produced are used as carrying 
the shawl with the dimension of 70x250 cm, 
serviette with the dimension of 60x60 cm, sarong 
with the dimension of 2x60x220 cm, as garment per 
piece with the dimension of 110x20 cm or 
70x300 cm, and other household accessories.  

Moreover, the problem is caused by human 
resources and skills. The weaving businessmen 
or entrepreneurs generally only hold a low education 
background, that is, primary school, and are aged 
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more than 40 years old. They by and large inherit 
the business from their parents. Most of their 
employees (90%) are females. They are aged more 
than 40 years old and hold a primary school 
education only, and even some of them are illiterate. 
Despite their limitations and the low values 
of the products that they produce, they can still run 
their production activities up to the present time. 
This national asset really needs many empowerment 
programs to keep survive in this highly economic 
and business competition. 

On the other hand, the youths around the ATBM 
weaving craft centers of Klaten are generally less 
interested in managing such a business. The female 
youths tend to choose between working 
at the medium and large-scale industries in the city 
although the wages that they earn are lower 
than the wages if they work as weaving craftsmen. 
They think that working at the medium and large 
scale industries is more respectable than working 
at the ATBM weaving micro-scale business units 
at home. In addition, the male youths tend to choose 
work out of their villages, working in other cities 
or even recently in other countries.  

The conditions of social and cultural environment 
of the community around the weaving craft centers 
of Klaten are mutual, collaborative, and agrarian and 
traditional in natures. Based on the internal 
conditions of the micro-weaving business units, 
the social and cultural conditions of the local 
community, the environmental conditions, this 
research is aimed on formulating an empowerment 
model of the lurik ATBM weaving micro-scale 
business units through design development. 

The empowerment of micro-scale weaving business 
units or weaving craftsmen is defined as an effort to 
improve life quality, the prosperities 
of the businessmen and their employees such as 
the improvement their economy,social  prosperity, 
education, health, freedom, and security sustainably 
[5]. It is an educational activity to convey the truths 
that have been believed. The empowerment must 
grow as an independence or autonomy, but must not 
create dependence. The empowerment through 
design development means that the lurik ATBM 
weaving to design is planned, which includes 
the aspects of raw materials, processes, products, 
aesthetics, and functions. At the planning of product 
design such as weaving product, Prasetyawibowo 
[6] and Rizali [7] claim that it must consider 
functional, technical, ergonomic, economic, 
environmental, social, cultural, and artistic aspects. 

2 METHODOLOGY 

This research was conducted at the ATBM weaving 
micro-business unit called YS in the Burikan village, 
Cawas sub-district, Klaten Regency, Central Java, 
Indonesia. This business unit is regarded being able 
to reflect the conditions of such ATBM weaving 

micro-business units in Klaten regency, which have 
many weaknesses, but which can survive until now. 
The location of the business unit is in a remote 
village.  

This research used the qualitative study and action 
researched. The researcher was involved directly 
in the process of the ATBM weaving design 
development and production process. In addition, 
the researcher also was involved as a facilitator 
or an agent of change [8] who is responsible 
to influence the decision-making process done by 
benefit recipients (businessmen and employees) in 
adopting innovation. The researcher as a facilitator 
must have four qualifications, namely: 
communication ability, attitude, knowledge ability, 
and social and cultural characteristics [9, 10]. 

The subjects and samples of the research were 
determined by purposive and time sampling 
techniques. The data onto the research were 
obtained from 10 persons, namely: 
the entrepreneurs (whole family members), a sekir 
artisan, 2 yarns dying workers, and 4 weavers. 
Furthermore, the data were also obtained from 
the production process sites and activities [11]. 
The data were gathered through in-depth interview, 
[12], actively participatory observation [13] and focus 
discussion group [14].They were validated by using 
source triangulation, technique triangulation, peer 
debriefing, and review for key informants. The data 
were then analyzed by using the interactive model 
of analysis [15]. 

3 ANALYSIS 

3.1 Conditions of the ATBM weaving micro-
business unit prior to action 

Since the beginning of 2010, the ATBM weaving 
micro-business unit has occupied two buildings with 
the total area of 150m

2
. The first building is 

the residence for the family; it is also used for 
the production process (sekir process, yarn rolling 
process) and for storing the raw materials and 
products. The second building with dirt floor and 
woven bamboo wall is used for weaving 
process.This room accommodates 10 looms. 
The ATBM owned by the entrepreneurs includes 
1 yarn rolling process tool, 3 palettes, 3 plastic pails 
and one drum for boiling the yarns.  

The micro-business unit of “YS” is owned and 
managed by Siti Lestari who was born in 1974 
in the same village. She has only primary school 
education. Her husband is a Junior Secondary 
School teacher. The business unit has 13 
employees, 3 males and 10 females. The former 
is employed as yarn dyeing, product packaging, and 
product marketing workers. Of the latter, one works 
as a sekir artisan, 2 yarn rolling workers who are 
aged 70 years old and 7 weavers. Most of them only 
hold primary school education, even some are 
illiterate. Viewed from the innovation adoption levels 
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as claimed by Rogers [16], which include 5 levels, 
namely: innovators (risk takers), early adopters 
(hedgers), early majority (waiters), late majority 
(skeptics), and late adopters (slowpokes); most 
of the workers can be classified as late adopters 
(slowpokes) except the sekir artisan whose 
innovation adoption can be categorized into a higher 
one that is early adopters. 

The raw materials to make lurik woven fabrics are 
yarns, and dyeing substances. The materials used 
for warp yarns and pakan yarns are mercerized 
yarns with the size of 40/2 so that the woven fabrics 
produced are quite thick. The dyeing substance 
used is remazol substance.The lurik design motifs 
produced are the ATBM woven fabrics with 
traditional lurik motifs, dominantly using black, 
brown, red, green, and blue colors. The monthly 
production level of the micro-business unit of the YS 
is 12 warp beams and 1 beam consists 
approximately of 80 meters. The sale value 
of woven fabrics with the width of 105-110 cm 
is Rp24.000 per meter or is equal to US $2. 
Therefore, the average income of the entrepreneur 
is approximately Rp23.034.000 per month or 
Rp276.480.000 per year. Based on its average 
revenue per year, the business unit of the YS 
is classified as a micro-scale business unit [1]. 

The ATBM weaving micro-business industries are 
mostly situated in remote villages. Its surrounding 
environments are mostly rice fields and mountainous 
areas. The communications with cellular phones are 
obstructed due to the bad signals. The social-
cultural environment conditions of the local people 
where it operates are traditional agrarian society 
[17]. When the rice season comes, (rice planting, 
harvest season, post-harvest seasons), the weavers 
leave their jobs. In addition, they also leave their 
jobs when there are social mutual assistance 
activities, particularly wedding parties [18]. 
According to Mulder [19], the personality 
of Javanese is social in nature. One is good when 
the society regards so. For example, when the sekir 
artisan (Semi) is absent from work, she is 
substituting her husband to join mutual assistance 
activities to build a village office.  

3.2 A model for empowerment of the ATBM 
weaving micro-business unit 

Based on the data analysis, the result 
of the research shows that the model for 
empowerment of the ATBM weaving micro-business 
unit through the design development consists 
of the following phases:  

 the first phase is conducting the need analysis; 

 the second phase is arranging the program plan  

 the third phase is implementing the program. 

 

 

3.3 The need analysis 

The need analysis phase by the entrepreneur is 
to identify the existing problems and real needs. 
The former are discovered through direct 
observation and focus group discussion (FGD) 
between the researcher, entrepreneur and 
the employees. There are four problems identified 
with the research, namely: the production process 
is less efficient, the motifs and patterns 
of the produced woven fabrics are still monotonous, 
the entrepreneur's working capital is inadequate and 
the entrepreneur is confident that the weaving 
business unit cannot support their family life. 
The less efficient production process is caused 
by the less efficient tools, types of yarn materials, 
number of yarn materials and production facilities. 
The produced woven fabrics have monotonous 
motifs and patterns because lurik fabrics have only 
combinations of vertical lines. The entrepreneur 
is less courageous of conducting experiments 
to create new motifs and patterns which go out 
of the traditions.  

The third problem is that the entrepreneur is less 
confident about her business growth and 
development. She is worried that her business 
will be unable to compete with other business units 
which produce weave fabrics with Machinery 
Weaving Tool (ATM). The fourth problem is related 
to the working capital. The entrepreneur does not 
have working capital. The capital required to 
purchase the raw materials and to pay for production 
cost of each beam of yarns (fabric with the size 
of 110x8.000 cm) is approximately Rp1.760.000 
(one million seven hundred and sixty thousand 
rupiahs). The real needs of the entrepreneur to run 
her business are as follows: Firstly, the entrepreneur 
needs knowledge of ATBM weaving processes such 
as variety of developments of ATBM weaving motifs, 
selection of weaving yarn types, selection of dyes 
and their applications in dyeing process, sekir 
process (yarn rolling process) and weaving process. 
Secondly, the entrepreneur needs working capital. 
Third, the entrepreneur and the employees needs 
work motivation. 

3.4 The arrangement of problem-solving plan 

The first three before mentioned problems, namely: 
the less efficient production process, the still 
monotonous motifs and patterns of produced woven 
fabrics and the lack of confidence 
of the entrepreneurs that the weaving business unit 
can support their family life, are solved by 
conducting a comparative study with other 
successful ATBM weaving industry units in other 
place in Troso village, Jepara regency.  

The objective of the research is to learn the weaving 
design development comprehensively, which 
includes production planning, fabric motif planning, 
yarn dyeing process, weaving process, weaving 
tools, products of weaving motifs and patterns, wage 
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and marketing system. Based on the results 
of the comparative study the weaving tool 
manipulation and design development training are 
planned, to be the production process more efficient. 
In addition, the problem of the less confidence 
of the entrepreneur and employees is solved 
by giving motivation through FGD. The limitation 
of working capital is planned to be solved by 
conducting working capital assistance. This can be 
done through order and consignment system, 
revenue sharing system and concessional interest 
loan system. These three systems are applied 
according to the need and development 
of the financial capability of the business unit. 

3.5 The implementation of problem-solving 
action of the business unit 

The problem-solving phase of the business unit 
at the action level includes the following actions:  

1) developing the lurik motif designs in accordance 
with the demand of the consumers by using 
pakan yarns whose size is larger than that of lusi 
yarns;  

2) manipulating the weaving tools;  

3) diversifying the motifs and weaving techniques 
by establishing cooperation with partners;  

4) growing a creative process of the sekir artisan; 

5) providing working capital aids;  

6) developing a promotional media;  

7) managing the work contract system between 
the entrepreneur and the weavers,  

8) improving the motivation of the entrepreneur and 
employees. 

3.5.1 Activity 1 

The improvement on the motivation 
of the entrepreneur and employees is done through 
the comparative study and FGD. The site for 
the comparative study was the advanced ATBM 
weaving business unit, that is, Lestari business unit 
in Troso village, Jepara Regency. The participants 
of the comparative study were the entrepreneur, her 
husband as the weaving tool technician, the sekir 
artisan, one of the marketing staffs and the facilitator 
or the researcher. The comparative study was done 
for two days at the aforementioned ATBM weaving 
business unit. The results of the comparative study 
are as follows:  

1) The participants understand variety of weaving 
yarns and their application. The size 
of pakan yarns is larger than that of the lusi 
yarns. This difference aims at accelerating 
the weaving process and reducing the production 
cost.  

2) The dye mixture is added with kitchen salt, as to 
cut the production cost, but the result 
of the dyeing easily fades.  

3) The participants, particularly the entrepreneur, 
are surprised the fact that the weavers 
at the business unit in Troso are dominantly 
young males. It is very different from the one 
in the business unit of the entrepreneur which is 
entirely done by females.  

4) The motifs of the produced woven fabrics by 
the weaving business unit in Troso village are 
varied. One of the motifs, which draw the interest 
of the participants of the comparative study, was 
the technology to produce the presence of tuwis 
motifs among the lurik motifs. The impact on 
the comparative study is that the participants are 
very much motivated to develop them. 

3.5.2 Activity 2 

The lurik motif design development is adjusted 
to the taste consumers by using the pakan yarns, 
which are thicker than lusi yarns. The process 
of design development is actually the empowerment 
of human resources, the entrepreneurs and 
employees. According to Maxell [20], 
the empowerment of human resources has three 
aspects, namely: providing good information, 
improving skills into a better state, and delegating 
authority to the employees non-managerially. 
In addition, the empowerment must satisfy 
the employees. The development of the creative 
process in the ATBM weaving designs can be done 
through four Ps, namely: person, process, product 
and press [21]. In the development of the ATBM 
weaving designs the personal uniqueness 
of theindividuals (the entrepreneur and 
the employees) needs to be appreciated. 
The entrepreneur and the sekir artisan need to have 
discussions to determine the weaving design 
concepts to be developed and the production cost 
for each beam of yarn. Based on the discussed 
concepts, which are predicted to fulfill the taste 
of markets [22] and which comply with the culture 
of the community [6, 23], the researcher, 
as facilitator, designes lurik weaving motifs on A4 
paper. 

The development of the ATBM weaving motifs was 
done by the aid of computer media. It was to 
accelerate the design process so as to improve 
the business [24]. The entrepreneur and the sekir 
artisan were encouraged to be creative and were 
given independence [25] to choose one or two lurik 
design motifs from the motifs offered by 
the facilitators and which were supposed to be able 
to realized by the sekir artisan and to be accepted 
by the markets. 

Based on the comparative study to accelerate 
the weaving process, the size of the pakan yarns is 
larger than that of the lusi yarns. Therefore, 
in the yarn dyeing process the comparison between 
the number of the lusi yarns and that 
of the pakan yarns in each beam of yarns to be dyed 
according to the proportion of colors in motif 
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designs. The yarns were after dyeing rolled on 
spools. Then the sekir artisan composed them on 
the sekir tools according to the selected motif 
designs. This sekir process was the main phase 
of the development of the ATBM lurik weaving motif 
designs. When the sekir process was accomplished 
the yarns were moved to the warp beams. Next, 
the beams were fitted to the weaving tools or looms 
(tutstel) and the lusi yarns were entered into yarn 
combs. Then the palette yarns were attached 
to the cocoon for weaving process. 

3.5.3 Activity 3 

The third activity was to grow the creative process 
of the sekir artisan and weavers. The development 
of the ATBM weaving product designs lied on 
the sekir process conducted by the sekir artisan. 
The sekir process is a technique to arrange the lusi 
yarns, what is the extended material, based on 
the color compositions. The larger number 
of the colors and the more complicated the color 
composition are in the weaving motif plan, the more 
complicated is the arrangement of the yarns or 
the sekir process. To grow and improve 
the creativity level of the sekir artisan, the training on 
composing colors was conducted. In addition, 
the sekir artisan was also trained to understand 
the correlation between the ATBM weaving motifs 
and the backgrounds of their consumers or users. 
The trainee was given psychological independence 
and security [25] (Rogers in Minandar, 2009) 
meaning that the sekir artisan was granted 
autonomy to develop the motifs according to their 
creativities and the results of the creativity should 
not be criticized, which could decline their efforts 
and motivation. 

3.5.4 Activity 4 

The fourth activity was the provision of working 
capital. In the development of the ATBM lurik 
weaving motif designs, each motif design or one 
beam of yarns required the capital of approximately 
Rp1.800.000 (one million and eight hundred 
thousand Indonesian rupiahs). Due to such a big 
amount of initial capital, the entrepreneur didn't dare 
to take risk. The owner was worried that the new 
motif's weaving products would not be sold 
as expected. It was understandable because they 
usually produced only the lurik motifs which were 
already acceptable to consumers or markets. 
To develop such different lurik motif designs 
the entrepreneur required working capital assistance 
with the revenue sharing system. In relation to 
the development of the new weaving motif designs 
in this system, all of the production costs 
(at approximate of Rp1.800.000 or around US 
$150.) was borne by the facilitator. When the new 
design products were not sold out, the entrepreneur 
would not bear any loss. Conversely, when the new 
weaving motif products were sold out, the profits 
were shared by the entrepreneur and the facilitator. 

