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Abstract: The use of optimization in various fields of the sewing industry is becoming more accessible, 
due to the rapidly growing IT industry. A frequently used and effective method for optimizing 
a technological process is the method of approximation. With this method the investigation of various 
(unknown or extremely complex) numerical characteristics and qualitative properties of the original objects 
reduces to working with other objects whose characteristics and properties are already known or more 
convenient to work with. The aim of the present work is to investigate the nature of the function describing 
the thermo-mechanical fusing (TMF) process and to derive an effective approximation of this function. 
This will allow the relatively complex mathematical model of the TMF process to be replaced by its simpler 
approximation in real production. 

Keywords: approximation; thermo-mechanical fusing process. 

 

 

1 INTRODUCTION 

The application of mathematical methods 
for analysis, evaluation and mathematical modeling 
in the sewing technologies is increasingly relevant 
today. Deriving a mathematical model 
of a technological process creates conditions 
for increasing the efficiency of this process. In this 
way, high levels of quantitative and qualitative 
indicators are provided with minimal expenditure 
of financial, material, labor, energy and time 
resources. The desired benefits for each 
technological problem can be expressed 
as a function of certain variables, which leads 
to the task of finding its maximum or minimum value 
by using mathematical apparatus. In addition, 
the conditions under which the task is solved 
are determined for this function [1-4]. The use 
of optimization in various fields of the sewing industry 
is becoming more accessible, due to the rapidly 
growing IT industry. 

A frequently used and effective method for optimizing 
a given function is the method of approximation. 
With this method the investigation of various 
(unknown or extremely complex) numerical 
characteristics and qualitative properties 
of the original objects reduces to working with other 
objects whose characteristics and properties 
are already known or more convenient to work with. 
The application of approximation for different 
technological processes is expressed 
in the application of numerical methods 
and functional analysis, which deal with 

the approximation of functions; geometry and 
topology, in which the approximation of curves, 
surfaces, spaces and images is considered. 
The realization of the approximated objects and their 
characteristics is much easier and is not a secondary 
choice of solution. Approximated solutions 
on the one hand can help to see if an exact method 
is really needed, and on the other hand, 
an approximate solution can be used to improve 
the formulation of the task. Examples of good 
approximations applied to technological processes 
in the textile and clothing industry are presented 
in [5-9]. The authors of [5] applied approximation 
to the process of accelerating the drying of textile 
materials. They applied a linear approximation 
of the obtained experimental dependence 
of the correction value to the mass of the moisture 
content. The nonlinear approximation of moisture 
yield by size in textile cutting processes is presented 
in [6]. In [7] the structural properties of fibers 
and tissues are analyzed. The authors investigated 
the possibility of describing the isotherms of water 
vapor absorption by different equations. 
They showed that the use of the Zimmerman 
equation for capillary-porous materials is most 
suitable for the approximation of the absorbed 
isotherms of different fibrous materials. 
They recommend this equation should be used 
in calculations of drying, extraction, soaking 
and other processes of thermo-chemical treatment 
of fibrous materials. In [10] a mathematical model 
of the thermo-mechanical fusing process (TMF) was 
created. The TMF process is one of the main 

mailto:andonova_sn@swu.bg
mailto:sbaeva@tu-sofia.bg
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technological processes in the sewing industry. 
The quality and productivity of the entire 
technological cycle for the production of clothing 
largely depends on the effective implementation 
of this process. In light of the above, it is important 
to find an approximation of the mathematical model 
of [10] that describes the TMF process in a simplified 
way. This will lead to a faster and more accurate 
solution of specific technological problems in real 
production. 

The aim of the present work is to investigate 
the nature of the function describing the TMF 
process and to derive an effective approximation 
of this function. This will allow the relatively complex 
mathematical model of the TMF process [10] to be 
replaced by its simpler approximation in real 
production. 

2 RESEARCH WORK 

2.1 Methods 

The present work uses the standard algorithm 
for approximating functions [11-13]: 

1) Plot the graph of the function with the known 
points (if possible - in R

2
 or R

3
)] 

2) Attempts to "guess" the type (class) of the sought 
function on the graph; it can resemble, 
for example, to: a polynomial of some degree 
(straight line - polynomial of 1

st
 degree, parabola 

- polynomial of 2
nd

 degree, etc.), trigonometric 
function, exponential, logarithmic, etc. (Figure 1 
[11]). 

3) Depending on the number of points, the class 
of the function and other characteristics 
of the approximate function, a different method 
is used for its approximation. 

4) A formula is obtained that is "close" to the data.  
5) The obtained approximation formula is used 

to calculate the values of the function at points 
where there are no data. 

Taking into account the nature of the set aim, 
interpolation is used as a method of approximation 
in this work. 

The numerical realization of the researched problem 
is rendered in software environments with the help 
of specialized software - Maple and MatLab. 

2.2 Materials 

Materials produced by the company NITEX-50 - 
Sofia were used for basic textile materials. 
They are 100% wool fabrics. Their characteristics 
are described in detail in [10]. 

A material produced by the company Kufner-
B121N77 was used for an auxiliary TM (interlining). 

The auxiliary TM is fabric, with mass per unit area 
63 g/m

2
, warp threads 100% PES, weft threads 

100% PES [10]. 

2.3 Conditions for conducting the study 

In the present work the function (1) describing 
the technological process TMF [10] is investigated: 

� = 22.4375 − 1.4375�� − 5.8125�� + 
+6.9375�� − 1.8125���� 

(1) 

The function (1) is derived in [10]. It provides 
the relationship between performance criterion Y 
(process execution time) and manageable process 
factors Х1 - pressure, P [N/cm

2
], Х2 - temperature 

of the pressing plates, Т [°C] , Х3 - mass per unit area 
of the basic textile materials, М [g/m

2
]. 

The approximation of the function (1) is made 
by interpolation of approximate polynomials - linear 
and exponential. 

The studied factors of the TMF process are three (X1, 
X2, X3), therefore, three variants are considered. 
The studies were performed with the coded values 
(CV) of the factors. The relationship between 
the natural values (NV) and the CV of the factors 
is given in Table 1 [10]. 

In each variant, one of the factors assumes values 
in the range [-1; +1], and the other two factors are 
constants. The choice of constant values is based 
on the condition for optimization of the function (1) 
[14]. 

 

 

   
a) b) c) 

Figure 1 Examples of the type of the function sought: a) linear function; b) quadric function; с) exponential function 
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Table 1 Levels of factors 

Factors Х1 - P [N/cm2] Х2 - Т [C] Х3 - М [g/m2] 
Levels NV CV NV CV NV CV 

Хoi + Ji 40 +1 150 +1 213 +1 
Xoi 25 0 135 0 193 0 

Xoi -  Ji 10 -1 120 -1 173 -1 
Ji 15  15  20  

 

Y is the time for the TMF process to take place, 
therefore the optimal value of Y is Ymin. The coded 
values of the factors in which YRmin is obtained are 
X1=(+1); X2=(+1); X3=(–1) [14]. 

Therefore, the linear and exponential approximation 
of the function (1) is performed in the following three 
variants: 

-variant I �� ∈ [−1; 1];  �� = 1; �� = −1; 

-variant II �� ∈ [−1; 1];  �� = 1; �� = −1; 

-variant III �� ∈ [−1; 1];  �� = 1; �� = 1. 

3 RESULTS AND DISCUSSION 

3.1 Results of the approximation 

The results of the linear and exponential 
approximation of the function (1) for the first variant 
are given in Table 2. and illustrated in Figure 2. 

For the 1
st
 variant: the linear and exponential 

approximation coincide, i.e. 

Y������� = Y������� (2) 
where: 

�������� = � = −1.4375�� + 11.5 (3) 

�������� = � = 11.44���.����� (4) 

when: 

−1.4375�� + 11.5 = 11.44���.����� (5) 

only for values for x1: x1=0,8501345056 and          
x1=–0.7788357158. 

The function Y (for these values for x1) takes values 
accordingly:  

� (�� = 0.8501345056) = 10.27793165 (6) 

� (�� = −0.7788357158) = 12.61957634 (7) 

Table 2 Numerical results of the approximations of function 
(1) for variant 1 

Х1 
Linear approximation Exponential approximation 

� = −�. ������ + ��. � � = ��. �����.����� 

-1.00 12.937500 12.976188 
-0.75 12.578125 12.573809 
-0.50 12.218750 12.183907 
-0.25 11.859375 11.806096 
0.00 11.500000 11.440000 
0.25 11.140625 11.085257 
0.50 10.781250 10.741513 
0.75 10.421875 10.408429 
1.00 10.062500 10.085674 
R2 0.9998 0.9987 

 

 

Figure 2 Graphical results of the approximations 
of function (1) for variant 1 

The results of the linear and exponential 
approximation of the function (1) for the second 
variant are given in Table 3. and illustrated 
in Figure 3. 

Table 3 Numerical results of the approximations of function 
(1) for variant 2  

Х2 
Linear approximation Exponential approximation 

� = −��� + ��. ���� � = ��. ������.����� 

-1.00 18.0625 18.327874 
-0.75 17.0625 17.033348 
-0.50 16.0625 15.830257 
-0.25 15.0625 14.712141 
0.00 14.0625 13.673000 
0.25 13.0625 12.707255 
0.50 12.0625 11.809722 
0.75 11.0625 10.975583 
1.00 10.0625 10.200361 
R2 0.9991 0.9931 

 

For the 2
nd

 variant: the linear and exponential 
approximation coincide, i.e. 

�������� = ��������  (8) 
where: 

�������� = � = −4�� + 14.0625 (9) 

�������� = � = 13.673���.����� (10) 

when: 

−4�� + 14.0625 = 13.673���.����� (11) 

only for values for x2: x2=0.8543639807 and           
x2=– 0.7788090732. 

The function Y (for these values for x2) takes values 
accordingly: 

� (�� = 0.8543639807) = 10.64504408 (12) 

� (�� = −0.7788090732) = 17.17773629 (13) 
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Figure 3 Graphical results of the approximations 
of function (1) for variant 2 

The results of the linear and exponential 
approximation of the function (1) for the 3

rd
 variant 

are given in Table 4. and illustrated in Figure 4. 

Table 4 Numerical results of the approximations of function 
(1) for variant 3 

Х3 
Linear approximation Exponential approximation 

� = �. ����� + ��. ���� � = ��. �����.������ 

-1.00 10.062500 10.267661 
-0.75 11.343750 11.209922 
-0.50 12.625000 12.238654 
-0.25 13.906250 13.361792 
0.00 15.187500 14.588000 
0.25 16.468750 15.926737 
0.50 17.750000 17.388330 
0.75 19.031250 18.984052 
1.00 20.312500 20.726214 
R2 0.9989 0.9902 

 

For the 3
rd

 variant: the linear and exponential 
approximation coincide, i.e. 

�������� = ��������  (14) 
where: 

�������� = � = 5.125�� + 15.1875 (15) 

�������� = � = 14.588��.������ (16) 

when: 

5.125x� + 15.1875 = 14.588e�.������ (17) 

only for values for x3: x3=–0.8561650515 and 
x3=0.7799220898. 

The function Y (for these values for x3) takes values 
accordingly: 

� (�� = −0.8561650515) = 10.79965411 (18) 

� (�� = 0.7799220898) = 19.18460071 (19) 

The summarized numerical results for the value 
of the studied function (1) are presented graphically 
in Figure 5. 

 

Figure 4 Graphical results of the approximations 
of function (1) for variant 3 

 

 

Figure 5 Movement of the value of the target function Y 
in the linear and exponential approximation 

3.2 Discussion of the obtained numerical 
results 

The study shows that the optimal value of the studied 
function Y is reached at a point with coordinates 
(1;1;-1) and this value is 10.0625, i.e., 

� ��� = � (�� = 1; �� = 1; �� = −1) = 10.0625 (20) 
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i.e. the minimum time for carrying out the TMF 
process at the selected technological factors 
is approximately 10 s. To evaluate the efficiency 
of the linear and exponential approximation, 
the values of the coefficients of determination 
for the two types of approximations are determined 
for each of the considered variants (Table 5). 

Table 5 Values of the coefficients of determination 
in the linear and the exponential approximation 

 1st variant 2nd variant 3rd variant 

��������
�  0.9998 0.9991 0.9989 

��������
�  0.9987 0.9931 0.9902 

 

The comparison of the values of the coefficients 
of determination proves that the linear approximation 
of the mathematical model (1) of the technological 
process TMF is more effective. 

4 CONCLUSIONS 

A mathematical model of the TMF process is studied 
in this work. It describes the relationship between 
the performance criterion Y (the time for 
the implementation of the TMF process) and three 
controllable factors. A linear and exponential 
approximation of the mathematical model for three 
variants of combinations of the manageable factors 
is made. For each of the variants, specific values 
of Y were obtained at the respective levels 
of the manageable factors. Y�������  and Y������� are 

illustrated as being close enough to the time 
obtained from the mathematical model 
of the process. 

The linear approximation is proven to be more 
effective than the exponential one. This allows 
the relatively complex mathematical model 
of the TMF process to be replaced by its linear 
approximation. The use of the linear approximation 
of the mathematical model of the TMF process 
creates conditions for its easier and faster 
implementation in real production conditions. 
The linear approximation makes it possible for more 
faster and easier calculation of the time 
for the implementation of the TMF process for levels 
of manageable factors for which there are not 
sufficient experimental results. 

The application of mathematical methods for 
analysis and evaluation in the presented study 
create conditions for faster solution of specific 
technological problems related to the TMF process.  

This in turn, leads to increased efficiency 
of the sewing technology. 
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Abstract: The environmental pollution due to synthetic textile dye waste has induced an increase 
in the use of natural dyes. In general, the fixation process using alum, lime and tunjung. The novelty of this 
research is to make bone ash as an initial mordant and fixator. The CaO in bone ash and its absorbent 
potential makes it worth testing as a pre-mordant and fixator for cotton and silk fibers using natural dyes. 
This study aimed to determine the effect of bone ash as a mordant and fixator on the immersion of natural 
dyes from chromolaena, mango leaves and garlic skin. The test stages include: preparation, extraction, 
fixation and pelorodan. The resulting colour tends not to change. However, the endurance level 
of the fabric towards washing, sweat, light and rubbing has improved (grades 4-5). It has been proven that 
bone ash, which is chemically composed of several metal oxides, (CaO) is quite similar to lime (CaCO3), 
having a high pH (alkaline) level. Therefore, it can serve as an alternative fixator with sodium carbonate 
(Na2CO3) as the final mordant. The results showed that cow bone ash has a high potential of being used 
as a pre-mordant material and fixator in the colouring processes of cotton and silk fabrics. 

Keywords: bone ash, final mordant, natural dyes fixator, cotton, silk fabric. 

 

 

1 INTRODUCTION 

The use of synthetic dye has existed in the textile 
industry since the rise of Industrial Revolution 

in Britain. This was turning point for industrial and 
economic growth in the world [1]. Textile dyes 
became very popular in the 21

st
 century [2], as well 

as batik colouring, which relied on synthetic dyes [3]. 
Synthetic dyeing in textile industries has become 
a hereditary tradition in the process of colouring [4]. 
This is due to its sharpness and colour diversity [5]. 
An estimated 10,000 types of dyes are used 
in the textile industry [6]. Textile waste makes clear 
water colorful and toxic; thus it affects 
the ecosystem, bringing about chemical and 
biological changes as well as producing pollutants 
that disrupt the aquatic ecosystem [7, 8]. 
Environmental damage and pollution become a long 
debate in regards to the fulfilment of human 
economics. This is also known as anthropocentrism 
behavior, which prioritizes human interests [9]. 
The high market demand for the activities of textile 
industries makes it a source of state revenue. These 
activities contribute about 8.5% of gross domestic 
product [10]. Therefore, it is a key tool to spurring 
economic growth [11]. The textile industry needs 
to collaborate with other textile industries, 
convection business units, dye supply units and 

the government for economic progress [12]. 
The rapid progress of globalization is driving 
competition in the textile industry, including batik as 
one of the common commodities in the international 
market [13]. Many textile businesses have difficulties 
in economic growth, so innovation is needed [14]. 
The development of textiles gave rise to colour 
innovations, including synthetic colouring [12]. 
These innovations have helped in raising alternative 
choices of silk batik in long-sleeved and short-
sleeved for consumers [15, 16]. This triggers a rapid 
increase in market demand. Therefore, it results 
in textile industries choosing synthetic dyes. The use 
of synthetic dyes can accelerate production, 
increase product quantity and facilitate economic 
circulation in the textile industry but conversely, 
it has an impact on environmental pollution due to 
its waste [17]. In addition, the use of synthetic dyes 
in the production process can also become a risk 
towards health, causing allergies and skin injury [18, 
19]. Waste water contains various pollutants 
including surfactants, salts and acetic acids [20]. 
Among these components, synthetic dyes are 
the most difficult components to be melted. This is 
due to the fact that they are made from synthetic 
chemicals which have complex structures [21]. 
Environmental problems arising from accelerated 
industrial growth have led to the development 

mailto:nooryanbahari@staff.uns.ac.id
mailto:rumhandayani@staff.uns.ac.id
mailto:ratnaendahsantoso@staff.uns.ac.id
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of safer production strategies [22]. The dangers 
resulting from the use of synthetic colouring has led 
to the use of natural dyes by some industries [23]. 
The use of natural substances can provide a good 
and sharp colour pattern on the fabric [24]. Natural 
dye substances can be obtained from plants and 
animals. It can be extracted from plants through 
roots and twigs or leaves of many species [25]. 
Coconut oil can also be used as an enhancement on 
fabric to absorb natural dye [26]. Extreme climate 
change also encourages new colour changes on 
tree leaves [27], which is a natural phenomenon 
[28]. These dyes can also be obtained from animal 
skin extract as well as from animal fat [29]. Agents 
of natural dyes from animals can be found contained 
in pigments in the animal's body. Each contains 
substances with different shades [30].  

Bone ash is a white powder which is a residue from 
the burning (calcination) of bone. It is one type 
of mineral made from cow bone waste consisting 
of calcium phosphate. Furthermore, it is a tricalcium 
phosphate in the form of Ca5(PO4)3OH 
hydroxyapatite. According to Saragih [32], cow 
bones contain 58.30% Ca3(PO4)2; 7.07% CaCO3; 
2.09% Mg3(PO4)2; 1.96% CaF2 and 4.62% collagen. 
Chemically, bone ash consists of metal oxides in 
the form of 55.82% CaO; 42.39% P2O5; 1.40% MgO; 
0.43% CO2; 0.09% SiO2; 0.08% Fe2O3 and 
0.06% Al2O3. Bone ash which has a high CaO 
content can serve as a good absorbent based 
on the chemical composition of CaO [31]. 

In general, the fixation process using alum, lime and 
tunjung. The novelty of this research is to make 
bone ash as an initial mordant and fixator. 
The development led to many previous studies 
discussing textile colouring. The study aimed 
to examine the effect of bone ash as a mordant and 
fixator of natural dyes obtained from chromolaena 
(Kopasanda), mango leaves, and garlic skins 
applied to cotton and silk fabrics. White cotton fabric, 
commonly called mori or Muslin or cambric, which is 
made of cotton yarn, was used. It contains 10% mild 
starch which makes it easily removable while 
washing. It is a material from natural fibers with high 
affinity, absorption, heat resistance and heat 
conductivity. Tests were also carried out using silk 
that has some special properties which includes: 
(1) lighter than cotton, (2) having good insulating 
power against electricity and heat, (3) high water 
absorption level, and (4) high tensile strength [32]. 

From some previous studies, researchers did not 
discover that bone ash can be used as a pre-
mordant and fixator in natural fabric colouring. 
Specifically, this study aims to determine whether 
bone ash can be used as a substitute for tunjung 
for the initial mordant process. Furthermore, 
the researcher wanted to find out whether bone ash 
could be used as an alternative material to replace 
lime and alum in the fixation process. 

2 METHODS 

2.1 Materials 

Following are the physical properties of fabric 
primissima cotton: materials (warp 56/60 dtex, 
weft 50/56 dtex); density (warp 42/50 threads/cm, 
weft 42/50 threads/cm); 100% pure primissima 
cotton composition; weight 190 g/m

2
. While 

the physical properties of silk fabric: materials 
(warp 22.2/24.4 dtex, weft 22.2/24.4 dtex; density 
(warp 115 threads/cm, weft 90 threads/cm); 
100% pure silk composition; weight 175 g/m

2
. 

From the material data, the fabric has met 
the requirements to do a color fastness test 
according to the Indonesian National Standard. 

Pre-mordant raw materials: bone ash 2 g/L, alum 
6 g/L. Raw colouring material: leveling agent, mango 
leaves, chromolaena, garlic skin with the ratio of 1:4. 
Raw final mordant material (fixator): alum 70 g/L, 
bone ash 50 g/L, tunjung 30 g/L. Equipments: 
scales, stainless steel pans, leaf grinding machines, 
process tubs, pelorodan, and filters. 

2.2 Procedures 

There are some processes that need to be passed, 
which includes: pre-mordant, extraction, fixation, 
and pelorodan (the release of wax). 

Pre-mordant process: The mordanting process 
involves placing alum, lime, tunjung or other metal 
elements into the fabric fibre, therefore allowing 
them to react with the dye [33, 34]. In preparing 
ingredients for the mordant (according to the dosage 
recipe), they are dissolved in a predetermined 
amount of water and heated; cotton and silk are 
soaked in a leveling agent for about 10 minutes, 
then squeezed and placed into mordant solution 
at a temperature of 60°C; the fabric is heated 
in the solution for about 1 hour with a maintained 
temperature of 60-70°C before the source of heat 
is turned off. After that, it is left in the solution 
for about 24 hours. Finally, it was neatly washed 
with plain water, squeezed and dried. 

Extraction process: This process began with 
the preparation of natural dyes according to the 1:4 
ratio which was 1 kg of extracted material and 
4 litres of water. Natural dyes were chopped and 
soaked overnight with predetermined amount 
of water. Furthermore, they were extracted by 
heating for about 1 hour after reaching the boiling 
point of water (100°C). The solution was filtered and 
cooled at room temperature and finally ready to be 
used as a natural dye. After that, the coloring 
process begins as shown in Table 1, cotton cloth, 
plain silk, or batik soaked with a leveling agent first, 
soak for about 10 minutes, then drain it; the cloth 
is evenly dipped back and forth and allowed to soak 
in the natural dye solution for about 10 minutes; 
the cloth is removed from the soaking solution 
of natural colors, drained and aerated to dry. Repeat 
coloring a predetermined number of repetitions 
(6, 12 and 18 times). 