Each earned 50%. Furthermore, the initial capital 
and profits were used to produce the next new lurik 
weaving motif products or the one ordered by 
consumers. This model of working capital assistance 
was done for one year based on the need 
of the entrepreneur. 

After the entrepreneur felt that the new weaving 
motif designs were accepted by the consumers, 
the entrepreneur decided to use her own capital 
in order to earn larger profits. Based on such 
conditions, the entrepreneur decided to have 
working capital with “soft loan” model. In this model, 
the entrepreneur was given loan with the fixed 
interest of 1% per month. The principal loan and its 
interest of 1% per month was paid in monthly 
installments for ten months. The first installment was 
given the grace period of 2 months. It was enough to 
give entrepreneur opportunity the conduct 
the production process and marketing. This soft 
loan used a collateral system.  

The application of the interest and collateral system 
was merely to educate the entrepreneur to have 
sense of responsibility, meaning that 
the entrepreneur was empowered and confident to 
stand independently and able to deal her capital 
limitations as well as able to fulfill the consumers’ 
demand on the weaving motifs. 

3.5.5 Activity 5 

Manipulating the looms. The small looms sized 
80 cm was able to produce only waeves fabrics with 
wide of 70 cm. The package of one piece of woven 
fabric required for clothing was 70 cm in width and 
300 cm in length, or 110 cm in width and 200 cm 
in length. Both sizes had the same selling value that 
is Rp50.000 (fifty thousand rupiahs). However, two 
sizes required different length of time to produce 
of each. The first required longer time 
than the second. Thus the looms used to produce 
fabrics, projected for clothing, were less efficient. 
They were effective and suitable to produce fabrics 
for shawls, serviettes, and others that use such 
a dimension of fabrics. Viewed from economic 
aspects the aforesaid products had a very low 
economic value. Their weaving motifs were 
monotonous, and their consumers were relative. 
The consumers were traditional herbalists (Jamu) 
or villagers with low economic class. Therefore, 
some of the small looms were modified to be 
the larger ones with the size of 120 cm, producing 
fabrics up to the wide of 110 cm. This modification 
aimed at creating efficiency in the weaving process 
which in turn improved the income of the weavers. 
Furthermore, the modified loom can still produce 
the fabrics with the width of 70 cm in addition 
to those with the width of 110 cm. Thus, 
the manipulation of the looms is closely related to 
innovation, ability of workers, needs of consumers 
and capital [26]. 
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3.5.6 Activity 6 

Diversification of weaving motifs and techniques was 
done through cooperation with partners. The luring 
weaving motif designs, developed by 
the entrepreneurs, were tumpal motifs in which one 
of the fabric edges has a different motif. In addition, 
the entrepreneur also developed “drizzle” motifs, 
“hordes of ants out of their nest” motifs and other 
motifs. The entrepreneur with her artistic 
experiences could determine her creative process 
and during the creation she was controlled by her 
aesthetic experiences [27]. The efforts of developing 
the lurik weaving motifs were developed not only to 
the lurik weaving motifs but also to those integrated 
with other motifs through other techniques. 

The development of designs conducted by 
the entrepreneur included the following:  

1. The lurik weaving motifs were integrated with 
the batik motifs. It was done through stamping 
technique. The integration of the two different 
motifs was done collaboratively with partners - 
the batik entrepreneurs in other regency, namely 
the Sragen Regency which is located about 60 km 
from the weaving site. It was mediated by 
the facilitator.  

2. The lurik weaving motifs and design were 
integrated with the flower motifs. This integration 
was done through painting technique.  

3. The lurik weaving motifs with the flower design 
were integrated into embroidery technique. 

The new motifs and array design of the lurik are 
developed in various colours and lines composition. 
As seen in the Figure 1, the original lurik motif was 
mostly with solid parallel lines on purple, blue 
or black. 

 

 

Figure 1 The original lurik motif with solid parallel lines on 
purple, blue or black. 

After several trials and actions the ATBM lurik 
weaving industry provided a more dynamic patterns 
and varied designs. Here are some examples 
of the innovation in the design and motifs (Figs. 5-7). 

 

Figure 2 Lurik pattern with varied composition and colors  

 

 

Figure 3 Lurik pattern with additional decoration of tumpal 
in one end 

 

 

Figure 4 Lurik pattern with randomly mixture woven to 
create a rainy accent 
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Figure 5 Lurik pattern with cross and match configuration 
to produce rectangle motif 

 a 

 b 

 c 

Figure 6 Lurik materials with combination the batik and 
stamped technique  

 

Figure 7 Lurik material designed as traditional clothing 
with drawing flowers applied 

3.5.7 Activity 7 

The seventh activity was the development 
of promotional media. Due to the limited access 
of the weaving enterprise – the location 
of the enterprise is difficult achievable by 
consumers, promotional media are very necessaary. 
The development included the business cards 
of the entrepreneur and enterprise, product 
catalogues and product packaging. The three 
promotional media was designed with the same 
concept that accentuating the lurik motifs dominated 
with red colors. 

3.5.8 Activity 8 

The eighth activity was the application of work 
contract. In the second year, following the expanding 
market regions and the increasing product demands, 
the entrepreneur had to recruit more weavers. 
To motivate the prospective weavers to have self-
confidence that the weaving job could operate well 
and could increase their income sustainably, they 
were asked to have discussions on the finding 
of their real needs and problems that they 
encountered. There were two aspects that 
the prospective weavers had to understand, namely:  

1) the product's inefficiency due to the small looms 
they used and ways to deal it;  

2) two contract systems as to improving their 
incomes, that is, contract work and "plasma" 
business contract. 

In the first work contract system, the prospective 
weavers played role as contract labor workers 
whose income was determined by the length 
of the woven fabrics that they produced. For each 
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meter of the ATBM woven fabrics that they 
produced, they were paid Rp3.000 (three thousand 
rupiahs). When a prospective weaver produced 
eight meters of woven fabrics in a day, she earned 
Rp24.000 (twenty four thousand rupiahs). 
The weavers did not bear any risks in this contract 
system. They were not responsible for the sale 
of the products and they still received their wages 
whether or not the fabrics that they produced were 
sold out. The current incomes were better 
than the former one when they only produced 
serviettes (60x60 cm) or carrying shawls 
(60x250 cm) with the small looms on which they 
earned only less than one dollar a day (Rp 8.000 – 
Rp10.000 per day.). 

In the second arrangement, the prospective weavers 
played role as “new entrepreneur or plasma”, 
meaning that the weavers had looms with the size 
of 110 cm (manipulated looms) but they did not have 
initial capital. The capital (yarns) was provided 
by the plasma core, that is, the entrepreneurs or 
the micro business unit of YS. The initial capital 
included 1 boom of lusi yarns whose motifs have 
been processed (sekir) on the base oo the color 
compositions by the entrepreneurs and several 
palettes of pakan yarns. The required yarns were 
3 hanks of yarns with the amount of Rp1.520.000 
(one million five hundred and twenty thousand 
rupiahs). When the yarns were woven into a fabric, 
the fabric was then sent to the entrepreneurs or 
the micro business unit of the YS to be marketed. 
When the fabric was sold out, the revenue was used 
to pay for the initial capital (Rp1.520.000) and 
Rp160.000 (Rp2.000 x 80 meters of fabric) for 
the entrepreneurs. The rest was given to the weaver 
as “her profit”. One beam of yarns requires 3 hanks 
of yarns. After processing, it was produced the fabric 
approximately 80 m in length with the width 
of 110 cm. The price for each meter of the fabric 
was Rp25.000 and the price of 1 fabric's beam was 
Rp2.000.000. Thus, the plasma weaver worked 
approximately 8 hours a day for 10 days, he got 
the income of Rp320.000 or Rp32.000 per day. 
It was found that the benefit, that the weaver 
obtained with this system, was bigger compared to 

the one obtained with the contract work system. 
The weaknesses of this system were that 
the plasma weavers received their benefits only 
when the fabrics, that they produced, were sold out 
and the profit the entrepreneur obtained depended 
on the price of fabrics in the market during 
the buying and selling transaction. 

The profit of the entrepreneur (core plasma) would 
be bigger if she was autonomous, meaning that 
the yarn processing and weaving process were done 
independently. In this way, she could earn the profit 
of Rp240.000 (18%) for each warp beam. However, 
she would have to bear risks if she got a larger 
volume of order and she could not fulfill the demand. 
In this way she had to be helped by the weavers. 
If the entrepreneur positions herself as 
the plasma core, she only did yarn processing. 
Meanwhile, the weaving process was conducted by 
plasma weavers. In this way, she would only receive 
the profit of Rp160.000 for each warp beam and 
the profit of weavers would be more or less 
Rp320.000 (16%) for each warp beam. 

In the following Table 1 are presented the initial 
capital for yarn processing, the benefit of the plasma 
core (entrepreneur) and the plasma weavers. 

3.6 Condition of the ATBM weaving micro-
business unit following the treatment 

Following the empowerment through study and 
treatment for two years, there have been several 
changes in the ATBM weaving micro-business unit. 
The changes are as follows:  

1) The annual income of the business unit 
increased from Rp276 million to Rp750 million, 
meaning that the status of the business unit 
improved from micro business unit to small-scale 
business unit. In addition, the wages that 
the workers earn also improved significantly. 
For example, the wages of the weavers 
increased from Rp10.000 to Rp24.000 per day.  

2) The entrepreneur was able to identify her own 
problems and real needs and possessed 
bargaining power against yarn suppliers and to 
determine the price.  

 

Table 1 The processing cost for 1 beam of yarns 

No Types of material Entrepreneur [Rp] Plasma Weaver [Rp] 

1 Price of 3 press of yarns@Rp300.000 900.000 900.000 
2 Price of dyeing substances 400g @90.000 360.000 360.000 
3 Dyeing cost of 3 press of yarns @Rp30.000 90.000 90.000 
4 Yarn spooling cost of 15kg@Rp4.000 60.000 60.000 
5 Palette cost of 15kg @4.000 60.000 60.000 
6 yarn rolling process cost of 15 kg 50.000 50.000 
7 Weaving cost: 80 m x Rp3.000 240.000 0 
8 Total yarn processing cost (1-6) - 1.520.000 
9 Total production cost (1-7) 1.760.000 - 
10 Revenue of product sale (80 m x Rp25.000 2.000.000 2.000.000 
11 Profit of core entrepreneur: 80 m x Rp2.000 160.000 160.000 
12 Profit of autonomous entrepreneur (10 subtracted by 9) 240.000 - 
13 Profit of new entrepreneur (10 subtracted by 8 and 11) - 320.000 
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3) The entrepreneur was able to calculate 
the production cost and time for production each 
beam of the lurik fabric so that she was more 
daring to speculate to receive order. 

4) The entrepreneur was more courageous to 
develop designs of the weaving motifs and to 
conduct motif and technique diversification.  

5) The number of fabric products produced 
increased from 12 beams to 40 beams. 
Furthermore, the number of motif designs and 
quality also improved significantly.  

6) The number of workers increased from 13 to 40, 
particularly those working as weavers. Moreover, 
the workers were more skillful in their own fields, 
and the sekir artisan even dared and was able 
to do innovations in the new lurik motif designs 
by utilizing the remaining yarns. 

7) The cooperation network with partners also 
increased. The network has been established 
with batik industries, convection business units, 
bigger yarn suppliers, dyeing substance 
suppliers, marketing divisions and governmental 
institutions. 

4 CONCLUSION 

Based on theaforementioned discussion, 
a conclusion can be drawn that the empowerment 
of the non-machinery tools of ATBM lurik weaving 
micro-business unit need to be taken seriously. 
This research for two years achieved enhancement 
in many parts, that is, the improvement of annual 
sales from Rp276 million to Rp750 million, 
the improvement of wages of workers (weavers) 
from Rp10.000 to Rp24.000 per day, the courage 
of the entrepreneur to take decisions in developing 
the weaving motif designs, the increase 
of the number of workers, the improvement 
of production, and the improvement of business 
network. 

The relevant model of empowerment of the lurik 
ATBM weaving micro-business unit includes 
the following:  

1. conducting need analysis; the entrepreneur is 
motivated to identify her own problems and real 
needs  

2. planning programs to deal with the problems and 
needs;  

3. executing actions based on the stipulated plan 
through the following:  

 improving the work motivation 
of the entrepreneur and workers;  

 developing the lurik motif designs that meet 
the taste and demand of consumers by using 
the pakan yarns whose size is bigger 
than that of the lusi yarns;  

 growing the creativity process of sekir artisan;  

 providing working capital with the models 
of “revenue-sharing” or “soft loan” 
in compliance with the entrepreneur’s needs;  

 manipulating the small looms to be bigger 
ones according to the needs;  

 integrating between the lurik weaving motifs, 
design and techniques and the other motifs 
and techniques through cooperation with 
other different business units;  

 developing the promotional media;  

 applying the work contracts between 
the entrepreneur and the weavers through 
a contract work system called a plasma 
system based on the weavers’ needs.  
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Abstract: This study deals with the effect of different male somatotypes and different pattern making 
methods on the men´s trousers pattern design. First, the research is focused on the analysis of the 200 
Czech men anthropometric data in order to define Czech somatotypes. The definition of the Czech 
somatotypes is according to the rules of the standard “EN 13402–3: Measurements and Intervals”. 
Six men´s trousers pattern drafting methods including two Czech, German, English, Italian and Swedish 
were analysed. The result indicates that the trousers patterns are mostly drawn by using a constant 
numerical value for generating the design dimensions instead of using a regression equation for value 
calculation. These pattern making methods are totally inadequate for pattern drafting in order to fit a wide 
range of men’s bodies (male morphology). To solve this problem, this paper examines a proposal 
for a pattern making method for men´s trousers that uses the result of regression formula of Czech pattern 
making method called NVS to match the pattern design parameters. This method will increase 
the efficiency of construction parameters and thus to automate the pattern grading process of the trousers 
pattern in a wide range of sizing. 

Keywords: Czech male somatotype, male trousers pattern making method, size designation. 

 

 

1 INTRODUCTION  

Research activities in frame of the garment mass-
production are generally associated with the idea that 
the quality of fitting of the garment depends on 
a relatively high degree of our knowledge of the body 
dimensions of the target wearers [1]. 

This case reveals the need for study the population 
body silhouette and body proportions as well as 
selects the size changes possible to implement in 
clothing construction modifications.  

This also reveals that the problem of improper fitting 
may be due to not only the body sizes but also 
the inappropriate pattern drafting methods [2]. 

For this reason, it is meaningful to deal with an effect 
of the anatomical changes in the human body on 
the clothing pattern design and to study the body 
proportions as well as to analyse their properties by 
means of statistical methods [3].  

Using results from the regression analysis 
of anthropometric data of target population in 
the clothing design methodologies seems to be very 
effective. Resulting regression equations can be 
simply used for determination of clothing pattern 
design parameters using value of corresponding part 
of body measurement. Thus a dependent value 
of one clothing pattern dimension is calculated as 
a percentage of an independent value of a body 
measurement or of other pattern dimension. 

In order to size mass-produced clothes, the body 
size of the intended wearer has to be defined and 
identified with the nearest size on a table of standard 
sizes. The tables of measures as described in 
the document EN 13402 “Size designation 
of clothes" [4] constitute the grouping of body sizes 
appropriate to the European population. 
The somatotype is defined by the appropriate 
primary and, where necessary, secondary 
dimensions. The nearest whole number in the tables 
for that dimension is used for purposes of size 
designation. As the results of the sizing surveys 
of the different countries vary, the tables in this 
document provide the required flexibility. 