Fibres and Textiles (4) 2020 10 

Table 1 Dyeing process test data 

Coloring Type Mordant Fixator 
Dyeing Number 

6x 12x 18x 

Chromolaena 

alum 6 g/L 
alum 70 g/L √ (plain) √ √ 

bone ash 50 g/L √ (plain) √ √ 
tunjung 30 g/L √ X X 

bone ash 2 g/L 
alum 70 g/L √ √ √ 

bone ash 50 g/L √ √ X 
tunjung 30 g/L √ √ √ 

Mango leaves 

alum 6 g/L 
alum 70 g/L √ √ √ 

bone ash 50 g/L √ (plain cotton & batik silk) X √ 
tunjung 30 g/L √ (cotton batik) X X 

bone ash 2 g/L 
alum 70 g/L √ (plain) X √ 

bone ash 50 g/L √ √ √ 
tunjung 30 g/L √ (plain) X √ (plain) 

Garlic skin 

alum 6 g/L 
alum 70 g/L √ √ √ 

bone ash 50 g/L √ (plain) √ √ 
tunjung 30 g/L √ √ √ 

bone ash 2 g/L 
alum 70 g/L √ (plain) √ √ 

bone ash 50 g/L √ (plain) √ √ 
tunjung 30 g/L √ (plain) X √ (plain cotton and batik silk) 

 

 

Fixation process: The fixation process was carried 
out with mordant material (according to the dosage 
of the recipe), dissolved in predetermined amount 
of water, stirred evenly and allowed to stand 
overnight. A portion of the fixation solution was 
taken as a test sample. The natural-dyed cotton 
fabric and silk were put into each of the fixation 
solutions in a dry state. Afterwards, they were dyed 
back and forth for approximately 2-3 minutes. 
Thereafter, they were removed, aerated for about 
1 minute and washed clean. 

Pelorodan process: Pelorodan is a term from 
the Javanese language, Indonesia. Pelorodan is 
the process of removing the wax coating on fabrics. 
Pelorodan on coloured cotton and silk fabrics with 
water and then heated with bone ash as much 
as 5 g/L of solution. Afterwards, cotton fabric and 
batik silk were soaked in starch water solution 
for approximately 24 hours, squeezed and put into 
boiling water pelorodan. Fabric was stirred 
in the pelorodan solution until the wax was released. 
Then, it was lifted and put into a leveling agent 
solution. In addition, the pelorodan process should 
be repeated if wax was not completely released. 
Finally, the fabric was washed and dried. The results 
of the last stage of pelorodan can be seen 
in Table 2. 

2.3 Data analysis 

This research was carried out using the method 
of implementation experiment in Pilang Village, 
Masaran District, Sragen Regency and Indonesia.  

In the trial, several analysis options can be done. 
One of them is the Kolmogorov-Smirnov normality 
test with statistics; if it is included in the test it makes 
this study not focus on the initial problems of this 
study. This study focuses more on bone ash 

as a substitute for mordant and fixator, so that 
researchers choose another appropriate method, 
namely the color resistance test based 
on the Indonesian National Standard to answer 
the focus of this research problem. 

This study uses the standard of Gray Scale 
to assess the results of dyeing process. There are 
4 color fastness tests based on the Indonesian 
government standard setting through the Indonesian 
National Standard (SNI) [35]. The quality testing 
includes color fastness of the fabric against washing 
(40°C) repeatedly (ISO 105-C06-2010), color 
fastness of the fabric to sweat (acid) (SNI ISO 105-
E04: 2010), color fastness on fabrics against 
the light (daylight) (SNI ISO 105-B01: 2010) and 
color fastness on fabrics caused by rubbing 
(dryness) (SNI 0288-2008). 

3 RESULT 

3.1 Result of staining 

Table 2 is the result of the coloring process starting 
from the initial mordant process, the extraction 
process in which there is a staining test process in 
Table 1, the fixation process, the pelorodan process 
(the release of wax). Based on the conducted dyeing 
results (Table 2), it showed that the differences were 
not significant, except for fixation with tunjung which 
appeared darker. There are several dyeing 
repetitions that show a darker colour with a smaller 
number of repetitions in the same mordant or type 
of fixation. This situation has led to a difficulty 
in making conclusions regarding the most 
appropriate dyeing technique. The fixation result 
also showed that batik silk fabric absorbs colour 
easily and therefore produces a darker shade than 
the batik cotton fabric.  
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Table 2 Test results of natural dyed fabric 

Dyeing process Type of fabric Dyeing number 6x Dyeing number 12x Dyeing number 18x 

bone ash - mango leaves - bone ash 

cotton 

  

 

silk fabric 

  

 

bone ash - chromolaena - bone ash 

cotton 

  

 

silk fabric 

  

 

bone ash - garlic skin - bone ash 

cotton 

   

silk fabric 

   

bone ash - mango leave s- alum 

cotton 

   

silk fabric 

   

bone ash - chromolaena - alum 

cotton 

   

silk fabric 

   

bone ash - garlic skin - alum 

cotton 

   

silk fabric 

   

bone ash - mango leaves - tunjung 

cotton 

  

 

silk fabric 

 

  

bone ash – chromolaena - tunjung 

cotton 

  

 

silk fabric 

  

 

bone ash - garlic skin - tunjung 

cotton 

   

silk fabric 

   

alum - mango leaves - bone ash 

cotton 

  

 

silk fabric 
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Dyeing process Type of fabric Dyeing number 6x Dyeing number 12x Dyeing number 18x 

alum - chromolaena - bone ash 

cotton 

   

silk fabric 

   

alum - garlic skin - bone ash 

cotton 

 

  

silk fabric 
 

  

alum - mango leaves - alum 

cotton 
   

silk fabric 
   

alum - chromolaena - alum 

cotton 

   

silk fabric 
   

alum - garlic skin - alum 

cotton 

  

 

silk fabric 

  

 

alum - mango leaves - tunjung 

cotton 

 

  

silk fabric 

 

  

alum - chromolaena - tunjung 

cotton 

 

  

silk fabric 

 

  

 

3.2 Color fastness test 

There are 4 color fastness tests conducted in this 
study. Color fastness test based on the Indonesian 
government standard-setting through the Indonesian 
National Standard (SNI). The basis of colour 
fastness test lies in the overall difference or contrast 
between the original and the sample to be tested. 
Quality test for dyeing includes: fastness to washing 
(40°C), sweat (acid), light (daylight) and iron (wet). 
This test is based on SNI ISO 105-C06-2010, 
SNI ISO 105-E04: 2010, SNI ISO 105-B01: 2010 
and SNI 0288-2008. Readings from the test results 
of colour dyeing and colour change was conducted 
in the form of gray scale with the following values: 

In Table 3, the value 5 means there is no change 
in color change and so on until the value 1 means 
that there is a very large color change. The test 
results in Table 4 show color fastness to washing 
40°C. The results on the types of cotton and silk 
fabrics scored 4-5 (good), the results of the color 
fastness test to acid sweat, on 7 samples of cotton 
fabrics, 2 samples got a value of 4-5 (good) and 
5 samples got a value of 4 (good), while 

in 5 samples of types of silk fabric 4 samples scored 
4 (good) and 2 samples scored 3-4 (quite good). 
From the results of the color fastness test to light 
(daylight), the results on the types of cotton and silk 
fabrics showed a score of 4-5 (good). From 
the results of the color fastness test to rubbing with 
dry cotton, 1 sample got a score of 4-5 (good), 
3 samples got a score of 4 (good), 3 samples got 
a score of 3-4 (pretty good), while on silk, 1 
The sample scores 4-5 (good) and 4 samples score 
4 (good). 

Table 3 The results of the color fastness value  

Score 
Different 

color 
Tolerance 

for work standards 
Reading 

5 0 ± 0.2 very good 
4-5 0.8 ± 0.2 good 
4 1.7 ± 0.3 good 

3-4 2.5 ± 0.3 good enough 
3 3.4 ± 0.4 enough 

2-3 4.8 ± 0.5 less 
2 6.8 ± 0.6 less 

1-2 9.6 ± 0.7 bad 
1 13.6 ± 1.0 bad 
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Table 4 The results of the color fastness value of the samples of marenggo shrubs, mango leaves and onion skin 
on cotton and silk fabrics 

Type 
of fabric 

Test 
type 

Test results 

40°C color fastness 
resistance 
to washing 

Color fastness 
resistance 

to acid sweat 

Lightfastness 
(daylight) 

Fastness 
resistance 

to dry 
rubbing cotton 

Cotton  

bone ash - marenggo 18x - tunjung 4 -5 4 4 - 5 3 -4 
alum - 18x onion skin - alum 4 -5 4 – 5 4 – 5 4 

alum - 18x onion peel - bone ash 4 -5 4 – 5 4 – 5 4 -5 
bone ash - mango leaves 18x - bone ash 4 -5 4 4 – 5 4 

bone ash - mango leaves 18x - alum 4 -5 4 4 – 5 3 -4 
bone ash - mango leaves 18x - bone ash 4 -5 4 4 – 5 4 
bone ash - mango leaves 18x - bone ash 4 -5 4 4 – 5 3 -4 

Silk  

alum - onion skin 18x - alum 4 -5 4 4 – 5 4 
alum - 18x - bone ash - mango leaves 4 -5 3 -4 4 – 5 4 
bone ash - mango leaves 18x - alum 4 -5 4 4 – 5 4 

bone ash - mango leaves 18x - bone ash 4 -5 4 4 – 5 4 – 5 
bone ash - marenggo 18x - bone ash 4 -5 3 -4 4 – 5 4 

 

 

From the test, samples were examined for colour 
density and colour fastness towards washing, sweat, 
rubbing and direct sunlight and the following results 
were obtained. From the results of table 4 on cotton 
fabric, it can be concluded that the most stable value 
was the use of alum as a pre-mordant with garlic 
skin and bone ash as the final mordant. This was 
due to the low content of colour pigments on garlic 
skin waste. Therefore, the possibility of colour loss 
due to fading process is minimal compared 
with colouring of chromolaena and mango leaves 
which contain more colour pigments.  

Conversely, the highest value for silk fabric was 
found in mango leaf dyeing using bone ash a pre-
mordant and colour fixator (final mordant) as well. 
This was a result of the presence of mangiferin 
pigment found in mango leaves which binds more 
strongly to the silk fibers in bone ash (mordant) 
through covalent bonds. The estimated result 
changes due to various factors, including suboptimal 
extraction, unstable treatment of the dyeing process, 
the condition of the material and its preparation 
process (the difference in wax used on a batik 
stamp). This can be minimized by maintaining 
similar natural materials, waxing on the initial 
preparation, and the treatment consistency during 
the dyeing process. With the combination of alum 
and bone ash, the dyeing results only compared 
the mordants (alum and bone ash) and fixators 
(alum, bone ash and tunjung). The results showed 
little difference except for fixations that showed 
darker results when tides was used. There are 
several dyeing repetitions that show more intense 
colour with fewer repetitions on the same type 
of mordant or fixation. Therefore, making a decision 
regarding the most appropriate colouring technique 
was difficult. Colouring results after fixation also 
showed that batik silk absorbs more colour extract 
thereby producing a darker colour than the cotton 
fabric. 

 

4 DISCUSSION 

Besides using synthetic dyes, the fabrication and 
dyeing process also utilizes natural mordant dyes 
which are generally extracted from plant parts, 
such as Soga Alam, Gambier, secang wood, 
indigofera leaves etc. This type of dye works 
optimally in colouring protein fibers (silk, wool) and 
polyamide fibers. In the natural mordant colouring 
process, the preliminary mordant (pre-mordant) and 
final mordant (fixation) processes are carried out 
[36]. This process was carried out to provide good 
washing resistance and colour determination. 
Binding of dyes to fibers is facilitated 
by the presence of metal ions from the mordanting 
process [37]. Metal ions act as electron acceptors 
to form coordination bonds with dye molecules, 
making mordants insoluble in water and ensuring 
colour fastness to the fabric [38]. In Sarwono’s 
research, it was stated that alum, lime, and tunjung 
can be used as fixators [39]. 