In order to accommodate variations in body 
measurements by country/company, a system with 
defined intervals is standardized, which means that 
a country/company may select any number from 
the tables with a range that may be extended to 
the left and right of Tables [4]. 

The aim of this research is: 

 to obtain the accurate definition of the Czech 
male somatotypes; 

 to define the body sizes of the Czech somatotype 
by the appropriate primary and secondary 
dimensions;  

 to set accurate tables of  the grouping of body 
sizes according to the rules of the standard 
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“EN 13402–3: Measurements and Intervals” 
appropriate to the target Czech wearers; 

 to find out the appropriate pattern design method 
of an effective construction algorithm suitable for 
mass-produced men´s trousers for the Czech 
male customers. 

2 EXPERIMENTAL METHOD AND 
OBJECTIVES 

2.1 Subjects and observed anthropometrical 
data 

The basis for this study is the anthropometric 
data of 200 Czech men aged 18-60, which were 
measured in the survey conducted by TUL 
Department of Clothing in 2006. The measured 
population was divided into three age categories and 
percentage of the measured subjects was 
determined according to the Czech population 
structure in that period: 51 subjects aged 18-29; 77 
subjects aged 30-44; 72 subjects aged 45-60 [5]. 

The observed data set was reduced. It contains 130 
male subjects. It is determined according to criteria 
of the most sold sizes of the BUSHMAN brand 
trousers for the Czech male customers: 48, 50, 52 
and 54. These somatotypes are defined by 
the standardized primary body dimension of the waist 
girth (Waist) and by secondary dimension 
of the Height [6]. 

2.2 Analysis of the men´s trousers pattern 
drafting methods 

In this study six Men´s trousers pattern making 
methods are evaluated. Two Czech methods: NVS 
[7] and UNIKON plus [8], Italian method: Fernando 
Burgo [9], German method: M.Müller & Sohn [10], 
English method: Winifred Aldrich [11], Swedish 
method: Inger Öberg [12].  

3 RESULTS AND DISCUSION  

3.1 Analysis of the Czech male body 
measurement data 

The European standard EN 13402-2 defines for 
trousers one primary dimension (PD). This is 
the Waist according to which the product must be 
labelled. For some types of trousers, a single 
measure may not be sufficient to select the right 
product. In these cases, one or two secondary 
dimensions (SD) can be added to the label. In case 
of trousers, it is Height or Inside Leg Length [4]. 

With the goal to study the relationship between those 
characteristic body dimensions the considerable 
research of the Czech male body measurement 
data was carried out [5]. 

Figure 1 represents the mean value of Height and 
Waist in each age category 18-29; 30-44; 45-60 and 
18-60 (entire range), respectively. We can see 
the increasing trend of the girth dimension Waist 

(PD), in connection of increasing age, unlike 
of decreasing trend in case of Height (SD). 

 

 

Figure 1 Comparison of body dimensions: height and waist  

These results are beneficial to study the proportional 
relationships between the width and length 
of the trousers. They reveal the need to study body 
proportions of a target customers inside each age 
category as well as. Then body size changes can be 
to implement into a trousers construction. 

3.2 Statistical analysis of the Czech 
anthropometrical data 

These findings are an interesting output of statistical 
analysis of Czech male anthropometrical data: 
The large differences between the waist girth 
(measurement was taken in the lowered waist level 
by 4 cm from origin waist) and the hip girth. 
The difference amounted to more than 10 cm in 41% 
of the observed subjects. However, the results 
of examining the differences in the given dimensions 
suggest that even in the male population there is 
a more marked difference between the dimensions 
mentioned, as is in the case of the female body 
shape [6]. Due to the fact that the design parameter 
of the hip girth (Hip) determines the resulting shape 
of the trousers, it is important to test these body 
disproportions.  

The Hip is not a typical male standardized 
dimension, and also is not listed in the label states 
of characteristic dimensions within the EN 13402-2 
[4]. There is one more idea, to add the Hip in the size 
marking pictogram as the important secondary 
dimension and thus to perfectly inform the customer 
about a dimension in hip area. 

3.3 Evaluation of the men´s trousers pattern 
drafting methods  

The analysis of the Men's trousers pattern drafting 
method was focused to find out a suitable pattern 
making methodology for mass-production for target 
national customers. It is supposed that the design 
line segments are mostly expressed using 
a regression equation of the type (1).  
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iABiABiDABiD eADKDKABi  2)(21)(1
 (1) 

where: ABi  is a dependent variable - computed i-design 

dimension, KD1(ABi),  KD2(ABi) egression coefficients, D1, D2 is 
an independent variable –body measurements, AAbi 
absolute value, ei ease allowances 

That is a good way how to use a relationship 
between a dependent variable (a main body 
dimension) and one or more independent variables 
(subordinate pattern design parameters). This 
method allows an application of anthropometric 
changes of body proportion of any population to 
the shape of a trousers construction within the whole 
sizing range. Unlike the way of design line segments 
are expressed by setting a numerical value for all 
sizes, regardless of different shape of a body. 

For experimental evaluation there are the same 
selected design line segments and pattern drafting 
formulas in the set of those observed men´s trousers 
pattern making methods: 13 segments for front 
trousers block and 11 segments for back trousers 
block. 

Quantitative analysis of these observed methods 
shows: The largest number of the design line 
segments is expressed using regression 
formula within the Czech method NVS. More details 
we can see on Figure 2. 

 

 

Figure 2 The number of the design line segments which 
are expressed using regression equation  

3.4 Evaluation of the trousers design block 
procedure 

There is an analogy between the above mentioned 
trousers patternmaking methodologies. Similarities 
are evident as in the design of construction net as 
well as in tracing lines of the shapes of the cutting 
edges. 

In the Figure 3 there is the trousers block. The part 
of trousers block that covers the pelvic part of a body 
is described. The distances between the individual 

design points that correspond with the anatomical 
surface points delimit the design line segments.  

 

 

Figure 3 The male trousers block 

On Trousers Front there are: C4 – H4 (Hip Height); 
H4 – H7 (Hip Width); H7 – H8 (Part of Hip Width); C7 
– C8 (Part of Crotch Width); W4 – W7 (Waist Width). 

On Trousers Back there are: H4´ – H11 ((Hip Width); 
H1 – H8´ (Part of Hip Width); C8 – C8´ (Part 
of Crotch Width); W1 – W4´ (Waist Width). 

The resulting cut shape for this area is affected by 
the mutual proportions between the waist and the hip 
circumferences and what way is used to implement 
proportions into the design process. 

The comparison of the values of the selected design 
line segments of Male Trousers Block are listed in 
Table1. 

To determinate these values the male subject is 
selected for the body measurements: Waist = 88 cm 
and Hip = 104 cm. He is a represent ant of the most 
numerous group of observed subjects in middle age 
category in the Czech male body measurement data: 
Age 30-44.  

Although the input design parameters of the basic 
trousers block are of the same body measurements 
of same male subject, the values of the line 
segments are different, as we can see in Table 1. 
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Table 1 The values of the selected design line segments of male trousers  

Line 
Dimensions [cm] within pattern drafting methods 

Müller & Sohn NVS UNIKON plus Fernando Burgo Winifred Aldrich Inger Öberg 

Design line segments of trousers front 
C4 – H4 8.2 7.2 - - 6.5 7.5 
H4 – H7 26 25 23.7 27 28 27.3 
H7 – H8 6.2 - 6.9 - - - 
C7 – C8 - 5.1 - 5.2 7 4.7 
W4 – W7 22 22.5 21 21 24.5 26.5 

Design line segments of trousers back 
H4 – H11 29.5 28 26.8 28 29 27.5 
H1 – H8´ 13.9 - 13 - - - 
C8 – C8´ - 4.6 - - 3.8 - 
W1 – W4´ 24 25 24 24 26.5 24.5 

 

 

3.5 Fitting test of the tailored trousers 

The fit of trousers which was made according to 
the shape of the cut created using the experimental 
tested pattern making method NVS was checked. 
The master patterns of the male trousers were drawn 
using the algorithm, which include linear distances 
and curves from this method, using individual male 
body dimensions. The subject of the size 52 was 
selected. He is the customer in middle age and 
wearer of the BUSHMAN brand products. He 
represents one of the most numerous group of tested 
subjects and his body dimensions are: Height = 182 
cm, Waist = 94cm, Hip = 108 cm. Under the standard 
EN 13402 [5] this subject is the somatotype “J” which 
is defined with the help of Drop = waist girth − hip 
girth = - 14 cm.  

Consequently, the men trousers were tailored and 
test-fitted to five individual customers whose body 
dimensions correspond to the Czech somatotype 
of the size 52. All trousers were made of the same 
100% cotton woven fabric without any elastic textile 
material. The fitting test results confirmed that 
the patterns drafted using the NVS patternmaking 
method provide adequate fit. Figure 4a) and 4b) 
shows a fit testing procedure.  

 

 
a 

 
b 

Figure 4 a) Front view [6] and 4b) side view [6] 

3.6 The definition of the Czech male sizes 
according to the rules of the standard “EN 
13402–3: Measurements and intervals” 

The tables - scales with intervals in at least 
of the primary dimension for each garment type are 
listed in standard EN 13402–3 [4]. Size intervals 

define the differences between two adjoining body 
measurements (primary and secondary dimension). 

There must be a proportional relationship between 
these dimensions that corresponds to certain 
somatotypes. Where a somatotype i.e. body shape is 
characterised by a number of girth dimensions and 
height. The nearest whole number inside of interval 
in the tables for these dimensions is used for 
purposes of size designation. 

This research constitutes an attempt at the definition 
of somatotype appropriate to the Czech male 
population. It consists of the steps: 

 to study the sizing tables of measures as 
described in the EN 13 402-3 [4] constitute 
the grouping of body sizes appropriate to 
the European population. The intervals listed in 
the tables in case of Waist and Hip girth 
measurements for men – garments for lower 
body.  

 to define the range of intervals of the Waist 
measurements for Czech male customers.  

 

  

Figure 5 The range of intervals of the waist in EN13 402-3 
and the range of the intervals of the Czech male 
customers of the BUSHMAN brand products 

For this study, the somatotypes of the EU size 
of the range from size 44 to size 64 were selected. 
The male subject of EU size 52 was a reference - 
basic size of the open system with inbuilt flexibility 
of standard EN 13402-3. Interval ranges for smaller 
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sizes and larger sizes were evaluated. The interval 
of the 4 cm is applied to size range of somatotypes 
till the appropriate EU size 50 of the mean value 
of Waist = 90 cm (range 88 - 93 cm) including. 
The interval of the 5 cm starts from appropriate EU 
size 52 of the mean value of Waist = 95 cm (range 
93-98cm), see Figure 5. 

This was proven by tests of the fitting of already 
made trousers by cutting method NVS and in frame 
of these sizes hanging on the EU interval 
of the Waist, see Figure 5. The results showed 
the disproportion on the cut of the trousers in 
area which corresponding to upper hip part of body. 
This caused discomfort to wearers. Therefore, 
the size interval of the Waist has been changed. 

Based on results of a study of the body proportion 
of the Czech male population the interval of the 4 cm 
was applied to size range till the appropriate size 52 
of the mean value of Waist = 95 cm (range 93-98 
cm) including. 

The interval of the 6 cm starts from size 54 
of the mean value of Waist = 100 cm (range 98-103 
cm), see Figure 5. 

Recommended interval of the 5 cm due to 
the standard EN 13402-3 was not suitable for Czech 
somatotypes in size range 54-64.  

4 CONCLUSION 

Being successful in frame of garment mass-
production is generally associated with the goal to 
produce product in high quality. This means using 
both the high-quality of textile materials and attends 
to the needs of the comfortable fit of garment for 
the target wearers.  

To clearly label a clothing according to valid 
standards so that the size symbol of the given 
clothing should be corresponding with the body 
proportions of the target wearer. 

This study can provide solutions for garment 
production companies to precisely carry out 
the men´s trousers pattern construction for target 
Czech male population.  

We can describe these partial conclusions and 
recommendations: 

 to provide the systematic research 
of anthropometric data which allows to update 
information of the body proportions of target 
population as well as to define the body size 
changes possible to systematically implement into 
clothing pattern design procedure. For this 
purpose, to take body dimensions separately in 
each country due to significant ethnic differences 
in body silhouettes that prevents the transfer 
of European data to specific countries. 

 to use pattern construction algorithms 
of the design line segments to be at the most 
of them calculated using regression formulas. 
This method will increase the efficiency 
of construction parameters and thus to automate 
the pattern grading process of the trousers 
pattern in a wide range of sizing. 
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Abstract: The main purpose of this research is to find out possibility of improvement in thermal protective 
performance (TPP) of fire fighter protective clothing (FFPC) when subjected to radiant heat flux density 
of 10 kW/m

2
. Enlargement of TPP is related to the increase of time period when subjected to radiant heat 

flux density may provide surplus time for fire fighter to carry out duties without enduring harmful injuries. 
Each FFPC specimen constitutes outer shell, moisture barrier and thermal barrier. However, aerogel 
blanket was also utilized as substitute to thermal barrier because of its excellent thermal insulation 
property and inflammable nature. Preliminary testing was related to evaluating thermal resistance and 
thermal conductivity. Later experimentation involves exposure of multilayer FFPC specimen to radiant heat 
flux density of 10 kW/m

2
. It was witnessed that those combinations in which aerogel blanket was utilized 

deliver higher thermal resistance i.e.0.1748 m
2
K/W and improved TPP behavior in terms of transmitted 

heat flux density Qc (0.70 kW/m
2
) and percentage transmission factor (6.70%). 

Keywords: Fire retardant fabrics, aerogel blanket, thermal insulation, thermal protective performance. 

 

 

1 INTRODUCTION 

Protection of human body against exterior climate is 
the most pertinent aspect of clothing, which serves 
as heat exchange medium between human body 
and nearby climate [1]. Clothing is responsible for 
breeding a microclimate between human body skin 
and surrounding atmosphere to maintain thermal 
equilibrium of human body [2-5]. Exchange of heat 
in clothing implicate radiation from one textile 
substrate layer to other substrate layer, convection 
of air gap and conduction of air gap and textile 
substrate layer [6]. 

In case of absenteeism of stream of air, radiation is 
the solitary mode of heat exchange between 
the body and nearby climate [7]. Emission of thermal 
radiation takes place from all the bodies and 
expulsion of heat through thermal radiation takes 
place in the form of infrared rays. 

Fire fighter protective clothing (FFPC) is a multilayer 
fabric layer arrangement providing safeguard to 
firefighter from hazards of external radiant heat flux, 
spilling of chemical, flame and delivers thermal 
equilibrium of human body [8]. Fire fighter protective 
clothing encompasses outer layer, moisture barrier 
and thermal barrier [8]. The exterior shell comprises 
of those substrates which are engineered to have 
interaction with flame and heat without degenerating 
or burning i.e. they avoid ignition when have direct 
connection with flame and must have property 
of water repellence and water vapor permeability. 
Mostly fibers like meta aramids (Nomex), 

combination of meta aramid and par-amid (Nomex 
III A), polybenzimidazole (PBI), Zylon and some 
fibers with flame resistant finishes like Proban and 
Pyrovatex for improving TPP performance. 
The moisture barrier is located between exterior 
layer and thermal barrier. This layer is impermeable 
to water but permeable to water vapors. Its primary 
objective is to shield the body of fire fighters from 
blood pathogens and liquefied chemicals. Moisture 
barrier is hydrophilic membrane obtainable in 
the market as Goretex, Proline, Cross tech, Action, 
Neo Guard. The thermal barrier protects 
human body by blocking the environmental heat and 
utilizes flame retardant fibers and their blends. It 
can be laminated woven, nonwoven, quilted batting, 
lining fabric and knitted fabric and spun laced [8, 9]. 

 

 

Figure 1 Arrangement of multilayer protective clothing 
[8, 9] 

Time is the pivotal factor in terms of Thermal 
protective performance (TPP) of FFPC specimen. 
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Improvement in thermal protective property 
of firefighter protective clothing may increases 
the time period for firefighter to accomplish their 
activities without acquiring major injuries. 
As a consequence, firefighters can devote more time 
in hazardous environment saving precious lives and 
damages caused by fire without injuring themselves 
[10]. Evaluation of TPP might be conducted by 
several tests like thermal manikin (full scale 
methodology) and Heat guard plate and TPP tester 
(bench scale test) [11] or full scale test methodology 
like thermal manikin [12]. 

For last three decades, scientists are conducting lot 
of research for enhancement of TPP of FFPC. 
One approach is to employ silica based aerogel or 
aerogel blankets in FFPC assemblies. It is produced 
from gel by exchanging liquid phase with gaseous 
phase and has very low mass and porous structure 
[13]. There are several types of aerogels. Among 
various type of aerogels, silica based aerogels have 
very remarkable properties because of inflammable 
nature and lesser thermal conductivity than static air 
in same environmental conditions. Silica based 
aerogel is hydrophobic in nature with specific 
surface area around 1000 m

2
/g having porosity 

greater than 90%. The thermal conductivity () 
of silica based aerogel is approximately 
0.015 W/(m.K) [14]. All these attributes allow 
silica aerogels a promising contender for utilization 
in firefighter protective clothing (FFPC) as thermal 
barrier. The main objective of this research is to 
escalate TPP of FFPC specimen. Several multilayer 
FFPC combinations were made. Each combination 
consists of outer shell, moisture barrier and thermal 
barrier. These specimens were characterized by 
Alambeta, and then finally evaluated by X637 B 
machine (ISO 6942-2005 standard) for determining 
transmission of heat through multilayer protective 
clothing assemblies at 10 kW/m

2
 to figure out TPP 

of these multilayer clothing assemblies. 

2 MATERIALS AND METHODOLOGY 

All FFPC specimens were supplied by Kivanc group 
turkey and Vochoc company Czech republic. 
Pyrogel 2250 blanket was supplied by Aspen 
Aerogel Company. This layer was used as substitute 
layer to thermal barrier. Two different outer shells, 
one moisture barrier and one thermal liner were 
employed. Four different arrangements of FFPC 
assemblies were made. These combinations were 
made by superimposing outer shell, moisture barrier 
and thermal liner of the fabric without any stitching 
and lamination. 

3 EXPERIMENTAL WORK 

The evaluation of thermal resistance, thermal 
conductivity and thickness of monolayers and 
multilayers clothing arrangement was done with 
the help of Alambeta. It is a patent of prof. Lubos 
Hes and I. Dolezal which was manufactured by 
Sensora Company [15]. Radiant heat flux density 
transmission through FFPC arrangement was 
carried out by X637 B machine as per ISO 6942 
standard. 

3.1 Alambeta 

Alambeta is computer-controlled device utilized to 
determine thermal characteristics of textile 
substrates. It is non-destructive equipment [16] 
comprises upper hot plate affixed to thin heat power 
sensor which falls down and have contact with 
surface of FFPC substrate positioned on lower cold 
plate. The computer records flow of heat due to 
temperature gradient between upper heated plate 
and specimen on cold plate. Temperature of upper 
plate is kept at 32°C and lower plate is kept at 
ambient temperature i.e. around 20°C. All 
measurements in same fabrics are recorded and 
serve for automatic calculation of mean value and 
variation coefficient. 

 

Table 1 Specifications of multilayer clothing arrangement 

Layer 
Fabric 
Code 

Component Weave type 
Fabric 
weight 
[g/m2] 

Thickness 
[mm] 

Exterior shell 1 E1 70/28/2% Meta-aramid/Para-aramid/Antistatic Rip stop 200 0.74 
Exterior shell 2 E2 100% cotton Twill 280 0.88 
Moisture barrier MB PU membrane laminated to nonwoven Nonwoven 120 0.94 

Thermal barrier TB 40/30/30% Aramid/Viscose/FR icastar 
Needle punching 

nonwoven 
380 3.424 

Aerogel blanket P Silica based aerogel with reinforced polymers (OPAN) Nonwoven 380 2.85 

 

Table 2 Combinations of clothing assemblies 

Sr # Fabric arrangement in multilayer clothing assembly Fabric Code 
GSM 
[g/m2] 

Thickness 
[mm] 

1 Exterior shell(E1) + Moisture barrier (MB) + Thermal barrier (TB) Specimen 1 700 5.100 
2 Exterior shell (E2) + Moisture barrier (MB) + Thermal barrier(TB) Specimen 2 780 5.262 
3 Exterior shell (E1) + Moisture Barrier (MB) + Aerogel blanket (P) Specimen 3 700 4.538 
4 Exterior shell (E2) + Moisture Barrier (MB) + Aerogel blanket (P) Specimen 4 780 4.676 
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3.2 Relative water vapor permeability (RWVP) 
percentage 

PERMETEST was employed to determine relative 
water vapor permeability. It is patent of prof. Lubos 
Hes (non-destructive method) and was developed 
by Sensora company under steady state conditions 
as per ISO 11092 standard and this method is also 
non-destructive method [17]. The higher the value 
of relative water vapor permeability, the lesser will 
be the water vapor resistance and there will be 
better thermal comfort [18]. Five measurements 
were taken for each specimen. 

3.3 Radiant heat transmission machine 

The radiant heat testing equipment X637 B is 
employed to investigate radiant heat flux density 
through material or material assembly according to 
ISO 6942 standard [16]. The apparatus consists 
of six carbide rods serving as radiation heat source, 
a small curved copper plate calorimeter, a moveable 
test frame having cooling device and specimen 
holders. The size of the sample was 230×80 mm 
which is placed on the face side of calorimeter and 
subjected to a specific level of radiant heat and time 
for temperature acceleration of 12°C and 24°C in 
the calorimeter was determined and conclusions are 
mentioned in the form of radiant heat transmission 
index (RHTI 12 and RHTI 24) and the percentage 
heat transmission factor (% TF Qo) [19]. Before 
experimentation, all specimens were pre-conditioned 
for 24 hours at temperature of 20°C and have 
relative humidity of 65% [19]. Five specimens are 
required for testing at each level of heat flux density. 
At first the calibration of the instrument is done and 
incident heat flux density is evaluated from 
the following equation. 

�� =  
����

�. �
 (1) 

where: A = area of the copper plate [m
2
], a = 

the absorption coefficient of the painted surface 
of calorimeter,

 
M = mass of copper plate [kg], Cp = specific 

heat of copper 0.385 kJ/Kg°C), R = rate of rise 
of the calorimeter temperature in the linear region in °C/s. 

Afterwards, the specimen is mounted on face 
of calorimeter by applying mass of 200 g. The time 
t12 for accomplishing temperature rise of 12°C and 
time t24 for acquiring 24°C are recorded in 
calorimeter in seconds and expressed as RHTI 12 
and RHTI 24 [19]. The transmitted flux density, Qc 
[kW/m

2
] is evaluated by the following equation: 

�� =  
���12

�. (��� − ���)
 (2) 

where: 
��

 (�������)
 = mean rate of escalation 

of the calorimeter temperature [°C/s] in the region between 
12 and 24°C rise where t12 designates time to attain 
increase of 120±0.1°C rise in temperature` t24 means time 
to attain increment of 24±0.2°C 

Percentage age heat transmission factor, [% TF Qo] 
for incident heat flux density level is explained by 
equation 3: 

% �� �� = 100.
��

��

 (3) 

4 RESULTS AND DISCUSSION 

4.1 Evaluation of thermal resistance and 
thermal conductivity  

Thermal conductivity, thermal resistance and 
thickness were evaluated by Alambeta for 
monolayer and multilayer protective fabric 
assemblies and the outcomes are shown in Figure 2 
and Figure 3 respectively. 

 

 

Figure 1 Thermal resistance of single layer fabrics 
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Figure 2 Thermal characteristics of multilayer FFPC specimens 

 

 

Figure 3 Thermal absorptivity of multilayer FFPC specimens 

 

The relationship between thermal resistance and 
thermal conductivity is illustrated by following 
equation: 

��� =  
ℎ

�
 (4) 

where Rth is thermal resistance [m
2
K/W], h is thickness 

of specimen and  is thermal conductivity.  

This thermal resistance is inversely proportional to 
thermal conductivity. Thermal resistance directly 
proportional to thickness [m] and inversely 
proportional to thermal conductivity [W/(m.K)]. 
However, thermal resistance is not only reliant on 
thickness of specimen but also on physical and 
chemical characteristics of specimen. Furthermore, 
the porosity and density of the textile medium have 
pivotal part in thermal characteristics of textile 
substrate. Those textile substrates which have 
closed and small pores are able to enclose static air 

inside them have high value of thermal resistance as 
air has very less value of thermal conductivity [20-
22]. 

From Figures 2 and 3, it can be witnessed that 
a greater value of thermal resistance was witnessed 
in aerogel layer as compared to single layer and 
arrangement of FFPC specimen having aerogel 
layer as a substitute to thermal liner i.e. specimen 3 
and specimen 4. This might be due to reason that 
silica based aerogel which has very low thermal 
conductivity even lesser than still air due to 
nanometer pore size making silica based aerogels 
are extremely high insulating materials [14]. 
Gaseous structure might avert conductive heat 
exchange [22]. Furthermore, aerogel does not 
permit circulation of air [22]. Thus, specimen C and 
D utilizing aerogel layer delivers higher thermal 
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resistance and lower thermal conductivity as 
compared to specimen A and B. 

Thermal absorptivity is the property of textile 
substrate highlights warm/cool feeling of textile 
substrate at the moment of connection with 
human skin. Thermal absorptivity is explained by 
following equation [23]: 

� = �λ�� (5) 

where  is thermal conductivity, ρ is density and C is 
the specific heat of textile substrate.  

If thermal absorptivity is high, fabric will deliver 
cooler feeling. A perusal of Figure 4 revealed, that 
specimen 3 and specimen 4 having aerogel blanket 
as a substitute to thermal barrier delivers lesser 
thermal absorptivity values in comparison with 
specimen 1 and specimen 2. 

4.2 Determination of Relative water vapor 
permeability 

It was explained by Barker et al. [24] that the impact 
of moisture on thermal protective performance 
of Firefighter clothing (FFC) is contingent on 
conditions of exposure, properties of insulation and 
permeability of FFC and quantity of moisture in 
the turnout system. A perusal of Figure 5 
acknowledged that specimen 3 and specimen 4 
having aerogel blanket have low water vapor 
permeability. This might be due to fact that aerogel 

blanket has hydrophobic nature and presence 
of closed pores inside the configuration of aerogel 
blanket. On the other hand, some permeation 
of water vapor in specimen 3 and 4 which might be 
due to the high absorbing capabilities of aerogel, 
enabling the aerogel blanket enabling it to absorb 
moisture due to wetting and transport it to 
environment [25-30]. 

4.3 Transmission of radiant heat flux through 
multilayer protective clothing 

The temperature of surrounding environment was 
maintained between 15 to 35°C. The rise 
of temperature was evaluated at back of specimen’s 
by calorimeter which resulted in two threshold times 
i.e. RHTI 12 and RHTI 24, Qc and percentage heat 
transmission factor (% TF Qo). 

Table 3 Incident temperature on surface of specimen 
when exposed to incident heat flux density of 10 kW/m

2
 

Heat flux density 10 kW/m2 
Incident temperature on surface of specimen 205°C 
Distance of specimen from carbide rods 37.1 cm 

 

A careful examination of Table 4 discloses that 
transmitted heat flux density Qc and percentage 
transmission factor (% TF Qo) that least values 
of transmitted flux density Qc (kW/m

2
) were observed 

for the samples having aerogel blanket as thermal 
liner. 

 

 

Figure 5 Water vapor permeability of multilayer FFPC specimen 

 

Table 4 Time for rise of 12 and 24°C (RHTI 12, RHTI 24), transmitted flux density Qc and percentage transmission factor 
(% TF Qo) through FFPC combinations 

Sr # Name of material 
Distance 

[cm] 
RHTI 12 

[sec] 
RHTI 24 

[sec] 
Qo 

[kW/m2] 
Qc 

[kW/m2] 
% TF Qo 

1 P 37 54.6±2.828 102.6±2.969 10 1.4±0.005 13.6 
2 Specimen 1 37 58.2 ±0.424 101.0±0.015 10 1.6±0.010 15.5 
3 Specimen 2 37 74.1±0.707 128.7±0.997 10 1.3±0.050 12.1 
4 Specimen 3 37 84.6 ±0.777 163.4±0.897 10 0.9±0.030 8.3 
5 Specimen 4 37 97.4±0.898 195±0.672 10 0.7±0.150 6.7 
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An analogous pattern was observed in percentage 
TF Qo values for the specimen having aerogel sheet 
i.e. specimen 3 and specimen 4 respectively. This 
might be due to reason that aerogel blanket contains 
almost 96 percentage of air and air is a good 
insulator delaying the amount of heat that will be 
exchanged through the specimen [31-33]. 
Furthermore, these aerogel samples consist 
of oxidized polyacrylonitrile (OPAN) polymer which 
has very respectable thermal stability and 
can endure greater amount of incident radiant heat 
flux [33]. The lesser the value of transmitted heat 
flux density, the minor will be quantity of radiant heat 
transmitted through fabric assemblies giving more 
amount of time to wearer (firefighter) to conduct their 
duties efficiently and effectively before acquiring any 
burn injuries. Table 4 also depicts that greater 
difference between RHTI 12 and RHTI 24, lesser will 
be the value of transmitted flux density Qc [kW/m

2
] 

which indicates that specimen can withstand 
respected heat flux for longer time period allowing 
firefighters to perform their duties for longer duration 
before getting burn injuries. 

A careful examination of Figure 6 reveals that 
the curves of specimen 3 and specimen 4 are more 
flat than that of the curves of specimen B, specimen 
A and aerogel layer (P) respectively at 10 kW/m

2
. 

The flat curve indicates that rate of rise 
of temperature takes place at slower rate with 

respect to time. This might be due to reason that 
infrared radiation that performs a pertinent part in 
transference of heat may also be absorbed by 
aerogel [26-29] due to which aerogel blanket 
delivers improved thermal stability and insulation as 
compared to other specimens. The steep curve 
highlights, that rate of rise of temperature occurs at 
higher rate with respect to time, indicating swift 
exchange of radiant heat towards calorimeter. In 
consequence, the flatter curve will result in 
the slower transmission of heat exchange. Figure 6 
also reveals that as curve becomes steeper curve, it 
shows certain increment of thermal conductivity and 
sudden decline in thermal resistance with 
the increase of time period [sec] which might be due 
to deterioration in the structure of FFPC specimen. 
The less steep the curve, the slower will be rate 
of increase in temperature, which will give more time 
of exposure to specimen when subjected to radiant 
heat flux. The flatter curve also indicates less 
damage to the corresponding fabric layers 
of the specimen. This might be due to fact that 
Infrared radiation that plays a substantial role in 
transference of heat can also be absorbed by 
aerogel [26-29] due to which aerogel blanket offers 
better thermal stability and insulation as compared 
to other specimens.  

The images of specimen before and after exposure 
of 10 kW/m

2
 are shown in Figure 7.  

 

 

 

Figure 4 Heat transmission at 10 kW/m² 
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Specimen E1 before exposure 

 

Specimen E1 after  exposure to 10 kW/m2 

 

Specimen E2 before exposure 

 

Specimen E2 after exposure to 10 kW/m2 

Figure 7 Comparison of images of outer shell before and after exposure to10 kW/m
2
 

 

From Figure 7, it is evident that after exposure to 
10 kW/m

2
 the color of the fabric became more black 

which indicated certain damage or deterioration 
of outer shell after being exposed to radiant heat flux 
density of 10 kW/m

2
. 