The function of the initial mordant is to assist 
and increase the adhesion of the dye to the fabric. 
The purpose of mordanting in the fabric process is 
to increase color absorption, remove oil, grease, 
and wax that inhibit the color absorption process, 
increase color adhesion, connect natural dyes with 
fabric fibers so that affinity (the attraction of the dye 
increases to the fiber). Fixation is to strengthen 
the color and change the color of natural dyes 
according to the type of metal binder. 

So far, a lot of cow bones have been wasted, 
not used. The results show new findings that bone 
ash can be used as an alternative material 
to substitute lime and soda ash for the final 
mordanting process, as a substitute for tunjung 
for initial mordant. 
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The test results also show that dyeing on cotton and 
silk fabrics without undergoing the pelorodan 
process did not experience a drastic colour 
reduction due to the absence of heat (temperature) 
which greatly affects the quality of natural colouring. 
The results of garlic skin dyeing gave a yellowish-
white colour (ivory), mango leaves gave a light 
yellow colour [40], and the greenish yellow colour 
was shown in the dyeing results using chromolaena 
[41]. The use of the final mordant (fixator) alum gave 
a colour like the original colour before fixation, bone 
ash became slightly reddish yellow while tunjung 
became the darkest.  

The colour direction obtained by the three types 
of natural dyes is as a result of the substance 
present in each material. The leaves of chromolaena 
and mango contain chlorophyll, a colouring pigment 
which is responsible for trapping sunlight energy 
which is used in photosynthesis. The leaves have 
other pigments, such as xanthophyll which gives 
a yellowish colour as shown in the results 
of chromolaena and mango leaf dyeing. Meanwhile, 
garlic skin which is a waste from white food does not 
have a pigment that can absorb certain colours. 
Therefore, the colour direction produced tends to be 
yellowish white. Garlic skin dyeing can be done 
by the traditional method of boiling in water [42]. 
However, the use of garlic skin waste 
as an alternative to natural dyes for batik became 
more optimal with pastel colours produced 
by a combination of chromolaena dyeing, mango 
leaves and garlic skin, from the initial level using 
alum fixation which later becomes darker with 
tunjung fixation. 

Bones reflect an excellent affinity for pollutants. 
These pollutants become bound to the absorbent 
through the absorption process [43]. Bone ash is 
very important due to its unique cellular structure 
from bone which is maintained through calcination. 
Bone ash has excellent non-wetting properties 
for chemical moisture, free of organic material 
and has a very high heat transfer resistance [44]. 
The experimental results show that cow bone ash 
has high potential of being used as a pre-mordant 
material and a colour lock (fixator) as well 
in the process of colouring cotton and silk batik 
fabric. Bone ash is chemically composed of several 
metal oxides, one of which is CaO (55.82%), which 
implies that bone ash has a similarity with calcium 
oxide having a high pH (alkaline) and therefore can 
be an alternate fixator in substitution for calcium 
oxide and sodium carbonate as the re-mordant.  

5 CONCLUSION 

Synthetic staining can accelerate production and 
increase the quantity of products in the textile 
industry. Conversely, it contributes to environmental 
pollution due to its waste. The arising environmental 
problems caused by synthetic dyeing have led 

a number of producers in switching to natural 
dyeing. Natural dyeing can be obtained through 
elements of natural substances that can reduce 
production costs and are environmentally friendly 
with better quality. Natural substances provide 
various shades and stronger colouring. Bone ash 
reflects very good affinity for pollutants that are 
bound in the absorbent through the absorption 
process, and has some similarities with calcium 
oxide having high pH content. The test for 
the effects of mordant and fixation with bone ash 
on cotton and silk fabrics, using natural dyes 
obtained from chromolaene, mango leaves, and 
garlic skin, has shown results in colour direction 
which tends to change. Chemically, bone ash 
consists of several metal oxides (CaO) which is 
quite similar to lime (CaCO3) with quite a high pH 
content (alkaline). Therefore, it can serve 
as an alternative fixator in substituting for lime 
(CaCO3) and sodium carbonate (Na2CO3) 
as the final mordant. This was proven by the better 
value of fastness towards washing, perspiration, 
light, and iron (grades 4-5). The results showed that 
cow bone ash has a good potential as a pre-mordant 
material and fixator in the process of colouring 
cotton fabric and silk fabrics. This research was 
limited to cotton and silk fabrics. This condition 
allows the use of a more diverse fabric. Therefore, 
it can give a different colour dyeing and fastness 
in future research. 
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Abstract: It is well known that the free vibrations of the sewing needle are divided to lateral free vibration 
and axial (longitudinal) free vibrations. In this study a theoretical approach will be carried out concerning 
the sewing needle free longitudinal (axial) vibrations. The work will include the sewing needle with constant 
cross-section with classical and non-classical boundary conditions and needles with variable cross-
sections - stepped - type. For all the different calculations scheme of the sewing needles, two items will be 
emphasized: the linear natural fundamental frequencies and the modal sewing needle shape (normal 
equations) and time - dependent vibratory pattern of the needle. The sewing process technology 
of the sewn fabrics has several parameters affecting the free longitudinal (axial) vibrations of the sewing 
needle as: sudden end breaks, the fabric resistance to the needle penetration: is it elastic or rigid 
or between both of them ... etc. In addition the penetrating needle force in the sewn fabric, how is it type 
of relationship with time of penetration? In this study we assumed it is as � = �� �����  i.e sinusoidal. 
The effect of the needle linear speed on the modal shape of the sewing needle was evaluated. Also, 
it has been found the frequency equation of needle axial vibration under the effect of sewing thread break.  

Keywords: Mechanical vibration; sewing needle; linear speed; axial vibrations; penetration. 

 

 

1 INTRODUCTION 

It has numbered some factors in the sewing 
technology that have an influence on the vibrations 
pattern & their exciting of the sewing needle 
as the impact action between the needle tip and 
the sewn fabric before its penetration inside 
the fabric, the sudden leave (high speed) leave 
of the needle to the fabric surface, the sudden 
unexpected sewing threads breaks, the sewn fabrics 
movements, the resistance nature of the processed 
fabric to the needle penetration or the nature 
of interaction between the sewn fabrics and 
the swing needle, …etc. [1]. It has stated that 
the transfer of the industrial sewing needle from 
a bar with variable cross-section to a bar with 
constant cross-section could be carried out 
by applying the weighted average technique with 
percentage error 1% [2]. In addition, they mentioned 
the lowest linear natural lateral frequency for 
the sewing needle is ranging from 22 k to 180 k 
SPM [2]. Also, they reported that the first 
fundamental linear natural frequency of the lateral 
free vibrations of the sewing needle is too sufficient 
practically [2]. In his work has explained 
the vibrations of the continuous media; transverse 
vibrations of beams, orthogonality principle, torsional 
vibrations,…etc. [3]. Also, he studied the nonlinear 
vibrations, free undamped vibrations with nonlinear 
restoring forces, forced undamped vibrations with  

nonlinear restoring forces, self-excited vibrations 
and stability [4]. The elastic vibration of the different 
machine elements has been studied theoretically 
and experimentally by several authors as [5-10]. 
Referring to the vibrations of the textile machines 
elements, many authors and scientist have 
introduced works as [11-14],…etc. 

2 THEORETICAL APPROACH 

For the sewing needle with constant cross-section 
(Figure 1), the linear fundamental natural frequency 
is calculated by formula: 

�� =
(2� − 1) �

2ℓ
�
�

�
 (1) 

where: i - variable = 1, 3, 5,…etc.;  - const. = 3.14;          

ℓ - needles length; E - needles material (steel) elastic 

modulus of elasticity = Young’s modulus = 206 GPa;         
 - needles material (steel) density = 7850 kg.m

-3
. 

The general expression for longitudinal vibrations is: 

�(�,�)= � sin
���

2ℓ
���,�,�,..

��� cos
����

2ℓ
+ �� sin

����

2ℓ
� (2) 

where: U(x,t) - longitudinal vibrations of the sewing needle 
as a function of needle general distance x & time t 

of vibrations (instantaneous); ℓ - needles length,           

� = �� �� . 
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Taking into consideration the actual sewing needle 
database that mentioned in the work [4] then we can 
find: 

�� =
(2 ∗1 − 1) � �

2ℓ
=

=
 � 

2ℓ
�
�

�
=

 � 

2 ∗0.045
�
206∗10�

7850
      (� = 1) 

= 34.8889× 5122.6 = 1787250  ��� (��) 

= 107235∗10� ���  ≅ 107 � .���  

 

 

Figure 1 A sewing needle with constant cross-section;     
A - cross-sectional area CSA = const.;  - needle diameter 

3 FACTORS AFFECTING THE LONGITUDINAL 
VIBRATIONS OF THE SEWING NEEDLE 
WITH CONSTANT CROSS-SECTIONS 

3.1 The sewn thread in the needle eye is 
suddenly ended down 

This is taken place, usually, when ends down 
of the thread is happened. The rate of ends down 
during the sewing process is a bout 20-25 per (E+5) 
stitches [1]. From Figure 2a we can write the general 
longitudinal vibration of the sewing needle is: 

�(�,�)=
8 � ℓ

��
�

(−1) (� − 1)�

��

�

���,�,�,..

∗sin
���

2ℓ
∗cos

����

2ℓ
 (3) 

where: U(x,t) - function of x (needle general length),           

t - time (depend, on initial conditions), ℓ - needle length;    
ϵ - needles strain due to thread tension ; i - variable i=1, 3, 
5, 7,… 

The linear natural fundamental frequency is 
calculated by: 

 �� =
� �

2ℓ
.� =

� �

2ℓ
�
�

�
 (4) 

For i=1, first mode of free vibration 
�� ≅ 110 � .���  ≅ 110 � .��� , 

where: �� = �
�

�
�, (� = 1,3,5,… ) and M - mega.  

 

3.2 The sewn fabrics resistance to the needle 
penetration is ∞  

In this case the lower free needle end will be treated 
as a built-in end as shown in Figure 2b.  

The normal function that graphs the modal shapes is: 

�(�)= � ��

�

���,�

��� sin�
��
�� � ∗�� (5) 

where:  

� = �����.= �� �⁄  (6) 

E - needles material Young’s modulus (steel);  - needles 

material density (steel); fi - natural frequency = � ��
ℓ� ;     

Ti - period in sec; X - needle length in general position. 

The equation (5) can be reformatted:  

�(�)= �� .sin�
� ��

ℓ� �      (� = 1,2,3,… .) (7) 

For � = ℓ,�(ℓ)= 0 

0 = ∑ ��
�
���,� ��� sin�

��
�� � ∗��. 

The linear fundamental natural frequency of the 
needle is: 

�� =
� �

ℓ
�
�

�
 (8) 

where:  I = 1, 2, 3,… 

3.3 The sewn fabrics resisting elastically 
the needle penetration i.e. they have spring 
effect (spring const. S) 

The frequency equation of the sewing needle shown 
in Figure 2c is: 

tan�
�� ℓ

�
� = −

� � ��
�  �

 (9) 

where: fi  - natural linear frequency of the needle;               
l - needle length 

� = �� �⁄  (10) 

A - needles cross-sectional area; S - spring stiffness 
(const.) due to elastic resistance of the fabric to needle 
penetration; E - steel Young’s modulus = 206 GPa. 