5 CONCLUSION 

It might be deducted that safety of firefighters is 
contingent on the protective performance 
of firefighter protective clothing. If this protective 
performance can upsurge time of exposure of fire 
fighters against radiant heat flux, it may result in 
saving precious lives and useful stuff. When FFPC 
samples were subjected to radiant heat flux density 
of 10kW/m

2
, it was observed that that aerogel layer 

was employed as an alternate to thermal barrier 
yield higher thermal resistance and improved 
thermal protective performance as it delayed 
the amount of heat transmitted through specimen. 
The gaseous structure, high percentage of static air, 
non-flammable nature of silica based aerogel is 
responsible for its better thermal protective behavior 
which offers better thermal stability against radiant 
heat flux density. 
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Abstract: The article defines the parameters of forming and form resistance of textile materials taking into 
account the properties of anisotropy on the basis of constructing a model of thermomechanical 
deformation of textile material, experimental research on three-dimensional deformation. The model 
of two-dimensional thermomechanical deformation is presented. Correlation dependencies between 
parameters of thermomechanical deformation and structural characteristics of a material are determined. 

Keywords: uniformity, form formation, thermomechanical characteristics, structural parameters, two-
dimensional tests, three-dimensional deformation. 

 

 

1 INTRODUCTION 

The ability of textile materials to form is a very 
important property that determines the choice 
of an optimal method for obtaining the silhouette 
of garments and affects their quality. The required 
form for product parts is provided by means of wet-
heat treatment, which is a very important part 
of the technological process of making clothes. 
Formation of new materials in wet-heat treatment is 
not sufficiently studied, which makes it difficult to 
manufacture products from them. As the assortment 
of new materials is constantly updated, there is 
a problem of constant experimental research of their 
formation in the wet-heat treatment. In connection 
with this study of the formation of textile materials is 
an urgent task. 

The real form of a textile product has a pronounced 
three-dimensional character. At the same time, 
the process of wet-heat treatment involves changing 
the shape and size of textile materials having 
different thermomechanical properties in different 
directions. It should be noted that modern processes 
of wet-heat treatment of textile materials are 
insufficiently provided with scientifically grounded 
regimes. In studies conducted on the determination 
of the properties of textile materials, as a rule, their 
anisotropy is not taken into account. 

Problems of the formation of textile materials for light 
industry, in particular by means 
of thermomechanical transformations, are 
considered in a number of papers [1-2]. 
The application of theories of deforming textile 
materials under the action of heat and load was 
carried out in [3], in particular, the heat transfer 
theories for the design of processes was taken into 
account, although real regimes were not considered. 

Attempts for mathematical modeling of deformation 
processes of textile materials are periodically carried 
out, although their practical application is difficult to 
implement. For example, in [4], a method for solving 
this problem by employing finite element (FE) 
techniques in two scales was presented, using 
the results of analysis at the meso scale (the scale 
of the repeating unit) to provide an equivalent non-
linear spring behavior for each textile link at 
the macro-scale. It should be determined that finite-
element is a very powerful method but not always 
adapted to reality. In addition, it requires 
the definition of real mechanical and thermal 
characteristics. 

Attempts to simulate the thermomechanical 
characteristics for the purpose of designing 
deformation processes were also made in [5]. 
The main thermomechanical effects arising in textile 
materials are discussed in [6], the effects 
of the influence of force and temperature - in [7], 
especially the materials for the production of clothing 
- in [8]. 

Experimental studies that determine the properties 
of textile materials in two directions were carried out 
in works [9-10], although the model of double-sided 
deformation was not built. Multifunctional modeling 
of the processes of the thermoelastic behavior was 
carried out in [11], although the results are difficult to 
distribute to real textile materials. 

The purpose of this work is to determine 
the parameters of shaping and shape resistance 
of textile materials taking into account the properties 
of anisotropy on the basis of constructing a model 
of thermomechanical deformation of textile material, 
experimental studies on three-dimensional 
deformation. 

mailto:nikolryab@uipa.edu.ua
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2 EXPERIMENTAL PART 

As already mentioned, the real modes 
of deformation of materials are at least two-
dimensional in nature. It is also necessary to take 
into account the real properties of polymers, which 
also include textile materials. The most 
characteristic feature is anisotropy - different 
properties of materials in different directions. These 
properties must be taken into account when 
designing the technological processes of changing 
the shape. 

Unfortunately, data on two-dimensional deformation 
of materials is practically absent. We have 
developed the experimental device, then worked out 
technique and obtained the results in a two-
dimensional test of polymer materials (Figure 1). 
During realization of this experiment, the sample is 
loaded in two perpendicular directions. At the same 
time it was heated. Changes in size were fixed in 
two directions. 

The group of dependences of the longitudinal and 
transverse deformation of the material were 
constructed by changing the ratio of longitudinal and 
transverse forces. 

 

 

Figure 1 Definition of two-dimensional thermomechanical 
characteristics 

 

As a result of the obtained studies a complex 
of dependencies is suggested, which for a particular 
material can be written as a system: 
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where ε1, ε2 - relative deformations in two directions, 
σ1, σ2 - mechanical stresses in these directions, fij - 
thermomechanical characteristics of stiffness, found 
from the experiments. 

Let’s write down the voltage through 
the deformation. We'll get it. 
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In the case of known values of deformations from 
the system, we can obtain the values of stresses 
that determine the external loads on the material, as 
well as the necessary temperature distribution on 
the material surface to provide the given 
deformations (Figure 2). 
 

 

Figure 2 Thermomechanical deformation of textile 
material 

 

Thus it is possible to solve the problem of creating 
a convex form of the surface of a textile material by 
its stretching with simultaneous heating. In the 
future, we will call the shaping the value of the 
convexity. The convexity of the material that occurs 
when heated with the simultaneous loading of the 
textile material determines its shaping. 

The study of the formation of textile materials was 
carried out on an experimental device, which is 
depicted in Figure 3.  
 

 

Figure 3 The scheme of measurement of formation during 
heating; 1 - the platform, 2 - clamp of the fabric, 3 - sample 
of the investigated fabric, 4 - indicator of movement,         
5 - tripod of indicator, 6 - capacity with electric heater 
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The device is imagines, from from your point of view, 
as a platform with a round hole and a special clamp 
to hold the fabric. On a stretched fabric was a 
container with a convex surface, inside which was 
an electric heater. The temperature of the fabric was 
measured at regular intervals using the infrared 
thermometer MS6530. 

Ten samples of tissues have been selected and 
studied for research. These fabrics are 
characterized by surface density, a kind of weaving 
and fibrous composition. For the experiment, 
blended fabrics containing wool with polyester fibers 
were selected in different ratios. 

3 RESULTS AND DISSCUSSION 

Figures 4-6 show the results for fabrics with different 
content of polyester fibers. For the experiments, 

fabrics with a content of polyester fibers of 18, 22, 
34, 48, 56, 67, 74, 87 percent were chosen, 
designated respectively T9, T8, T7, T6, T5, T4, T3, 
T2, T1.  

Dependence of temperature T [⁰С] on the time 
t [s×10²] for the investigated fabrics is presented in 
Figure 4. The temperature range of the 
measurement were changed from 20 to 210°С. 

The graph shows that the heating rate 
of the samples was approximately the same, which 
indicates the same conditions for conducting 
experiments. The temperature of the fabrics for all 
samples initially rose intensively, then the rate 
of lifting slowed down and then practically did not 
change. 

The dependence of shaping F [%] of time t [s×10²] 
for the investigated tissues is presented in Figure 5. 

 

 
Figure 4 Dependence of temperature on time for investigated fabrics 

 

 
Figure 5 The dependence of shaping on time for investigated fabrics 
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Figure 6 Dependence of shaping on temperature for selected fabrics 

 

As it follows from the graph for all samples before 
300 second, the formulation increased very rapidly, 
and then slowed down. In the sample number 9, 
the formation became the fastest, and for 
the sample number 2, the slowest. 

Dependence of shaping F [%] on temperature T [°С] 
for the group of samples is presented in Figure 6. 

In all samples the formation began to increase 
strongly at a temperature of 55-95°C, the fastest 
formation took place at temperatures 170-
190°С.A sufficiently high correlation is observed for 
the correlation coefficients between shaping and 
linear filling (Figure 7).  
 

 

Figure 7 Correlation between shaping and linear filling 

Also, the correlation of the rather high level is 
observed between the formation and the coefficient 
of connectivity. The correlation coefficient reaches R 
= 0.71, the correlation is high. 

Thus, the magnitude of linear filling by weft 
unambiguously increases the possibility of shaping 
a textile material, with the magnitude 
of the maximum deformation approximately 
proportional to the magnitude of linear filling. 
The magnitude of the coupling coefficient 
unambiguously reduces the ability to shaping, while 
the reduction of the size of the formation is roughly 
proportional to the value of the coupling coefficient. 

 

Figure 8 Correlation between shaping and coupling 
coefficient 

After cooling the samples, measure the depth 
of formation. The measuring device is aligned so 
that the zero was at the level of the clamper fabric 
on the table of the installation. 

Form resistance will be called the final deformation 
that remains in the textile material after cooling. 

It was determined the influence of various factors on 
the form of resistance and correlation between them, 
in particular: 

- deformation of the sample after cooling and 
deformation of the sample after ironing; uniformity 
and surface density; shape resistance and tendency 
to crunching, shape resistance and tendency to 
trickle down the duct; uniformity and draping 
properties; discontinuous efforts to form and break 
away after forming; relative elongation to formation 
and relative elongation after formation. 

At the same time, the maximum influence on 
the value of the shape resistance gives the values 
of linear density and thickness of the threads 
(Figures 10 and 11). It was also determined 
the correlation between the discontinuous effort and 
the formation of the bursting forces after 
the formation, which is presented in Figure 9. 
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Figure 9 Correlation between discontinuous forces before 
forming and breaking strength after forming a weft  

A high correlation is observed between 
the discontinuous forces before forming and 
the bursting forces after the formation of a weft, 
because R = 0.88. One can conclude that the effect 
of forming on the bursting force on the thread of weft 
is greater than the base thread. 

 

 

Figure 10 Correlation between form stability and linear 
density  

There is the average correlation between 
the uniformity of form and the linear density, 
because R = 0.8. One can conclude that the greater 
the linear density on the basis, the better the shape 
resistance. 

 

 

Figure 11 Correlation between the shape resistance and 
the diameter of the threads  

There is the average correlation between 
the uniformity of the form and the diameter 
of the threads on based, because R = 0.78, which 
means that the larger the diameter of the threads on 
the basis, the better the shape resistance. 

4 CONCLUSION 

The conducted studies have proved the validity 
of two-dimensional thermomechanical 
characteristics of textile materials for the design 
of wet heat treatment processes. 

The main indicators of the process of wet heat 
treatment of textile materials, shaping and shape 
resistance are functions of structural characteristics 
of materials. 

The linear filling of the textile material uniquely 
increases the possibility of shaping the textile 
material, with the magnitude of the maximum 
deformation roughly proportional to the linear filling 
value. The value of the coupling coefficient 
unambiguously reduces the ability for shaping, while 
the reduction of the size of the formation is 
approximately proportional to the value 
of the coefficient of connectivity 

Structural characteristics of materials also affect 
the shape resistance of textile materials. According 
to the research carried out, the structural integrity 
of the materials under investigation is mainly 
influenced by the linear density, the diameter 
of the filaments and the linear filling. 
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Abstract: An influence of aspiration air pressure under spinnerets on properties of hollow polyamide 6 
fully drawn multifilament yarns is presented in the article. Experiment was made on an industrial spinning 
machine. Aspiration air pressure in the spinning shaft of 50 Pa and 100 Pa influenced on decreasing 
of spinnerets temperature, on a quantity of monomer in yarns and breaking force, which both increased, 
but breaking elongation of yarns decreased. The changes of mechanical properties are related with 
changes in supramolecular structure and ability of yarns for dyeing. 

Keywords: hollow fibre, polyamide 6, fully drawn yarn. 

 

 

1 INTRODUCTION 

Polyamide 6 (PA 6) is a fibre forming polymer formed 
from a monomer ε-caprolactam in a ring-opening 
polycondensation reaction [1, 2]. At the end 
of the polymerization reaction, 2–10% of unreacted 
monomer and acyclic/cyclic oligomers (i.e. low 
molecular weight fraction) are always present in 
the polymer melt [3]. Before spinning of PA 6 fibres, 
low molecular weight fraction is partially extracted 
from PA 6. Low molecular weight fraction influences 
on rheological properties of polymer melt and also 
on fibres properties, particularly on their tensile 
properties [3]. 

At spinning of PA 6 yarns, low molecular weight 
fraction, particularly monomer, evaporates from jets 
under the spinnerets at a length of a first 5-15 cm [3]. 
Monomer deposits on spinnerets and on spinning 
shaft walls, where a few millimeters thick layers in 
few days can be formed. Monomer can be removed 
by mechanical cleaning in regular time intervals. 
To prevent monomer deposition, an aspiration 
of cooling air under the spinnerets is used. Aspiration 
is carried out with the help of: 

(i) A water pump, which creates a vacuum to aspirate 
cooling air under the spinneret, and monomer 
condensates and dissolve in a water jet. 

(ii) A vacuum suction of cooling air through gaps, 
mounted under the spinnerets, which is the most 
often used method. Gaps are usually mounted on 
each spinning position, near the extruded 
filaments. Lower air pressure in gaps than in 
a spinning shaft causes an aspiration 
of the cooling air. Effective monomer suction is 
only if the gaps are transient. 

Aspiration of monomer under the spinnerets 
can influence on solidifying process of polymer jets. 

In the case of spinning hollow filaments, irregularities 
of openings or clogging of hollow filaments may 
occur. Similar to solid filaments, hollow filaments are 
also prone to breaking filaments in spinning line [4]. 
In this study an influence of aspiration air pressure 
on morphology, structure and properties of hollow 
fully drawn PA 6 filament yarns was studied in real, 
industrial conditions. 

2 EXPERIMENTAL 

2.1 Materials 

Yarns for the experiment were produced on 
an industrial fully drawn yarn (FDY) spinning 
machine Teijin Seiki (Japan). All the yarns were 
made from the same semi dull polymer polyamide 6. 
Solidification of the extruded jets was accelerated by 
using cross air flow. Temperature of blown cooling air 
was around 19°C. Due to heat emitted by spinnerets 
and polymer jets cooling air was heated up under 
the spinnerets up to 100°C. The cooling air under 
the spinnerets carried monomer and oligomers. 
The velocity of aspirated cooling air through the gaps 
was higher than the velocity of the blown cooling air 
and was adopted to prevent deposition of monomer 
and oligomers on the gaps and filling them up. In our 
experiment the velocity of the aspiration air (Table 1) 
was between 0.0 (no aspiration) and 4.0 m/s 
(aspiration air pressure 100 Pa). Samples were 
collected from twelve bobbins made on two spinning 
positions (six bobbins per position). Before winding 
the yarns, filaments were interlaced. Winding velocity 
was a little over 4000 m/min. Spinneret temperature 
in the spinning line was measured with a laser 
thermometer Raytek Raynger MX. Yarn stress was 
measured with tensiometers on-line in five positions 
(Figure 1). 
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Table 1 Designation and spinning conditions of samples 

Sample 
Aspiration 

air pressure 
[Pa] 

Aspiration 
air velocity 

[m/s] 

Average spinneret 
temperature 

[°C] 

Average yarn stress, measured in spinning line 
positions 1 to 5 (Fig. 1) [cN/yarn] 

1 2 3 4 5 

AP0 0 0.0 243 3.5 6 8.3 3 4 
AP50 50 0.2–0.3 240 3.7 6 8.5 3.5 4.2 

AP100 100 2.5–4.0 237 3.9 6.2 9.3 3.8 4.9 

 

 

 

Figure 1 Schema of spinning line between application 
of spin finish and winding of yarns, with positions of on-line 
tensiometers (numbers 1‒5) 

2.2 Methods 

Linear density was measured gravimetrically in 
accordance with a standard EN ISO 1973:1999. 
Breaking force and elongation were measured on 
a dynamometer Statimat M (Textechno, Germany) 
according to standard EN ISO 2062:2010. Dynamic 
thermal tensile test was made on a Dynafil C 
apparatus (Textechno, Germany) at temperature 
150°C, pretension 30 cN, yarn speed 200 m/min and 
extension of 30%. Quantity of monomer and low 
molecular weight fraction were determined from 
extracts, which were prepared by treatment 
of samples in methanol at 95°C for four hours. With 
a HPLC method quantity of monomer and oligomers 
was determined. Samples were firstly dissolved in 
HCOOH for HPLC analysis. Average molecular 
weight was determined from viscosity 
measurements of samples solution of 0.1% sulfuric 
acid. Longitudinal view and filaments cross section 
were made on a scanning electron microscope Jeol 
JSM-6060, where filaments diameter was also 
measured. 