For actual needle [4] � = � (0.89 ∗10��)� 4⁄ =
6.218∗10��;  � = 16317,ℓ = 0.045 � 

then tan�� �
 ℓ

�
� = −

� � ��

�  �
  and: 

��� �� × 2.7579∗10�� = −
6.218∗10�� × 206∗10� ��

16317 ∗ �  
 

 

                  = − 7.8501�
��
�� � 

(11) 

N.B: 

If spring stiffness S is very small compared to that 

of the needle, then tan�
 ��ℓ

�
� = ∞   

then ��
 ℓ

�
=

� �

�
,     � = 1,2,3,… . and � =

� � �

�ℓ
  (normal 

function for axial vibration of uniform sewing needle 
with one end (upper end) fixed built-in & the lower 
end is free. 
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N.B: 

The final equation of the natural frequencies - 
frequency equation is: 

��� �� × 2.7579∗10�� +  7.8501
 ��
 �  

= 0 (12) 

The solution of equation (12) will give frequency fi 
as a function of fabric elastic resistance S. 

3.4 The effect of the sewing needle penetration 
speed V on its axial vibrations 

To facilitate the theoretical approach we will assume 
that the sewing needle is built-in from both of upper 
end & lower end (see Figure 2b) while it moves with 
linear speed V during sewing process the needle 
speed could be calculated from the 4-bar 
mechanism or slider-crank mechanism or any 
mechanism that drives the needle. 

The final longitudinal vibrations of the sewing needle 
(constant cross-section) are: 

�(�,�)=
4 �ℓ 

���
∗ �

1

��
sin

� � �

ℓ

�

���,�,…

sin
� � � �

ℓ
 (13) 

The natural frequency is governed by: 

�� =
� �

ℓ
�
�

�
 (14) 

The formula different items are defined previously. 

3.5 The effect of the sewing needle extension 
due to sewing thread tension- on the axial 
vibrations when the thread breaks: 

As shown in Figure 2d, the original needle length 
is ℓ when extended as a result of sewing thread 
tension, the length will be ℓ�. The axial vibration 
of the needle is governed by formula: 

�(�,�)=
8(ℓ� − ℓ) 

��
∗ 

∗ �   (− 1)(���) �⁄ ∗sin
� � �

2ℓ

�

���,�,…

cos
� � � �

2ℓ
 

(15) 

where: U(x,t) - longitude elongation of the needle 
at general distance x and time t; ℓ - needle free length;     
ℓ� - extended needle length due to sewing thread tension; 
i - variable 1, 3, 5, …etc. 

The natural frequency fi is: 

�� =
� �

2ℓ
�
�

�
 (16) 

where: fi - linear natural frequency of the sewing needle; 
�,ℓ,�,� - defined previously. 

As mentioned previously, for the first mode of free 
vibrations (i-1), then �� is as mentioned previously 
�� ≅ 110 � .��� . 

 

 

3.6  Effect of penetration force as time 
independent on axial vibrations - Gorman [6] 
technique 

The linear fundamental natural linear of sewing 
needle frequency f is: 

� =
��

2���
�
� �

� �
 (17) 

where: � - Eigen value special graph [6]; L - Needle 
length; E I - sewing needle bending stiffness; I - sewing 
needles area moment of inertia of cross-section;                
A - needle cross-sectional area. 

To calculate � from special graph [6] we need 

∝ =
���.�

�

� � �
 , 

 

� = �
�� ∝

2
+ �

�� ∝�

4
+ �� (18) 

� = �
−�� ∝

2
+ �

�� ∝�

4
+ �� (19) 

��  - special graph (3) (20) 

The modal shape of the sewing needle as a function 
of (�) is:  

�(�)= sin��−
�

�
sin��+  

+
sin� −

�
�
sin�

cosh� − cos�
[cos��− cosh��] 

(21) 

where �� =
�

�
�, � - variable distance on the needle axis  

and 0 ≤ � ≤. 

The database of actual sewing needle 
of an industrial sewing machine is: L = 0.045 m; 

ᵠ = 0.89.10
-3

 m; E = 206 GPa; =7850 kg.m
-3

; 
A = 6.2180 (E-7) m

2
; ℓxA = 4.8811 

��=
206∗10� × � × (0.89∗10��)�

64
= 6.3413 (� − 3) 

To calculate eigenvalue �, we need: 

∝ =
���.�

�

� � �
=

62× (0.045)�

� × 6.3413∗10��
= 0.2837,  

Critical load Pcr.=62 N [4] 

� = �
�� × 0.2837

2
+ �

�� × (0.2837)�

4
+ �� 

Then  � = �1.400003+ �1.9600094+ �� 

� = �
− �� × 0.2837

2
+ �

�� × (0.2837)�

4
+ �� 
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Then � = �−1.400003+ �1.9600094+ �� 

Then   � ���⁄ = 0.98,         

��� = 3.927  (� = 1)  
= 7.069  (� = 2) 
= 10.210  (� = 3) 
= 13.352  (� = 4) 

Then    �� = 0.98 × 3.927 = 3.8485          (� = 1)   

and     �� = 0.98 × 7.069 = 6.92762        (� = 2)   

The first natural frequency ��: 

�� =
��

2���
�
� �

� �
 =

(3.8485)�

2 � (0.045)�
×  �

6.3413∗10��

7850 ×  6.2180∗10��
 

= 6.2618     ���   (��)= 375.7     ���  

The second natural frequency ��: 

�� = 20.2901 ��� (��)= 1217.4 ≅ 1200 ���  

The third natural frequency ��: 

�� = 0.98 × 10.210 = 10.0058 

�� = 42.327 ��� (��)= 2539.6 ≅ 2540  ���  

The fourth natural frequency ��: 

�� = 0.98 × 13.352 = 13.085 

�� = 72.3875 ��� (��)= 4343.3 ≅ 4340 ���  

If the average working speed of the sewing machine 
is 3k SPM, then 0.7 × 4343.3 = 3040.3 ���  that 
satisfies the safe running. 

 

 

 

 

Figure 2 Different calculations schemes (line diagrams) of the sewing needles - constant CSA - for different cases 
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3.7 The effect of the penetration sewing needle 
force as time dependent on its longitudinal 
vibration 

During the needle penetration into the sewn fabrics 
layers, starting from the upward to downward, it will 
take certain time. We will assume that 
the penetration force changes with time by 
a sinusoidal relationship as follow (see Figure 2e). 

� = �� sin��  (22) 

As shown in Figure 2e, the forced vibrations 
of the sewing needle are: 

�(�,�)=
�� �

� � �
× sec

�ℓ

�
× sin

��

�
× sin��  (23) 

where:  - penetration force frequency (linear); �,ℓ,� & � - 
defined previously. 

The natural frequency �� is: 

�� =
� �

2ℓ
�
�

�
,        � = 1,2,3… . (24) 

where: �� - linear natural frequency of the sewing needle; 
�,ℓ,�,� - defined previously. 

When both of the penetrating force frequency and 
the needle natural frequency are equal, we will have 
a resonance at which the axial extension 
of the needle is ∞ . Therefore we must select 
the working speed in the range: 

0.7 ���� ≥ �� ≥ 1.4 ����. (25) 

When ��, it is named critical linear frequency 
���� = 110 (� + 3) ���  for first mode of vibration 
(� = 1). 

3.8 Effect of the sewn fabric on supporting 
the free needles end (lower end) 

Previously it was mentioned that the fabric during 
the sewing process can make different supporting 
actions or types on the lower end of the needle. 
These supports can be elastic (coil spring) or rigid 
(complete built-in). Now we will assume the sewn 
fabric will be intermediate between elasticity and 
rigidity i.e. the lower end of the needle will be simply 
supported as shown in Figure 2f. We studied this 
case previously - by the use of Gormens Eigen 
value [6].  

3.9 Effect of concentrated mass at the lower 
end of the needle on axial vibration 

We can apply Panovko [5] formula: 

�� = �
��

��ℓ �1 +
�
3
�
= �

128091

3.2943∗10�� �1 +
�
3
�
= 

= �
3.8877∗10��

 �1 +
�
3
�

= 197172

�1 +
�
3
�
�
���  

� = 0.10 … 10 
�� = 190812 �� ≅ 191 ���, � = 0.10 
�� = 94718 �� ≅ 95  ���,             � = 10 

Take (� = 0.3)  

�� = 187996∗10�� �� ≅ 188 ��� = 5 ���� , 

� = 0.3 

N.B: 

� = � � ℓ �� =
���� �� ������

��

�  

3.10  Effect of sewing needle penetration force 
on its - for interesting only - lateral 
vibrations 

In this case the needle is subjected to axial load Pcr., 
the combined frequency is calculated by see 
Figure 2h: 

 �� =
0.562

ℓ�
�
� �

� �
 �1 −

5 ���.× ℓ�

14 ��
� (26) 

where:  �� - combined linear natural fundamental 
frequency due to lateral and axial vibration (it is the first 
mode of combined vibration), ℓ - sewing needle length; 
�� - bending stiffness of the needle (Young’s modulus 
E = 206 GPa; I - area moment of inertia of the needle 
cross-section); � � - mass per unit length of the needle  
(� - steel density � = 7850 �� ��,⁄  A - needles cross-
sectional area); ���. - the Euler elastic axial load at which 
the needle loses its straight form. It will be taken 62 N for 
the actual needle as shown in the work [2]. 

The sewing needle (actual) has the following 
database: length ℓ = 0.045 �, diameter � = 0.89 ∗
10�� � (mean value for constant cross-section 
needle), material of the needle is steel and 
the critical load ���.= 62 � [4]. 
Taking into consideration the previously mentioned 
database, we can write: 

 �� =
�.���

(�.���)�
�

���∗��� × � × (�.��∗����)�×�

�� ×���� × � ×(�.��∗����)�
 ×

× �1 +
��×(�.���)� ×��

�� × ���∗��� × � × (�.��∗����)�
�
  

= 316.323 ��� (��)= 18980 ���  ≅ 19 � ���  

This relative low value is due to the presence 
of the penetration force. 

3.11 Pisarenko [7] technique for different cases 
of sewing needle with constant cross-
section area CSA, (axial vibrations) 

The Table 1 has three columns: 

a) First column describes the scheme of calculation 
or line diagram of sewing needle. 

b) Column 2 gives the modal shape equation. 

c) Column 3 illustrates the fundamental frequency 
of the sewing needle axial vibration. 
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Table 1 Sewing needles line diagram and natural linear frequency 

Scheme or line diagram Frequency equation �� 

 

sin�ℓ 

= 56919 �� = 545 ����  

�ℓ = ��,   � = 1,2,3,…  

 

cos�ℓ 

= 28459 �� ≅ 28 ��� = 268 ����  

��ℓ =
�(2� − 1)

2
,� = 1,2,3,…  

 

sin�ℓ 

= 56919 �� = 57 ��� = 545    ����  

�ℓ = ��,   � = 1,2,3,…  

 
S - Spring const. of sewing fabric 

tan�ℓ = −
�ℓ

∝�
\
 

From graph 

∝�
\
= 0, 

� = 1000 � �,⁄  

� = 0.89 �� 

�� = 27191 �� = 27 ��� 

= 257962 ��� ≅ 258 ����  

 

�ℓ tan�ℓ = ∝\ 
 

∝\=
� � ℓ

�
 

∝\=
� � ℓ

�
,   � =

1

3
 � � ℓ 

 
∴ ∝\= 0.3 − �� ����ℎ,  ��ℓ = 0.52 

 

∝\=
7850× (0.89∗10��)� × 3.14× 0.045

9
 

 
≅ 0.01,      ��ℓ = 0.10 

 
�� = 56919 �� ≅ 57 ��� ≅ 545 ����  

 

 

In the following section the sewing needle with 
variable cross-section will be constant. 
For the stepped sewing needle -2 sections- 
the linear fundamental natural frequency of axial free 
vibrations is determined by the solution of the next 
frequency equation: 

tan��� 
ℓ�
��
� × tan��� 

ℓ�
��
� =

��
��

 (27) 

where: �� - natural frequency of free axial vibrations; 
ℓ�, ℓ� &�� - see Figure 3; ��,�� - sewing needle cross-
sectional area at the upper and lower sections 
respectively. 
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The solution of formula (27), we can find: 

�� = 1.89,�� = 4.53, �� = 7.85, �� = 11.2 

�� =
1.89

ℓ
�
206∗10�

7850
= 215153 �� = 215 ��� 

= 6.0 �  ���  

Assume: �� = 45 ��,   ℓ� = 40% �, ℓ� = 60%  �� 
of total length (��) 
 

 

Figure 3 Stepped sewing needle 

The database of the actual needle is: 

�� = 1.5 ∗10�� �, �� = 0.8 ∗10�� � 

ℓ� = 0.015 �, ℓ� = 0.025 � 

�� = 7.065∗10��, �� = 5.024∗10�� 

∴
 ��

��
�  = 14.0625 

The frequency equation of the sewing needle is: 

tan3.0643∗10���� ×  

× tan1.532∗10���� − 14.0625= 0 
(28) 

By solving equation (28) we can obtain value �� and 
consequently linear natural frequency of longitudinal 
vibrations of the sewing needle. 

For another approach for the stepped needle 
(see Figure 4) as written in Paramarev work [9]; 
the transcendental frequency equation is: 

cos
�ℓ�
�

× cos
�ℓ�
�

=
��
��

sin
�ℓ�
�

× sin
�ℓ�
�
  (29) 

By assuming: 
�ℓ

�
= � (30) 

Then, we can write:   
��

��
tan�

ℓ�

ℓ
�� = �tan

ℓ�

ℓ
��

��

 

or    
��

��
tan�

ℓ�

ℓ
�� × tan�

ℓ�

ℓ
�� = 1 

i.e. 
tan�

ℓ�
ℓ
�� × tan�

ℓ�
ℓ
�� =

��
��

 (31) 

There is a similarity between both of equations (27 & 
29). The graphical solution of equation (31) is shown 
in Figure 5.  

The values of �� (���) are �� = 1.89, �� = 4.53, 

�� = 7.85,�� = 11.2 . 

 

 
Figure 4 A stepped sewing needle 

From formula (30) we can write: 

�� =
� �

ℓ
∗� =

� �

ℓ
�
�

�
 (32) 

where: � - varies from 1, 2, 3, …n, �� - natural linear 
frequency of the sewing needle (two-sections) axial 
vibrations, �� - constant has different values from graphical 
solutions of equation (29) as mentioned previously,           
ℓ - total length of the needle, E - Young’s modulus 
of the sewing needle material (steel) = 206 GPa and         
� - sewing needle material density (steel) = 7850 kg/m

3
. 

From database of the sewing needle; 

�� = 0.8 ∗10�� �, �� = 1.5 ∗10�� �,   

ℓ = 0.040 �, � = 206 ���, � = 7850 �� ��⁄ ,  

�
�

�
= 5122.69 

�� =
1.89

0.040
× 5122.69 = 0.242 �� = 14.523.10� ���  

= 15 �  ���   

If we consider that the maximum allowable running 
speed of the industrial sewing machine is 15 k SPM, 
then the ratio will be 0.1033. This means that 
the running speed of the industrial sewing machine 
is too far from resonance i.e. too safe working 
speed. Practically the average running speed 
of the industrial sewing machines in the Garment 
industry is 3000 RPM. It is not necessary 
to calculate the higher linear natural frequencies 
i.e. ��, ��& ��. 
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Figure 5 Graphical solution of equation (31) [9]. Legend: curve 1) cot�
�

�
 ��; curve 2) 

�

�
tan�

�

�
 �� 

 
 
4 CONCLUSIONS AND FUTURE VISIONS 

From the previous theoretical and mathematical 
approaches of the sewing needles axial vibration 
the following conclusions and future visions can 
be drawn out: 

1) The linear natural fundamental frequency 
for the sewing industrial needle is ranging 
from 19 k SPM (sewing needle is subjected 
to lateral vibrational) to 110 M. SPM (axial) 
depending upon other sewing needle 
engineering conditions (needles speed, 
sewing thread sudden breaks,…etc.). 

2) The ratio between the highest linear 
frequency and the lowest linear natural 
frequency is 5789 ≅  6 k rimes. 

3) The first linear fundamental natural 
frequency is too high with respect to 
the sewing needle working speed. 

4) For most geometrical engineering conditions 
of the sewing needle, the following constant 
(�) is valid in calculation the first mode 

of needle axial vibration: � = �
�

�
 

where: E - steel needles material Young’s 
modulus = 206 GPa, � – sewing needle material 

density (steel) = 7850 kg/m
3. 

5) The sewing stepped needle - two sections, 
natural linear axial frequency depend 
on the ratio of the cross-sectional areas 

at the upper end (built-in end) and the lower 
free-end.  

6) The dealing - mathematical - with the sewing 
needle as a massive-less bar gave natural 
frequency for its longitudinal vibration = 30 k 
SPM. 

7) The actual linear frequency equation for 
the sewing stepped needle (two-sections) is 

tan3.0643∗10�� �� × tan1.532∗10���� −  

−14.0625= 0 

where, �� - the linear natural frequency 
of a stepped needle due to axial vibrations. 

8) The frequency equation of the sewing needle 
(axial vibrations) with elastic resistance from 
the sewn fabric via spring constant is 

tan�� × 2.758∗10�� + 7.8501�
��
�
� = 0 

9) The sewing needle modal formula for axial 
vibration taking into consideration its linear 
speed V is 

�(�,�)

=
4 �ℓ 

���
∗ �

1

��
sin�

 � �

ℓ
�

�

���,�,…

sin�
� � � �

ℓ
� 

10) Most of the studied needles’ configurations 
with their different geometrical – massive 
characteristics have equation of modal 
shape of free vibrations starting from the first 
mode to n

th
 mode. 
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11) The sewn fabric is neither pure elastic 
material nor pure rigid (stiff) i.e. the expected 
sewn fabric spring constant S is ranging from 
S = 0 complete free ends (F-F) to S = ∞ 
complete fixed end (C-C). Accordingly, 
in between both of these cases we can 
consider the lower end of the sewing needle 
is varying from a simply supported 
to a completely fixed. 

12) The axial natural fundamental frequency 
of the sewing needle (as a complete - fixed 
upper end while its lower end is simply 
supported) is ranging from �� = 376 SPM 
to  �� = 4343 SPM. 

13) Seemingly, the mathematical approach 
for the axial free vibration of the sewing 
needle as a bar with built-in upper end and 
simply support at its lower end, can give 
satisfied linear natural frequency. 

14) The ratio between the needle working speed 
(3 k RPM) and the fourth natural frequency 
(4343 CPM) is 0.691≅  0.7, that satisfies 
condition of formula (25). 

The future vision could be summarized 
as follow: 

15) The elasticity of the sewing fabrics - in multi 
directions - (spring constant S) must be 
determined experimentally and intensively 
by using innovated techniques. 

16) More attentions must be paid to the model 
shapes of the sewing needle vibrations, 
especially for the sewing needle with variable 
cross-sections. The same high attentions 
must be paid for these needles for calculating 
their natural linear frequencies at different 
modes. 

17) Both of the sewing needle internal damping 
for vibrations and the fabric resistance 
as frictional - dry or wet - damping 
for the vibration are highly interested. 
For needles material internal damping, 
it could be assumed that �� = ��� + � � ̇
where, C - is the internal sewing needle 
damping coefficient.  
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Abstract: The goal of the work is to study the effect of styrene acrylic and urethane polymer films filled 
with titanium dioxide nanoparticles on the change in the thermophysical properties of the cotton fabric 
surface. Aqueous dispersions of styrene acrylic polymer Lacrytex 640 and polyurethane Aquapol 14 were 
selected as film-forming substances. Nanosized titanium dioxide was investigated as a thermophysical 
additive. The effect of the filler on the structural properties of polymer composites was investigated using 
the equilibrium swelling method. The mechanical properties of the obtained nanocomposites were 
evaluated in terms of breaking load and elongation at break. The surface morphology 
of the nanocomposite coated fabric before and after ignition was investigated using scanning electron 
microscopy. Based on the results of the study of the dependence of the structural and mechanical 
properties of polymer films on the nanofiller content, it was found that a high degree of polymer - filler 
interaction efficiency is observed at titanium dioxide concentrations up to 5 wt.%. It has been proven that 
the interfacial interaction of titanium dioxide with polyurethane Aquapol 14 is higher than that with styrene 
acrylic polymer Lacrytex 640. It was found that the introduction of nanosized titanium dioxide increases 
the tensile strength, but decreases the plasticity of nanocomposites in comparison with unfilled polymer 
matrices. It is shown that the studied styrene acrylic and polyurethane coatings filled with nano-sized 
titanium dioxide lead to the formation of coke residue on the fiber surface under the action of a flame, 
which makes it possible to preserve the fabric structure upon ignition. The obtained research results are 
of practical importance in the development of fire retardants for finishing textile materials. 

Keywords: styrene acrylic polymer, polyurethane, nanocomposite, titanium dioxide, structural 
characteristics, mechanical properties, coke forming ability, fire retardant coating. 

 

 

1 INTRODUCTION 

Concerns about the toxicity of fire retardants 
commonly used in the processing of textile materials 
have directed researchers towards creating more 
environmentally friendly compositions and finding 
effective solutions for fire protection technologies 
of fabrics [1, 2]. In this regard, nanostructured 
compositions are of interest, which can provide 
barrier properties to textile materials by reducing 
the penetration of oxygen from the fire zone 
to the surface of the fabric, and prevent droplet 
formation of the synthetic textile component during 
combustion. In addition, nanocomposites ensure 
the formation of a self-expanding thermophysical 
barrier on the surface, which can reduce heat and 
mass transfer from the atmosphere to the substrate. 
These advantages appear to be the most promising 
for the development of fire retardant compositions. 
Among modern coating technologies for textile 
materials, technologies have been developed based 
on the adsorption of nanoparticles (NP) and layer-by-
layer assembly of components (LbL), the essence 
of which is one- or multi-stage surface adsorption 

of nanoparticles or polyelectrolytes from dilute 
(≤1 wt.%) aqueous suspensions or solutions. 
In [3, 4], a highly efficient starch-based LbL coating 
was considered, which demonstrated the self-
extinguishing behavior of cotton after 4-8 stages 
of deposition. The creation of ultrathin 
nanostructured coatings is based on the stepwise 
layer-by-layer deposition of various polymers and 
nanoparticles, which can be nanoclays, glass fabrics, 
silsesquioxanes (POSS), and layered double 
hydroxides [5-10]. The technology for obtaining such 
coatings is also based on multiple and alternate 
immersion of a textile substrate in a polymer and 
nanoparticles to create multilayer organic-inorganic 
phases.  
Despite the good fire retardant properties, 
the significant disadvantages of the listed 
technologies include the multistage deposition 
required to achieve the desired properties (about 20-
40 processing stages), which is practically 
unrealizable in real production conditions. However, 
taking into account the undoubted advantages 
of precisely surface methods of protecting textile 
materials, an urgent task is to develop simple, quickly 

mailto:kulish.in.411@gmail.com
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scalable technologies for the formation of coatings 
with an individual nanostructure based on readily 
available components with fire-fighting properties. 