3 RESULTS AND DISCUSSION 

Measured spinneret temperature was 243°C without 
using aspiration of cooling air (Table 1). Aspiration 
of cooling air caused decreasing of spinneret 
temperature for 6°C when the aspiration air pressure 
was 100 Pa. Decreasing spinneret temperatures 
influenced on increasing yarns stress in all 

measured positions 1–5 (Figure 1) with increasing 
aspiration air pressure. 

3.1 Linear density and filament cross section  

Aspiration of cooling air had no significant influence 
on linear density, but caused some imperfections 
of filament cross-section: 

- Average linear density of yarns samples was 
37.4 dtex (Table 2). Considering the expected 
linear density of 44 dtex for solid filament yarn 
made at the same spinning conditions, the hollow 
filament yarns had for about 15% lower linear 
density than solid filament yarns would have. 
Filament thickness was in the range 20.8-22.8 
m. Aspiration air pressure had no significant 
influence on samples linear density. 

- Cross-section of filaments (Figure 2) was circular 
with triangular openings in the middle. 
Decreasing of spinneret temperature accelerated 
solidifying of polymer jets. Average cross-section 
area was calculated on the basis of SEM 
micrographs (Figure 2). It was 406.5 m

2 
for 

samples AP0 and AP100, but for the sample 
AP50 it was a little lower, 384.2 m

2
 (Table 3). 

On the Figure 2 are seen two incomplete formed 
cross-sections on the sample AP100 (marked 
with arrows), which was the consequence 
of the too fast solidifying spinning jets, before two 
ends merged together and formed hollow 
filaments. Average hollowness, calculated from 
the average cross-section of filaments and 
average cross section of the middle hollow part 
of filaments, was between 10.60 and 11.64%. 

Table 2 Yarn linear density and filament thickness 

Sample 
Yarn linear density 

[dtex] 
Filament thickness 

[m]a) 

Average SDb) Range Average SD 

AP0 37.3 0.135 37.3‒37.1 20.83 1.00 
AP50 37.4 0.15 37.7‒37.2 22.75 1.05 

AP100 37.35 0.11 37.5‒37.3 21.43 0.97 
a) Number of measurements = 10;    b) Standard deviation 

Table 3 Filaments cross-section area and hollowness 

Sample 
Cross-section area 

[m2] 
Hollowness 

[%] 

Average SD Average SD 

AP0 406.54 40.61 10.60 1.98 
AP50 384.16 32.56 11.64 2.61 
AP100 406.55 41.60 10.60 4.61 
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Sample AP0 

 
Sample AP50 

 
Sample AP100 

Figure 2 Influence of aspiration air pressure on a cross-
section of fully drawn polyamide 6 yarns (SEM, 
magnification 700x) 

3.2 Tensile properties 

From the tensile properties of samples is seen that 
aspiration of cooling air influenced on filament 
supramolecular structure, because: 

- Samples made at aspiration air pressure 
of 50 Pa and 100 Pa showed higher average 
breaking force and lower average breaking 
elongation as sample AP0, made at aspiration air 
pressure zero (Figure 3). 

- Influence of aspiration air pressure is evident on 
the curves of specific stress/elongation 
(Figure 4). Samples AP50 and AP100 show 
a little higher specific stress in the whole 
deformation range. Modulus of elasticity was in 
the range of 4.19-4.53 GPa. 

- Dynamic thermal analyses showed for about 10% 
higher tensile force of samples, made with 
aspiration cooling air in comparison to sample 
AP0, made without it (Table 4). 

 
a) 

 
b) 

Figure 3 Influence of aspiration air pressure on breaking 
force (a) and breaking elongation (b) of hollow PA 6 fully 
drawn yarns 

 

 

Figure 4 Specific stress-elongation curves of samples 

Table 4 Dynamic thermal analyses 

Sample F [cN] SD [cN] Fmax [cN] Fmin [cN] 

AP0 67.635 0.54 68.22 66.845 
AP50 74.435 1.225 76.135 73.295 

AP100 74.945 1.13 76.085 73.32 

 

3.3 Quantity of monomer and oligomers 

Measured average viscosity molecular weight was 
the same for all samples, 15185.89 g/mol. With 
an extraction of samples in methanol, 2.05% 
of extract from the sample AP100 was obtained, 
1.95% from the sample AP50 and 1.92% from 
the sample AP0. Lower spinneret temperatures 
at higher aspiration air pressure influenced on 
slower evaporation of monomer and oligomers from 
the spinning jets therefore higher quantities were 



Fibres and Textiles (2) 2018  96

kept in the filaments. Analysis of the extracts 
(Figure 5) has shown an increasing of quantities 
of monomer, trimers and hexamers in yarns made 
with aspiration of cooling air. On the other hand 
the quantities of dimers, tetramers, pentamers and 
hexamers have decreased with aspiration of cooling 
air. The most pronounced change was at monomer, 
which increased from 7.5% (AP0) to 13.55% 
(AP100). 

 

 

Figure 5 Influence of aspiration air pressure on a quantity 
of low molecular weight fraction (LMWF) of hollow PA 6 
FDY 

4 CONCLUSION 

In the study was found out that aspiration of cooling 
air under the spinnerets which effectively prevents 
the monomer deposition on the spinnerets and on 
the spinning shaft walls, influenced also on the lower 
monomer evaporation from spinning jets. 

On the other hand aspiration of cooling air has 
a definite negative influence on the morphology 
of hollow filaments (incomplete forming hollows 
of filaments) and mechanical properties (increasing 
of breaking force, decreasing of breaking elongation, 
increasing of tensile force in dynamic thermal 
analysis). Changes of mechanical properties were 
small, but statistically proven. All these changes 
of yarn’s properties originated from the changes in 
yarns supramolecular structure, because 
of decreasing of spinneret temperature.  
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Abstract: Tension of warp yarn, before it enters the weaving area, is the value which determines intensity 
of the weaving process and cloth structure. Increased value of warp yarn tension, before entering 
the fabric formation area, causes a spiralling number of breaks, and decreased value does not allow 
to ensure shed cleanliness. Tension of warp yarns, before they enter the fabric formation area, includes 
input tension and additional tension, arising by virtue of frictional forces between warp yarns and surfaces 
of guiding and working components of cylinder form or one close to it. 
This work represents experimental research in interaction between different in itself natural warp yarns and 
cylindrical surfaces imitating separating rod of yarn break detector as well as heddle eye for automatic 
shuttleless pneumatic rapier looms. As a result of the experiment regression dependences were obtained 
between warp yarns and value of the cylinder radius, as well as between contact angle and warp yarn 
tension just before the guide. Consistent application of the data of regression dependences allows 
to determine warp yarns tension before they enter the fabric formation area for different kinds of natural 
raw material of warp yarns for wide range of looms. 

Keywords: tension, warp yarns, weaving area, contact angle, curvature radius. 

 

 

1 INTRODUCTION 

Tension of warp yarn, before it enters fabric weaving 
area, is a value determining intensity of the weaving 
process and cloth structure [1, 3-4, 7-8]. Tension 
of warp yarns, before they enter fabric weaving area, 
comprises both input tension and additional tension, 
which arises by virtue of frictional forces between 
warp yarns and surfaces of guiding and working 
components having cylinder form or one close to it 
[2, 4, 8]. Figures 1a and 1b represent guiding and 
working components of the loom the warp yarn 
interacts with when entering the weaving area.  

 

a b 

Figure 1 Guides and working components of the loom:    
a - tension rail; b - heddle eyes 

Curvature radius of the provided surfaces, which 
have cylinder form or one close to it, both 

significantly longer as compared to radius 
of the cross-section a warp yarn and commensurate 
with it [2, 4]. Such type of interaction also occurs in 
implementation of similar technological processes 
[5, 6]. Simulation of the warp yarn processing using 
a loom involves study of interaction between warp 
yarns and cylindrical surfaces. These surfaces are 
dummies for surface of separating rods, which are 
components of the yarn break detector, as well as 
heddle eyes for automatic shuttleless pneumatic 
rapier looms [1-3, 7]. When drafting the plan of the 
experiment, the direction connected to slip of rubbing 
surfaces [9], speed of yarn or guiding surface [10, 14] 
and radius of the curvature of cylindrical surface [11, 
13] should be taken into account. Keeping in mind 
that spun yarn and multi-filaments are used as warp 
yarns, flexural rigidity can be ignored [3-4, 7-8, 12].  

Figure 2 shows warp yarn threading system for 
a loom. It is divided into three areas for our purpose: 
I area – between warp beam and separating warp 
stop motion; II area – between tension rail and 
heddle frames; III area – between separating warp 
stop motion and fell of the cloth. Increase in intensity 
of warp yarn tension divided into areas represented 
by green, blue and red color. These colors have 
been used during modelling of response surfaces 
and plotting of warp yarn tension. Indexes for 
designation warp yarn tension, contact angles, 
curvature radius of the cylindrical surfaces shall 
correspond to areas' numbers. 
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Figure 2 Warp yarn threading system for a loom 

2 EXPERIMENT 

Three types of yarn have been chosen for 
experiment.  

Series A: carded cotton yarn 18.5 х 2 teх. It is used 
as warp yarns for spring-autumn fabric of tartan twill 
weave.  

Series B: bleached flax of wet spun 41 teх, obtained 
from dressed flax. It is used as warp yarns to 
manufacture sindon.  

Series C: wool 31.2 х 2 teх. It is used as warp yarns 
to manufacture pure-wool suit cloth of boston twill. 

For each series А, В, and С to define joint impact 
of input tension of warp yarn P0, radius of cylinder 
guide R and computed value of contact angle φP on 
output tension of the warp yarn Р, the secondary 
orthogonal design was prepared and implemented 
for three factors [3, 7-8]. Standard form of regression 
equation shall be as follows 
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(1) 

The range of factors variability in equation (1) is 
determined by real conditions of yarns processing on 
looms. Threading line for warp yarn is divided into 
three areas: I is the area from warp yarn run-off point 
from beam to stop motion; II is the area from warp 
yarn entrance into stop motion to heddle frame; III is 
the area from warp yarn exit from stop motion to 
the fell of the cloth (Figure 2). Within the I area warp 
yarn interacts with tension rail. Within 
the II area warp yarn contacts separating stop motion 
rod. Within the III area warp yarn contacts heddle 
eye. 

Factor х1 is the value of the threading tension within 
I area before tension rail for shuttle looms, 
shuttleless looms, and pneumatic rapier looms: 

A - for carded cotton yarn P0I = 20 cN; 
B - for bleached flax of wet spun made P0I = 25 cN; 
C - for wool P0I = 35 cN. 

Factor х2 - cylinder (tension rail) radius within I area 
for: shuttle looms RI = 56 mm; shuttleless looms 
RI = 63 mm; pneumatic rapier looms RI = 32 mm. 

Factor х2 - cylinder (left separating rod in stop 
motion) radius within II area for: pneumatic rapier 
looms shuttle looms RII = 9 mm; shuttleless looms 
RII = 4 mm; pneumatic rapier looms RII = 3 mm. 

Factor х2 - cylinder (heddle eye) radius within III area 
for: shuttle looms RIII = 1.1 mm; shuttleless looms 
RIII = 0.6 mm; pneumatic rapier looms RIII = 0.5 mm. 

Factor х3 - calculated value of the contact angle with 
cylinder (tension rail) within I area for: shuttle looms 
φIP = 60° with maximum beam diameter 600 mm and 
φIP = 110° with minimum beam diameter 146 mm; 
shuttleless looms φIP = 70° with maximum beam 
diameter 600 mm and φIP = 100° with minimum 
beam diameter 220 mm; pneumatic rapier looms 
φIP = 90° with maximum beam diameter 600 mm and 
φIP = 115° with minimum beam diameter 100 mm. 

Factor х3 - calculated value of the contact angle with 
cylinder (left separating rod in the stop motion) within 
II area for: shuttle looms φIIP = 75° with maximum 
shed opening and 0° with closed shed; shuttleless 
looms φIIP = 75° with maximum shed opening and 0° 
with closed shed; pneumatic rapier looms φIIP = 76° 
with maximum shed opening and 0° with closed 
shed. 

Factor х3 - calculated value of the contact angle with 
cylinder (heddle eye) within III area for: shuttle looms 
φIIIP = 29° with open shed and φIIIP = 0° with closed 
shed; shuttleless looms φIIIP = 22° with open shed 
and φIIIP = 0° with closed shed; pneumatic rapier 
looms φIIIP = 41° with open shed and φIIIP = 0° with 
closed shed. 

At the first stage the tension within the I area after 
the tension rail is determined. Table 1 shows 
orthogonal matrix of the second order for three series 
A, B and C. 

Table 1 Orthogonal matrix of the second order for three 
series A, B and C for zone I 

No. 

Factors 
Input tension Curvature radius Contact angle 

1x  I0P  [сN] 
2x  IR [mm] 

3x  PI  [°] 
A B C 

1 +1 25 35 45 +1 65 +1 120 
2 -1 15 15 25 +1 65 +1 120 
3 +1 25 35 45 -1 35 +1 120 
4 -1 15 15 25 -1 35 +1 120 
5 +1 25 35 45 +1 65 -1 100 
6 -1 15 15 25 +1 65 -1 100 
7 +1 25 35 45 -1 35 -1 100 
8 -1 15 15 25 -1 35 -1 100 
9 -1.215 14 14 23 0 50 0 110 
10 +1.215 26 26 47 0 50 0 110 
11 0 20 25 35 -1.215 32 0 110 
12 0 20 25 35 +1.215 68 0 110 
13 0 20 25 35 0 50 -1.215 98 
14 0 20 25 35 0 50 +1.215 122 
15 0 20 25 35 0 50 0 110 
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Connection between natural and encoded values 
for I area shall be as follows: 
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At the second stage the tension within the I area after 
the left separating rod in stop motion is determined. 
As an input tension P0II we shall take the output 
tension of the warp yarns after I area PI. Table 2 
shows orthogonal matrix of the second order for 
three series A, B and C. 

Table 2 Orthogonal matrix of the second order for three 
series A, B and C for zone II 

No. 

Factors 
Input tension Curvature radius Contact angle 

1x  II0P
 [сN] 

2x  
IIR

 [mm] 
3x  PII [°] 

A B C 

1 +1 36 48 60 +1 8 +1 80 
2 -1 20 18 30 +1 8 +1 80 
3 +1 36 48 60 -1 2 +1 80 
4 -1 20 18 30 -1 2 +1 80 
5 +1 36 48 60 +1 8 -1 10 
6 -1 20 18 30 +1 8 -1 10 
7 +1 36 48 60 -1 2 -1 10 
8 -1 20 18 30 -1 2 -1 10 
9 -1.215 18 15 27 0 5 0 45 

10 +1.215 38 51 63 0 5 0 45 
11 0 28 33 45 -1.215 1 0 45 
12 0 28 33 45 +1.215 9 0 45 
13 0 28 33 45 0 5 -1.215 3 
14 0 28 33 45 0 5 +1.215 88 
15 0 28 33 45 0 5 0 45 

 

Connection between natural and encoded values for 
II area shall be as follows: 
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At the third stage the tension within the III area after 
the heddle eye. As an input tension P0III we shall take 
the output tension of the warp yarns after II area PII. 

Table 3 shows orthogonal matrix of the second order 
for three series A, B and C. 

Table 3 Orthogonal matrix of the second order for three 
series A, B and C for zone III 

No. 

Factors 
Input tension Curvature radius Contact angle 

1x  III0P
 [сN] 

2x  IIIR  

[mm] 3x  PIII  

[°] A B C 

1 +1 50 58 70 +1 1.4 +1 40 
2 -1 20 18 30 +1 1.4 +1 40 
3 +1 50 58 70 -1 0.6 +1 40 
4 -1 20 18 30 -1 0.6 +1 40 
5 +1 50 58 70 +1 1.4 -1 4 
6 -1 20 18 30 +1 1.4 -1 4 
7 +1 50 58 70 -1 0.6 -1 4 
8 -1 20 18 30 -1 0.6 -1 4 
9 -1.215 17 14 26 0 1 0 22 

10 +1.215 53 62 74 0 1 0 22 
11 0 35 38 50 -1.215 0.5 0 22 
12 0 35 38 50 +1.215 1.5 0 22 
13 0 35 38 50 0 1 -1.215 0 
14 0 35 38 50 0 1 +1.215 44 
15 0 35 38 50 0 1 0 22 

 

Connection between natural and encoded values for 
II area shall be as follows: 
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Figure 3 shows experimental setup, which includes 9 
units. The first unit 1 is a device for threading and 
tension of warp yarn. In order to avoid ballooning, 
warp yarns 9 were wound on a cylindrical take-up 
which fed it into the measurement zone. Slack-side 
tension was created using cymbal tension device.  

 

 

Figure 3 Scheme of the experimental setup:  
1 - warp yarn threading unit; 2 - metering unit for warp yarn input 
tension; 3 - metering unit for warp yarn output tension;                    
4 - environment modelling unit; 5 - warp yarn take up unit;              
6 - amplifier; 7 - analog to digital converter ADC; 8 - personal 
computer; 9 - warp yarn 
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The second 2 and third 3 units (Figure 3) are 
intended to measure input and output tension 
of the warp yarn 9. Based on the value of the input 
tension of the warp yarn 9 two types of measuring 
assembly were used in the work. 

For tension range 50 сN to 500 сN the fixed tension 
meter for moving monofilament МТ 320М by 
METROTEKS company with movable outer rollers 
was used (Figure 4): range of the motion speed for 
warp yarn 9: 1-6000 m/min, metering accuracy 2%, 
velocity 0.1 sec, analog output 0-1 В. For tension 
range 20 сN to 50 сN the second type 
of the measuring assembly was used. The one that 
includes two rollers mounted in bearing parts on 
the fixed axles. The third roller mounted on 
the cantilever fitted beam in such a way that inner 
bearing ring was fixed on the beam itself, and outer 
bearing ring stiffened to roller that interacts with yarn. 
Friction forces in bearings can be ignored. A warp 
yarn was supplied to the pulleys in such a manner 
that slack-side and tight-side appeared to be on 
the sides of an isosceles triangle. The middle bar 
flexed under the warp yarn tension, and that led to 
changing resistance of the tension meter. This has 
been registered at the corresponding channel 
of the amplifier 8АНЧ-7М [1, 2]. 

Crosswise and lengthwise dimensions of the beam 
have been chosen to make its natural oscillation 
frequency equal to 1400 Hz. This frequency is many 
times higher than the frequency of the highest 
component of tension. 

 

 

Figure 4 Input and output warp yarn tension metering unit 
МТ 320М 

Figure 5 shows the fourth main unit 4 
of the experimental setup. It is intended for 
simulation of interaction conditions between warp 
yarn 9 and cylinder guides [1, 2]. Two slider pairs, on 
which aluminium rollers are fixed in rotation bearings, 
are installed on the foundation in the horizontal 
grooves. The position of the slider pairs with respect 
to the central fixed bracket is changed by turning 
the two levers on the left and on the right. 
The central, fixed vertical bracket serves to secure 
the cylinder guides of different diameters, needles 
of knitting machine, heddles. The fastening is carried 
out by two screw pairs and clamping bars.  

The warp yarn 9 speed was varied due to a fixed-
ratio round belt transmission (the fifth unit in 

Figure 3). Driving pulley of the transmission is rotated 
by AC motor that was firmly fixed to the foundation 
of the main measurement system. 

 

 

Figure 5 Unit for simulation of interaction conditions 

Analog signals from the 3
rd
 and 4

th
 units measuring 

warp yarn tension (for the first type 
of the measurement assembly) or from the 
amplifier 6 (for the second type of the measurement 
assembly) is being received by analogue-to-digital 
converter ADC 7 (Figure 6), enabled as 
a multifunction board L-780M with signalling 
processor ADC 14 bit/400 kHz having 16 differential 
input analog and output digital channels, which is 
connected to the PCI-connector 8. It is possible to 
generate interrupts after filling a part of FIFO-buffers 
of ADC and DAC. 

 

 

Figure 6 Analogue-to-digital converter ADC 

3 RESULTS AND DISCUSSION 

As a result of implementation of experimental 
designs (Tables 1-3) for each series А, В, and С, as 
well as for each area I, II, and III, 10 concurrent 
metering were conducted. Table 4 shows their 
average values. 

Applying well-known methods to determine 
coefficient in the regression equation (1) for 
orthogonal design of the second order [1-2], taking 
into account dependences (2‑10), the following 
regression dependences are obtained:  
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Figure 7 shows response surfaces warp yarn tension 
dependence on tension and radius of the cylinder 
were obtained subject to fixed value of the calculated 
contact angle of the cylinder. This value 
corresponded to the centre of the experiment 
(Tables 1-3). 

Adequacy of the obtained regression dependences 
was verified using SPSS software application for 
statistical processing of experimental findings [2]. 
Analysis of significance of the coefficient 
of the regression equations (11-19) allowed 
to discard insignificant ones [3, 7-8]. 

Obtained graphical dependences between warp yarn 
tension and cylinder radius are of interest, taking into 
account fixed value of the input tension and 
calculated contact angle of the cylinder. These 
values corresponded to the center of the experiment 
(Tables 1-3). 

The analyse of graphical dependences provided 
existing bending points. These points have 
the minimum warp yarns tension within I, II, and III 
areas. This allows to raise a question of geometric 
sizing of guiding and working components of a loom. 

Using regression dependences (11-19) we have 
found values of the warp yarn tension in the III 
area before fell of the cloth for different moments 
of the cloth components formation at the shuttleless 
looms. Values of the deflection of warp yarns, during 
shedding, battening and removal of cloth, was taken 
into account as a value of the input tension in I area.  

 

 

Table 4 Average values of tension by zones I, II and III 

Experiment 
No. 

Output tension of warp yarn Pi [cN] 
Cotton yarn 18.5 х 2 tex Flax 41 tex Wool 31 х 2 tex 

i=I i=II i=III i=I i=II i=III i=I i=II i=III 

1 36.12 44.77 56.71 48.06 57.72 64.45 60.08 70.48 77.03 
2 21.92 25.06 22.84 20.99 21.92 20.18 33.91 35.61 33.27 
3 35.67 44.79 58.75 47.47 57.60 66.32 59.18 70.32 79.55 
4 21.64 25.08 23.71 20.71 21.88 20.81 33.38 35.53 34.44 
5 33.97 37.20 52.12 45.59 49.35 60.05 57.26 61.56 72.65 
6 20.58 20.69 20.89 19.85 18.54 18.69 32.24 30.83 31.23 
7 33.63 37.76 54.23 45.13 49.96 62.05 56.56 62.42 75.35 
8 20.36 21.02 21.79 19.63 18.79 19.36 31.82 31.29 32.49 
9 19.75 20.52 18.81 18.98 16.82 15.28 30.29 29.84 28.27 
10 36.22 43.03 58.25 34.81 56.67 67.08 60.84 69.12 79.85 
11 27.78 32.62 40.17 33.22 37.51 42.63 45.17 50.61 56.20 
12 28.17 31.81 38.05 33.69 36.80 40.78 45.95 49.54 53.45 
13 27.00 28.51 36.62 32.45 33.51 39.47 44.34 45.71 52.20 
14 29.05 35.59 40.59 34.58 40.47 43.05 46.95 53.73 56.08 
15 28.00 31.81 38.56 33.49 36.78 41.22 45.62 49.51 54.11 
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Figure 7 Curve based on warp yarn tension according to loom zones (■ - zone I, ■ - zone II, ■ - zone III): 1, 2, 3 - for 
series А; 4, 5, 6 - for series В, 7, 8, 9 - for series С 

 

 

Figure 8 Dependence of the warp yarns tension after 
I area: 1 - for series А; 2 - for series В; 3 - for series С 

 

 

 

 

Figure 9 Dependence of the warp yarns tension after 
II area: 1 - for series А; 2 - for series В; 3 - for series С 
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Figure 10 Dependence of the warp yarns tension after III 
area: 1 - for series А; 2 - for series В; 3 - for series С 

From analyse of graphical dependences (Figure 11) 
allowed to determine that the toughest formation 
conditions will be for series B during manufacture 
of sindon; above mentioned is based on bleached 
flax of wet spun 41 tex. This can be explained by 
the high value of the rigidity coefficient of the strain 
and flexure of the warp yarns. 

Obtained results can be applied for weaving 
development to determine the tension at a primary 
stage when forming fabric. 

 

 

Figure 11 Warp yarns tension PIII histogram before fell 
when forming fabric: A - tartan (warp - carded cotton yarn 
18.5х2 tex); B - sindon (warp - bleached flax of wet spun 
41 tex); C - boston twill (warp - wool 31.2х2 tex);                
■ - threading tension of warp yarns; ■ - warp yarns tension 
working with closed shed; ■ - tension of warp yarns with 
fully opened shed; ■ - tension of warp yarns during 
battening 

4 CONCLUSIONS 

Resulting from conducted integral experimental 
research of the interaction process between warp 
yarns and cylinder guiding surfaces - the latter 
simulate guiding surfaces and working components 
of looms - we obtained regression dependences, that 
allow to determine changes in tension of the warp 
yarns in the areas from warp beam to 
the area of fabric formation. Dependences were 
obtained taking into account types of feedstock 
processed and construction of the specific looms. 
Obtained results may be used to optimize weaving 
process flow in terms of optimizing construction 
peculiarities, reducing number of yarn breaks, and 
improving quality of the manufactured fabrics. 
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Abstract: The aim of this study is to develop a prototype of the expert system of the fabrics selection to 
design transformable clothing with a required level of quality. Based on the final values of the factors 
the lists of fabrics’ properties were formed for any given combinations of garment types. Roughness was 
selected as a preferable parameter to evaluate the smoothness of the fabric in comparison with the friction 
coefficient. The ranges of the roughness characteristics for the groups of fabrics were obtained and 
summarised. Multifractal analysis of the roughness characteristics was performed. Recommended ranges 
of fabrics properties for transformable garments are obtained as intersections of the uncountable sets, 
which determine the value ranges of specific parameters of the main fabric properties. As a result 
of research the expert system knowledge base for solving the subtasks of fabrics selection for 
the transformable garments in the shell ’Rapana’ has been developed. The prototype provides a dialogue 
with the user as a series of questions and answers of system’s user. Thus, the necessary conditions for 
the further development of artificial intelligence techniques in the design of clothing were created. 

Keywords: fabric, roughness, multifractal analysis, expert system 

 

 

1 INTRODUCTION 

Today, fashion industry is facing a huge challenge 
towards sustainability because fast fashion is 
dominating the mass market. Fast fashion and 
consumers’ purchasing format are closely linked to 
each other [1]. The life cycles of fashion items are 
shortened and the items are being replaced within 
a very short period to fulfil consumers’ needs. 
Transformable fashion is one of the appropriate 
alternatives to reduce consumption and reinforce 
consumers to engage in sustainable lifestyle [2]. 
The traditional wardrobe is similar in basic 
functionality and no longer sustained social and 
consumer needs. It results in the growing need for 
transformable fashion. 

The ability to change its function makes 
transformable clothes very useful when life 
conditions are changing as fast as nowadays [3]. 
These clothes can be worn for longer periods of time 
and on various occasions, thus minimizing waste 
generation in two ways by reducing the consumer’s 
need to purchase additional garments, and by 
decreasing materials consumption in the fashion 
industry. 

2 ANALYSIS OF PUBLISHED DATA AND 
STATING THE PROBLEM 

There is much different information about 
the appearance of the transformable clothing in 
literature [2-4], fashion shows, online shops, fashion 
magazines, online fashion reviews, patents 
databases, etc. Many researchers investigate 
the principles of transformation in the clothing design 
[5]. 

Transformable fashion or convertible fashion can be 
defined as a garment that can be comfortably worn 
in multiple ways. It can be transformed into another 
shape and able to transform back to the original 
shape by altering its components. Transformable 
garments belong to the chains of transformations 
which usually include at least two different types 
of garments. Each of them must be made of different 
fashion fabrics and, besides that, they must meet 
different quality requirements. 

A reversible garment is a type of transformable 
fashion as well. A reversible garment is a garment 
that can be worn at least in two different ways. 
There is no true "inside out" to the reversible 
garment, since either way, it gives a fashionable 
appearance. Therefore, each side must have some 
lining properties. Lining is an inner layer of a fabric, 
fur, or other material that provides a neat finish; 
conceals seam allowances, interfacing, and 

mailto:zbir_vuklada?h@ukr.net
mailto:t.zhylenko@phe.sumdu.edu.ua
mailto:juliakoshevko@gmail.com
mailto:2kuleshova_lana@ukr.net
mailto:o.ditkovska@gmail.com
http://en.wiktionary.org/wiki/inside_out
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construction details; and allows a garment to slip on 
and off easily. 

High saturation of information environment and 
the risk of making wrong decisions increase 
the relevance of information technology as a means 
to support decision-making [6]. One way to address 
the informal or weakly formalized problems is 
the use of artificial intelligence methods and 
the creation of expert systems (ES). 

Nowadays, scientists in the world successfully 
implement elements of artificial intelligence and 
the ES at various stages of designing clothes. 
Among them are expert systems for selection 
of clothes style according to the constitution features 
of consumers [7], for the choice of clothes to form 
a harmonious image of individual consumers [8], to 
assess the quality of design clothes drawings [9] and 
for the formation of industrial clothing range [10]. 
Some of them are aimed for the rapid change in 
design of women's outerwear [11], for the choice 
of clothes models based on the assessment 
of consumers’ emotional impressions using 
the methodology of Kansei Engineering [6]. 
Development and implementation of interactive 
systems to select ready-made clothes 
via the Internet are shown in [12]. Development 
of ES for the design of special and corporate clothes 
is presented in [13]. 

However, none of them considers issues 
of designing the transformable clothing or selection 
of fabrics for such garments while usually 
the chosen fashion fabric defines the quality 
of clothes. 

The aim of this study is to develop a prototype 
of the expert system for the fabrics selection to 
design transformable clothing with a required level 
of quality, which might be achieved by proper fabrics 
selection. 

3 MATERIALS AND METHODS 

Recommended ranges of fashion fabrics properties 
for transformable garments (or garments 
of the transformational chain) are to be obtained as 
intersections of the uncountable sets which 
determine the value ranges of specific parameters 
of the main fabric properties of the different end 
uses. If the garment is reversible, then one 
of the sets reflects the properties of the lining [3]. 