2 THE GOAL OF THE STUDY 

The goal of the work is to study the properties 
of acrylic and urethane polymer films filled 
with nanosized titanium dioxide and the effect 
of the obtained polymer nanocomposites 
on the change in the thermophysical properties 
of the textile materials surface. 

3 MATERIALS AND METHODS 

A finely dispersed aqueous suspension of titanium 
dioxide was obtained by stirring on a magnetic stirrer 
at 600 rpm for 20 min, followed by ultrasonic 
treatment with an acoustic frequency of 20 kHz 
and exposure duration of 10 min. 

An aqueous dispersions of styrene acrylic polymer 
Lacrytex 640 (OOO Polymer-Lak, Ukraine) and 
polyurethane Aquapol 14 (OOO NPP Makromer, 
Russia) were studied as film formers. Characteristics 
of the dispersions are given in Table 1. 

Nanocomposites were prepared by introducing 
a suspension of titanium dioxide into polymer 
dispersions Lacrytex 640 and Aquapol 14 with 
stirring. Then, from the mixtures obtained, films were 
formed on a glass substrate and dried at 80°C. 
The thickness of the formed films was 0.7±0.05 mm. 

The degree of interaction of the filler with the polymer 
matrix and the structural characteristics 
of the nanocomposites were studied using 
the equilibrium swelling method. 

The polymer – filler interaction was evaluated 
by the change in the degree of equilibrium swelling 
of the obtained hybrid organic-inorganic films. 
For this purpose, film samples were immersed 
in isopropanol solvent for 24 hours. Then, after 
drying, the sample was weighed, placed in an oven 
for 24 hours at 60°C to remove residual solvent, and 
weighed again. The efficiency of polymer - filler 
interaction was calculated using the Lorentz and 
Parks equation [11]: 

bae
Q

Q z

g

f    (1) 

Subscripts f and g characterize filled and unfilled polymers, 
respectively; z is the weight ratio of filler to polymer; a and 
b are constants. 

Q is determined in grams of solvent per gram 
of polymer and is calculated by the formula: 

d

ds

M

MM
Q


  (2) 

where Ms is the mass of the swollen sample; Md is 
the mass of the dry sample. 

The mechanical properties of nanocomposites were 
investigated by determining the tensile strength and 
elongation at break of polymer films. 

The formation of a nanocomposite coating 
on a textile material was carried out by impregnating 
a cotton fabric in a solution containing 10, 20 and 
30 wt.% preliminarily dispersed nano-TiO2 and 
15 wt.% polymer dispersion, followed by squeezing 
to 80% and drying at 80°C for 10 min. 

Fabrics with a nanocomposite coating containing 
TiO2 were examined by scanning electron 
microscopy (SEM) to study the surface morphology 
and structure of the textile material before and after 
the flammability test. 

4 RESULTS AND DISCUSSION 

One of the most valuable flame retardant strategies 
used in volumetric addition relies on the production 
or accumulation of a heat resistant surface layer 
capable of acting as a barrier to mass and heat 
transfer [12]. This layer, often composed of inorganic 
nanoparticles, forms after the substrate is ignited due 
to decomposition of the surface layer of the polymer. 

The combustion process of a textile material can be 
briefly described in two stages. In the first stage, 
reaching the surface of the fabric, heat from a flame 
or other heat source is transferred into its volume. 
In the second stage, volatile thermal decomposition 
products diffuse from the fabric volume over its entire 
surface to the gas phase, thereby feeding the flame. 

Thus, it is the surface that is the region that controls 
the mass and heat transfer at the interface between 
the gas and condensed phases [13]. 
The thermophysical properties of the fabric surface 
play a dominant role at the stages of preliminary 
ignition and combustion of the textile material. 
Therefore, a change in these surface properties can 
provide an increase in the fire retardant properties 
of the fabric. 

Mineral substances are often used as fire retardants 
due to the physical nature of their fire retardant 
effects at high temperatures. With an increase 
in temperature, endothermic decomposition 
of mineral fillers occurs with energy absorption, 
the release of non-combustible substances (water, 
carbon dioxide), which dilute flammable gases, and 
a protective ceramic or glassy layer is formed. 

 
Table 1 Characteristics of polymer dispersions 

Trade name Chemical composition 
Dry residue 

[%] 
pH 

Particle size 
[μm] 

Viscosity 
[mPa.s] 

Lacrytex 640 
aqueous dispersion of acrylic copolymer, 

modified by the addition of an adhesion promoter 
55-57 2-3 ≈ 0.2 <5000 

Aquapol 14 aqueous dispersion of aliphatic polyurethane 35 7.4 ≈ 0.1 20.1 
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a) b) 

Figure 1 Micrographs of the nanosized titanium dioxide suspension: a) before ultrasonic treatment; b) after ultrasonic 
treatment 

 

The introduction of nanoparticles proved to be 
effective to improve the shielding ability of char. 
In addition, an increase in fire resistance is often 
accompanied by an improvement in related 
properties, such as mechanical strength, self-healing 
ability, thermal conductivity, etc. 

One of the basic rules for obtaining compact 
insulating char on the surface of textile materials is 
a good dispersion of nanoparticles in the polymer 
matrix. 

In this work, nanosized titanium dioxide was 
investigated as a thermophysical additive. 
Micrographs of the aqueous suspension 
of nanosized titanium dioxide obtained before and 
after ultrasonic treatment are presented in Figure 1. 

Particles of titanium dioxide before ultrasonic 
treatment (Figure 1a) as a result of high surface 
energy are significantly aggregated and form large 
agglomerates in suspension, which can negatively 
affect the uniform distribution of the filler 
in the polymer matrix, increase the stress 
in the polymer system and worsen the operational 
properties. As a result of sonication (Figure 1b), 
titanium dioxide agglomerates are significantly 
reduced, which makes it possible to obtain a more 
finely dispersed aqueous system. 

Methods for achieving fire retardant properties 
of textile materials should be based on predicting 
the direction of decomposition of a nanostructured 
surface coating. One of these methods 
is the formation of a bulk carbonaceous residue, 
which slows down heat transfer and thereby reduces 
the diffusion of flammable volatile gases, which 
makes it possible to achieve an increase in the fire 
retardant properties of the fabric. In this case, 
the use of polymers makes it possible not only to fix 
nanoparticles on the fiber surface, but also 
to promote the formation of a protective 
carbonaceous layer due to the organic nature 
of the film former. 

In this work, we investigated aqueous dispersions 
of styrene acrylic polymers and polyurethanes 
capable of forming a carbonaceous residue in order 
to impregnate titanium dioxide nanoparticles 
on the surface of a textile material. Since 
the properties of composites are determined 
by the nature of the mixed components and their 
structure, it is necessary to study the degree 
of interaction between the components 
of the mixture. 

The Qf/Qg ratio characterizes the degree 
of interaction between the filler and the matrix. 
Moreover, the higher the value of this ratio, the lower 
the efficiency of the interaction between the filler and 
the matrix. The calculation data are shown 
in Figure 2. 

 

 

Figure 2 Degree of interaction between nanosized titanium 
dioxide and polymer matrix 
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Table 2 Structural parameters of polymers filled with TiO2 

TiO2 content 
[%] 

Lacrytex 640 Aquapol 14 

Qf/Qg 
Mc 

[g/mol] 
v×10-3 

[mol/cm3] 
Qf/Qg 

Mc 
[g/mol] 

v×10-3 
[mol/cm3] 

– – 50 10 – 1240 0.40 
1 0.98 50 10 0.82 1032 0.48 
2 1.04 52 9.6 0.82 967 0.52 
3 1.06 67 7.5 0.82 922 0.54 
4 1.06 81 6.2 0.82 913 0.55 
5 1.08 95 5.3 0.82 944 0.53 
10 1.23 103 4.8 1.13 1240 0.08 
20 1.38 112 4.5 1.15 1432 0.08 
30 1.26 128 3.9 1.22 1527 0.07 

Qf/Qg - the degree of interaction between TiO2 and polymer; Mc - the average molecular weight of the chain segment; v×10-3 - the 
crosslinking density of the polymer. 

 

Analysis of the data presented in Figure 2 shows 
that the introduction of nanosized titanium dioxide 
in an amount of up to 5 wt.% leads to low values 
of the Qf/Qg ratio, which explains the appearance 
of a rather high degree of polymer–filler effective 
interaction. It should be noted that the efficiency 
of the interaction of titanium dioxide with 
the urethane polymer of Aquapol 14 is in all cases 
higher than with the styrene acrylic polymer 
Lacrytex 640. 
Based on the experimental results obtained using 
the equilibrium swelling method, the crosslinking 
density of the polymer and the average molecular 
weight of the chain segment enclosed between two 
crosslinks were calculated. The data are shown 
in Table 2. The results obtained (Table 2) indicate 
that the introduction of titanium dioxide nanoparticles 
into the styrene-acrylic polymer matrix does not 
improve the structural parameters 
of the nanocomposites. At a concentration 
of nanosized TiO2 up to 1 wt.%, the average 
molecular weight of the chain segment and 
the crosslinking density remain unchanged. 
An increase in the nanofiller content leads to 
a decrease in the studied parameters. 
However, in the case of using polyurethane 
as a polymer matrix, the polymer - filler interaction 
is 0.82 with a nanosized TiO2 content of up to 5 wt.%. 
A decrease in the average molecular weight 
of the chain segment by 17 - 24% is also observed. 
This phenomenon is caused by an increase 
in the polymer - filler interphase interaction, which 
made it possible to reduce the rate of solvent transfer 
by lengthening the average diffusion path. TiO2 
content above 5 wt.% negatively affects the average 
molecular weight of the chain segment and lowers 
the crosslinking density. 
The interface between nanoparticles and the polymer 
matrix plays a decisive role in the structure - property 
relationship and is one of the most important factors 
affecting the mechanical properties of nano-
composites. The results of studying the effect 
of the concentration of nanofiller on the tensile 
strength and elongation at break of polymer 
composites are shown in Figures 3 and 4, 
respectively. 

On the basis of the obtained experimental data 
(Figures 3, 4), it was found that nanocomposites 
have higher tensile strength, but lower plasticity 
compared to unfilled polymer matrices. With 
the content of nanosized TiO2 up to 3 wt.% 
nanocomposites exhibit excellent mechanical 
properties. The tensile strength for 
Lacrytex 640 / TiO2 is 12.74 MPa, which is 2 times 
higher than for unfilled styrene acrylic polymer. 
For Aquapol 14 / TiO2, this indicator is 14.5 MPa, 
which exceeds the strength of unfilled urethane 
polymer by 1.5 times. It should be noted that with 
the introduction of TiO2 nanofiller above 3 wt.% there 
is a decrease in tensile strength for all 
nanocomposites. This fact can be explained 
by the presence of aggregates of TiO2 nanoparticles. 
 

 

Figure 3 Effect of TiO2 content on tensile strength 
of polymer composites 

 

 

Figure 4 Effect of TiO2 content on elongation at break 
of polymer composites 
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The aggregation of nano-TiO2 in the polymer matrix 
can create zones of stress concentration and 
suppress the effect of interfacial interaction; 
therefore, the mechanical properties 
of nanocomposites decrease. Elongation at break of 
the studied nanocomposites (Figure 4) with 
nanoparticle content of 3 wt.% is reduced by almost 
25% for the styrene acrylic polymer matrix 
Lacrytex 640 and by 50% for the Aquapol 14 
polyurethane. 