3.1 Input Data 

The following Table 1 gives a summary of all 
weighting factors for the fabrics of different end 
uses. Types of garments, which compose typical 
chains of transformations, determine a number 
of groups of fabrics in the Table 1 (suit fabrics, 
raincoat fabrics, coat fabrics, and lining). 
The weighting factors of lining fabrics’ properties 
were defined on the preliminary stage of the current 
research. 

3.2 Listing the main properties of the fashion 
fabrics 

In the cases when transformable clothing contains 
more than one garment type, the weighting factors 
of the main fabrics properties might be computed as 
arithmetical means of the weighting factors, which 
are assigned to the fabrics related to the garment 
types. Based on the final values of the factors 
the lists of properties were formed for any given 
combinations of garment types (Table 2). 

Values of properties were selected out 
of the standards with general specifications for 
the outerwear, lining fabrics, woolen fabrics, 
semiwoolen fabrics, cotton and mixed fabrics, linen 
fabrics, waterproof and jacket fabrics, fabrics for 
waterproofs, and for the fabrics for dresses. 

 

Table 1 Weighting factors of the fabrics properties 

Properties Code Suit Jacket Coat Lining 

Wrinkle resistance [%] X1 0.20 0.16 0.05 – 
Pilling [pills/сm2] X2 0.15 – – – 
The number of cycles of abrasion [cycle] X3 0.15 0.06 0.25 – 
Dimensional stability (shrinkage) [%] X4 0.14 0.15 0.05 – 
Air permeability [dm3/(сm2·s)] X5 0.12 – 0.10 0.19 
Elasticity: residual strain [%] X6 0.12 – 0.12 – 
Stiffness [µN·сm2] X7 0.12 – 0.08 – 
Water resistance [mm H2O] X8 – 0.24 – – 
Water permeability [g/(m2·s)] X10 – 0.22 0.12 – 
Thermal resistance [(m2·К)/W] X11 – 0.11 0.20 – 
Colour fastness [point] X12 – 0.06 – 0.11 
Bursting strength [daN] X13 – – 0.03 – 
Sewed seam slippage (yarn slippage) [daN] X14 – – – 0.11 
Smoothness X15 – – – 0.36 
Permeability of water vapour [g/(m2·hr)] X16 – – – 0.11 
Hygroscopicity [%] X17 – – – 0.12 
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Table 2 Lists of the fabrics properties of different end uses 

End use of fabric Garments types Number Revers Main properties 

Suit Suit jacket 1 – Х1, Х2, Х3, Х4, Х5, Х6, Х7 
Raincoat Jacket 1 – Х1, Х3, Х4, Х8, Х9, Х10, Х11 
Coat Coat 1 – Х1, Х3, Х4, Х5, Х6, Х7, Х9, Х10, Х12 
Raincoat Raincoat 1 – Х1, Х3, Х4, Х8, Х9, Х10, Х11 
Suit and raincoat Suit jacket, jacket 2 – X1, X3, X4, X8, X9 
Suit and raincoat Suit jacket, raincoat 2 – X1, X3, X4, X8, X9 
Suit and raincoat Suit jacket, jacket, raincoat 3 – X1, X3, X4, X8, X9 
Suit and coat Suit jacket, coat 2 – X1, X3, X5, X6, X7, X10 
Raincoat and coat Raincoat, coat 2 – X1, X3, X4, X8, X9, X10 
Raincoat and coat Jacket, coat 2 – X1, X3, X4, X8, X9, X10 
Raincoat and coat Raincoat, jacket, coat 3 – X1, X3, X4, X8, X9, X10 
Suit, raincoat and coat Suit jacket, raincoat, coat 3 – X1, X3, X4, X9, X10 
Suit, raincoat and coat Suit jacket, jacket, coat 3 – X1, X3, X4, X9, X10 
Suit, raincoat and coat Suit jacket, jacket, raincoat, coat 4 – X1, X3, X4, X9, X10 
Suit and linings Suit jacket 1 + X1, X5, X14 
Raincoat and linings Raincoat 1 + X5, X8, X9, X11, X14 
Raincoat and linings Jacket 1 + X5, X8, X9, X11, X14 
Raincoat and linings Raincoat, jacket 2 + X5, X8, X9, X11, X14 
Coat and linings Coat 1 + X3, X5, X10, X14 
Suit, raincoat and linings Suit jacket, jacket 2 + X1, X4, X5, X11, X14 
Suit, raincoat and linings Suit jacket, raincoat 2 + X1, X4, X5, X11, X14 
Suit, raincoat and linings Suit jacket, raincoat, jacket 3 + X1, X4, X5, X11, X14 
Suit, coat and linings Suit jacket, coat 2 + X3, X5, X14 
Raincoat, coat and linings Raincoat, coat 2 + X3, X5, X9, X10, X11, X14 
Raincoat, coat and linings Jacket, coat 2 + X3, X5, X9, X10, X11, X14 
Raincoat, coat and linings Raincoat, jacket, coat 3 + X3, X5, X9, X10, X11, X14 
Suit, raincoat, coat and linings Suit jacket, raincoat, coat 3 + X1, X3, X5, X11, X14 
Suit, raincoat, coat and linings Suit jacket, jacket, coat 3 + X1, X3, X5, X11, X14 
Suit, raincoat, coat and linings Suit jacket, jacket, raincoat, coat 4 + X1, X3, X5, X11, X14 
 

 

4 EXPERIMENTAL PART 

According to the information in the Table 2, the most 
important property of fabric for the reversible 
garment is its smoothness. Such a property is 
usually evaluated by the friction coefficient. 
However, recently more and more often frictional 
properties of the fabrics are evaluated by roughness 
characteristics [14-16]. The exact values of them are 
constant parameters, while the friction coefficient 
depends on conditions of the measurement. 
Therefore, roughness is a preferable parameter to 
evaluate the smoothness of the fashion fabric in 
comparison with the coefficient of friction. 

4.1 Fabrics Roughness 

In this way, empirical measurements of the linings 
roughness will determine a range of fabrics, which 
might be used for reversible garments. Thus, 
according to method [16], two parameters (Ra, Rmax) 
were used to reflect fabric roughness: Ra – 
arithmetical mean deviation of the profile [µm]; Rmax 
– maximum height of the profile [µm]. The script and 
scanned images of tissue samples were used in 3D 
computer graphics software (Rhinoceros) to 
evaluate the fabrics’ roughness [16]. The minimal 
numbers of measurements were calculated based 
on the results of the preliminary research: 58 – for 
the lining, 122 – for the coat fabrics, 73 – for the suit 
fabrics, and 50 – for the jacket fabrics. Hence, 
the ranges of the roughness characteristics for 
the abovementioned groups of fabrics were obtained 
and summarised in the Table 3. 

Table 3 Fabric roughness characteristics 

Roughness parameter Ra [µm] Rmax [µm] 

Suit and lining 3.2-191.9 10-645 
Coat and lining 25-191.9 91-645 
Raincoat and lining 1.9-133.5 6-396 
Suit, raincoat and lining 3.2-133.5 10-396 
Suit, coat and lining 25-191.9 91-645 
Raincoat, coat and lining 25-133.5 91-396 
Suit, raincoat, coat and lining 25-133.5 91-396 

4.2 Multifractal Analysis 

Nowadays, scientists of the world successfully 
implement fractal analysis in clothing design [17]. 
We suppose that fabrics roughness might be 
investigated by using multifractal analysis as well. 

If we consider a fabric fragment to be a self-similar 
object and a section profile – a multifractal and 
regard the series of values of coordinates on 
the profile as a multifractal set, MFFA can be 
applied. Recently, we developed a method of MFFA, 
giving a description of the time series within 
the framework of a simple numerical procedure [18]. 
Subsequent optimization of method of MFFA 
allowed one to carry out the multidimensional 
analysis of multifractal multiplicities [19-25]. 
Following [22], we represent a self-athena surface 
by two-dimensional array X (i,j) where the discrete 
arguments i, j run the values i=1, 2, …, M and j=1, 2, 
…, N. Then the investigated surface is divided into 
Ms×Ns nonoverlapping square segments of s×s 
sizes, where the numbers Ms=[M/s] and Ns=[N/s] 
represent an integer part obtained after dividing 
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of interval of changing arguments i, j into 
the segments. Noting the importance 
of the investigated function in each of its by indices 
v, w, we present it by the sequence Xvw(i; 
j)=X(l1+i;l2+j), where the arguments 1≤i, j≤s are 
changed in the segment, which is defined by 
numbers l1 = (v-1)s and l2 = (w-1)s. Then for each 
segment, we calculate the cumulative sum: 
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where 1≤I and j≤s.  

From the geometric point of view the dependence 
uvw(i;j) determines the fractal surface. Like the one-
dimensional time series, irregular dependence 
uvw(i;j) should be measured from the smooth surface 
ũvw(i;j), which takes into account the trend in 
the changing of original function uvw(i;j) and is called 
a trend. 

( ) cbjaij;iu~vw ++=  (2) 

where the parameters a, b, c are determined by 
the method of least squares.  

In the trend interpolation one can use more 
advanced functions ũvw(i; j), however it only slightly 
improves the accuracy due to the significant 
spending of computer time. Accounting the trend 
leads to residual matrix: 

     j;iu~j;iuj;iu~ vwvwvw   (3) 

 the use of which provides a specific dispersion 
of segment: 
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Averaging over all segments leads to total 
dispersion: 
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which is deformed by parameter q the change 
of which is limited by the real values. According to 
(5), the negative values q amplify the contribution 
of segments corresponding to small fluctuations and 
positive ones give out large values F(v; w; s). If q=0 
the definition (5) should be replaced by: 
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To obtain statistically reliable data, one should 
change the value s from smin≈6 to smax≈min(M,N)/4. 
For self-similar sets, it leads to the scaling ratio: 

   qh
q ~ ssF  (7) 

where h(q) is a generic index of Hearst.  

In the double logarithmic coordinates 
the dependence (7) is represented by a straight line 
whose slope gives the rate h(q) for diverse values 
of parameter q. The mass index can be found from 
the dependency h(q): 

    Dqqhq   (8) 

where D is the topological dimension of the space 
containing the investigation object (for the surface D=2). 

Multifractal spectrum f(α) is determined by 
the Legendre transform: 

   qqf   , dqd /   (9) 

Equations (8) and (9) provide a complete set 
of multifractal characteristics that describe the self-
similar objects [19, 20]. 

The method of MFFA was applied to two types 
of fabrics: 1 – the lining and 2 – the coat fabric. 
The images of fabrics were taken with the digital 
microscope Sigeta Forward LCD (10-500x). 
The obtained digital image was cut with the tools for 
viewing and processing images to the size of 1 mm 
(using the scale). Then the bitmap image 
of the fabric profile was scaled to real size and 
construction lines were applied (Figure 1). In Figure 
2 the dependence of variance on the scale s in 
double logarithmic coordinates for 
the abovementioned fabrics is demonstrated. 

 

 

 

a 

 

 

b 

Figure 1 Arbitrary images of normal fabric sample profiles: 
lining (a) and coat fabric (b) 

The given figures show that a linear type 
of dependence is evident, and it does not practically 
change for different values of q. If we pay attention 
to Figure 2, we can observe significant variance 
distinctions with the same value q=1 that vividly 
indicates the differences in fabric roughness. 
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The negative values of q were disregarded because 
the method of multifractal analysis is inapplicable 
when q<0. Further application of the method 
MFFA gave mass indices of the samples under 
investigation. 

 

 

a 

 

b 

 

Figure 2 Dependence of dispersion on the scale s; Line 1 
corresponds to q=1, Line 2 – q=10, Line 3 – q=15 for 
the lining (a) and for the coat fabric (b) 

The linear dependence in Figures 2 and 3 
demonstrates that the error of the method is 
minimal, i.e. the change of zoom has a little 
influence on the value of mass index. This proves 
the existence of a similar-like structure of the fabrics. 

 

 

Figure 3 Dependence of mass index:  

Line 1 – for the lining, Line 2 – for the coat fabric 

5 EXPERT SYSTEM FOR THE FABRICS 
SELECTION 

In order to develop a prototype of ES for subtasks 
of fabrics selection, we selected ‘empty’ shell of ES 
called ‘Rapana’ [26], which is distributed free 
of charge via the web-site (http://esrapana.narod.ru/) 
and is able to solve the problem of different 
industries. Complex ‘Rapana’ includes two 
components: ‘Cognitograph’ (software for 
the developers of knowledge base) and ‘Expert’ 
(application for users). Using ‘Expert’ does not 
require special training, because dialogue is 
conducted by natural language. 

An ES, which is under development, is based on 
the rules called productions. A production system 
provides the mechanism necessary to execute 
productions in order to achieve some goal for 
the system. In the given situation, the goal is 
the confirmation of advisability to use the chosen 
fashion fabric to design the specific garment. 
Otherwise, the system is supposed to advise which 
ones of the fabrics properties are to be defined in 
order to make a well-founded decision. Productions 
consist of two parts: a sensory precondition (“IF” 
statements that are represented in the headers rows 
and columns) and an action (“THEN” statements 
that are represented in related cells). 

The cells, which correspond to the preconditions that 
are advisable for the given situation, are highlighted 
in green (Figure 4). The cells highlighted in red 
represent the properties of fabric that must not be 
used for the specific garment. White color means 
that fabric with given properties might be used, but 
not highly recommended. 

 

 

 

Figure 4 A fragment of the production system 
of the expert system that is developed 

Examples of dialogues of the developed expert 
system, which represent consumer’s answers to 
the system’s questions and dialogue results, are 
shown in Figure 5. The way of decision-making for 
the given circumstances is presented in 
the Figure 6. Thus, the necessary conditions for 
the further development of artificial intelligence 
techniques in the design of clothing were created. 
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Suit and 
raincoat 
fabrics 

X1=1 X1=0 
X3=1 X3=0 X3=1 X3=0 

X4=1 X4=0 X4=1 X4=0 X4=1 X4=0 X4=1 X4=0 

X8=1 
X9=1 1.000 0.781 0.841 0.622 0.727 0.508 0.568 0.349 
X9=0 0.833 0.614 0.674 0.455 0.560 0.341 0.401 0.182 

X8=0 
X9=1 0.818 0.599 0.659 0.440 0.545 0.326 0.386 0.167 
X9=0 0.651 0.432 0.492 0.273 0.378 0.159 0.219 0  

 

 

Suit, coat 
and linings 

X3=1 X3=0 
X5=1 X5=0 X5=1 X5=0 

X14=1 1.000 0.651 0.768 0.419 
X14=0 0.581 0.232 0.349 0 

Suit and 
linings 

X1=1 X1=0 
X5=1 X5=0 X5=1 X5=0 

X14=1 1.000 0.644 0.770 0.414 
X14=0 0.586 0.230 0.356 0 

http://esrapana.narod.ru/
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Figure 5 The expert system ’Fabric selection’ 

 

 

 entity that has got the value as a result of the rule applied  entity that has got a value 

 entity that has not got a value and depends on the rule applied  applied rule 

 entity that has not got a value and does not depend on the rule applied  non applied rule 
K number of garments in the transformational chain 
3B length of the transformational chain is 3 KП number of indices 
2B length of the transformational chain is 2 R result 
1B length of the transformational chain is 1 Г fabric group 
B type of the garment X1-X14 indices of fabrics properties 

Figure 6 The way of decision-making of the expert system ’Fabric selection’ 
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The required level of quality of the transformable 
clothing under development is to be achieved 
through unmistakable choice of the fashion fabric 
that is well known as the core of any garment. 

6 CONCLUSIONS 

As a result of research the ES knowledge base for 
solving the subtasks of fabrics selection for 
the transformable garments in the shell ’Rapana’ 
has been developed. The system can be used for 
the selection of the fabrics for the typical garments 
that will be designed separately, but successively 
one after another. Although it is no transformable 
garment, such chain of designing might be 
considered as a transformational chain. Therefore, 
the developed expert system might be considered 
as a part of the bigger one, which is aimed for 
the rapid change in apparel design at the specific 
enterprise. 
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