Analysis of the results of studying the mechanical 
properties of filled polymer films shows that 
the presence of nanosized TiO2 in the polymer matrix 
limits the mobility of polymer chains, as a result 
of which the plasticity of nanocomposites decreases. 
If ignition occurs, the limited mobility of the polymer 
macromolecules will provide a reinforcing effect 
on the composite surface, which will help to reduce 
the drop formation of the synthetic component 
of the textile material. 

At the next stage of the work, a study of the fire 
resistance of textile materials treated with 
the investigated polymer nanocomposites was 
carried out. 

There is a significant difference in the size 
of the flame between the untreated samples and 
fabrics with polymer coating containing 10, 20 and 
30 wt.% nano-TiO2. The height of the flame 
for vertical combustion 6 s after ignition is lower 
on fabrics with a nanocomposite coating than 

on the untreated sample. In addition, after removal 
of the flame, a more intense residual glow was 
observed on the untreated samples. The residual 
smoldering time for untreated samples is 15 s, and 
for fabrics with nanocomposite coating it is 10 - 12 s. 

Micrographs of untreated fabric sample and samples 
with nanocomposite coatings before and after 
thermal exposure are shown in Figure 5. 

The flammability test shows that the untreated textile 
is completely destroyed by flame, so there is 
no micrograph of the surface of this sample after 
ignition. The results of SEM analysis of the fabric 
microstructure indicates that all samples with 
nanocomposite coating (Figures 5b, 5c) showed 
the presence of significant coke residue, which made 
it possible to prevent further thermal degradation 
of the fiber-forming polymer (Figures 5d, 5e). 

A decrease in the flammability of a polymer under 
the action of nanoparticles occurs through several 
mechanisms, which consist in limiting the transition 
of combustible substances into a flame, the formation 
of a charred protective layer, etc. Analysis 
of the fabric samples surface with a nanocomposite 
coating (Figure 5) showed that the presence 
of 20 wt.% nanosized TiO2 in the polymer matrix 
preserve fabric structure after ignition. However, 
a high concentration of nanofillers leads to uneven 
distribution and aggregation of nanoparticles 
on the fiber surface. 

 

 

a) b) c) 

  
d) e) 

Figure 5 Micrographs of the fabric surface at 200x magnification: a) untreated sample before ignition; 
b) Lacrytex 640 / TiO2 (20%) coated sample before ignition; c) Aquapol 14 / TiO2 (20%) coated sample before ignition; 
d) Lacrytex 640 / TiO2 (20%) coated sample after ignition; e) Aquapol 14 / TiO2 (20%) coated sample after ignition 
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5 CONCLUSIONS 

The results of studying the effect of polymer 
nanocomposite coatings on the change 
in the thermophysical properties of the fabric surface 
show that the introduction of titanium dioxide 
nanoparticles into the polymer matrix provides 
a reinforcing effect to the textile material. 
The presence of titanium dioxide nanoparticles 
in the polymer coating leads to the formation of coke 
residue on the fiber under the influence of the flame, 
which allows the fabric surface structure 
to be preserved after ignition. 
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Abstract: The yarn delivery rate required to knit fabric with a given stitch quality in a multi-feeder circular 
knitting machine is generally based on the drive belt speed of a positive yarn feed system. 
Even if the diameter of drive wheel (also known as Quality Adjustment Pulley (QAP) or Variable Diameter 
for Quality (VDQ) Pulley) of such system is well adjusted to maintain the required belt speed through 
positive drive, the stitch length measured on the fabric may not remain uniform as production continues. 
A key reason for this variation is the growing lint accumulation inside QAP that causes changing 
circumference of QAP gradually. Such deposition of lint may also occur on other parts of the yarn delivery 
system causing fluctuation in yarn tension and yarn delivery rate from different feeders, which ultimately 
causes fabric defect. To counteract such problem a typical brush associated cleaning system has been 
incorporated into some knitting machines by the manufacturers, which also possesses some inherent 
limitations. In this study, a noble approach has been carried out to develop an alternative cleaning tool 
for lint removal from the QAP system using compressed air. Further investigation through this study 
showed that the developed device exhibits better cleaning performance and is cost-effective 
than the traditional brush-shelf type cleaning apparatus. 

Keywords: knitting, stitch length, QAP, lint/fluff, compressed air. 

 

 

1 INTRODUCTION 

When a multi-feeder circular knitting machine knits 
a fabric, yarn ends from different packages 
are supplied to needles arranged around 
the cylinder of that machine. A number of knitting 
cams positioned around the cylinder define 
the travel path of the needles. The needles should 
receive a certain quantity of yarn supplied per 
revolution of the knitting machine for a smooth 
knitting process. The amount of yarn, supplied 
to the needles of a circular knitting machine, 
determines the quality of the fabric being knitted. 
To knit a denser fabric, the amount of yarn fed 
to the needles per revolution of the knitting machine 
is decreased and vice versa to knit a lighter fabric. 
Therefore, it is imperative to control the rate at which 
yarn is fed to a knitting machine in order to maintain 
the quality of knit fabrics. 

In the negative feed system, the needles pulled 
yarns directly from yarn packages and this system 
has some serious drawbacks. For instance, the yarn 
feed rate and the tension of yarn from different 

packages are varied due to the relative spatial 
locations of the packages with respect to the circular 
knitting machine [1]. This varying yarn tensions and 
feed rates were the reasons for inconsistent product 
quality as well as low productivity through such feed 
systems. In order to solve this non-uniform feed rate 
problem, positive yarn feed system had been 
developed where yarn is fed to the needles 
at a controlled rate [1]. More specifically, a number 
of positive feed units, coupled with the motor 
through a belt and a drive wheel (Figures 1 and 2), 
can pull exact amount of yarn from yarn packages 
to be supplied to needles. This same amount of yarn 
then wraps around the positive feed wheels and, 
is subsequently distributed to needles (unlike 
the direct feeding of yarn to needles). Yarn delivery 
continues only when the positive feed units 
are rotating. The drive wheel is adjustable 
to differentiate the rotation rate of the positive feed 
units, and consequently, to adjust the amount 
of yarn supplied to needles. Hence, it is very much 
interrelated with fabric quality and consequently 
named as the quality wheel or quality pulley. 

mailto:mobarok@aust.edu
mailto:mdimranul_islam@fitnyc.edu
mailto:armali@me.buet.ac.bd
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Figure 1 Drive pulley and toothed belt based positive storage feeding 

 

 

Fd1-N = Positive feed wheels 
QP = Quality pulley 
GR = Guide roller 
BR = Belt tension adjusting roller 

Figure 2 Schematic diagram of positive storage feed system [2] 

 

A quality wheel, also known as Quality Adjustment 
Pulley (QAP) or Variable Diameter for Quality (VDQ) 
pulley, is illustrated in Figures 3-5. The quality wheel 
comprises of upper and lower plates with multiple 
movable segments between plates along with a lock 
nut to keep them in place. The upper plate includes 
a helical groove, while the lower plate includes radial 
grooves. The inner diameter of the quality pulley 
is adjustable to vary yarn feed rate. To increase 
the fabric areal density (e.g., Grams per Square 
Meter [GSM] or Ounces per Square Yard [oz/yd

2
]), 

yarn supply is reduced by decreasing the inner 
diameter of the quality pulley through scrolled 
segments. 

This results shorter stitches and hence denser 
fabric. In addition, couliering depth has to be 
reduced from cam box, to control high yarn tension 
caused by decreased yarn delivery. The couliering 
depth, that expresses the kinking of yarn into 
a needle loop and the subsequent knock-over 
of the old loop [3], can be controlled by adjusting 
the vertical position of the stitch cam to pull a longer 
or shorter loop. However, in case of positive feeding, 
the role of such adjustment is to bring tension 
balance on the feed yarn rather than controlling loop 
length. 
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Figure 3 Quality Adjustment Pulley (QAP) 

 

 

 
Figure 4 Inside view of upper plate of QAP 

 

 

Figure 5 Inside view of lower plate of QAP 

It is a common knowledge that the environment 
of a knitting floor is generally dusty with loose short 
fibers (i.e., lint), particularly when processing spun 
yarns. These dusty matters, sometimes known as 
fly, are sticky in nature, can be carried by the timing 
belt (Figure 6), even can be deposited and packed 
inside the grooves of toothed belt pulley. This fly 
accumulation eventually leads to slippage of toothed 
belt over toothed belt pulley, resulting poor control 
of positive feeding system. Moreover, such lint/fluff 
deposition may gradually grow inside the QAP 
(Figure 7), which apparently results a shift in pulley 
diameter and consequent variations in stitch length, 

even though the positive feed system operates 
at a fixed speed [4]. Furthermore, the increased belt 
tension due to the movement of belt over dust/lint 
deposited surface makes the belt prone to wear and 
tear and reduces its desired lifetime. Therefore, 
lint accumulation on yarn delivery system is quite 
warning and must be avoided to knit fabric with 
consistent quality. 

 

 

Figure 6 A continuous QAP belt/timing belt [5] 

 

 

Figure 7 Fluff deposition inside QAP 

Unfortunately, cleaning apparatus/methods for QAP 
system are quite rare till now and the effectiveness 
of the available one (a typical brush-based system) 
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is questionable. While working in the knitting 
industry, the researchers observed and witnessed 
rapid deterioration of the cleaning performance 
of such brush-based devices. Eventually, 
it contributed to yarn tension and stitch variation and 
subsequent generation of two particular fabric faults, 
i.e. streakiness (Figure 8) and variation in fabric 
areal density. Both streakiness, i.e. narrow extended 
unintentional stripes [6], and variation in areal 
density throughout the fabric roll, would reduce 
the expected performance of the knitted fabric and 
could be a reason for customer dissatisfaction. 
Therefore, maintaining consistent yarn tension and 
stitch length throughout the knitting operation 
is imperative for the right quality of fabric. As a part 
of such effort, QAP belt cleaning system should be 
highly functional. Therefore, the purpose of this 
study is to develop a functionally better and cost-
effective lint/fluff removal device for the QAP belt 
than the existing brush-based system. The system 
should resist the deposition of lint/fluff on the QAP 
system quite successfully. 

 

 

Figure 8 ‘Streak’ in grey cotton-knitted fabric 

1.1 State of different cleaning systems for 
knitting machines 

Numerous research works, mostly through patents, 
have been carried out over time to protect different 
parts of a knitting machine from environmental 
substances. Various dust/lint/fluff removing means 
(e.g., compressor and conduit, housings, fluid 
ejecting nozzle, air jet nozzle, filter, suction, blower, 
fan, airstream, etc.) were developed and are 
chronologically reviewed in this section. 

Shortland’s invention comprised of a compressor 
and conduit to transmit compressed air 
at a relatively low pressure [7]. The compressor air 
directed to different machine parts to keep them 
clean from lint or fluff. Schmidt proposed housings 

in which the dust is raised and swirled up by an air 
steam and then, sucked off by a suction system [8]. 
The deposited dust is further collected in a dust bag 
or thrown away into the open air. The invention was 
based on the principle of raising the dust using 
a blower at the spot where it collects, followed 
by sucking the dust off through a suction fixture. 
This method claims the advantage of taking air from 
the blow tubes directly to relatively inaccessible 
spots without any damaging effects on the threads 
and stitch forming tools when the dust is moved from 
the spots. 

Abrams and Tetrault showed a typical apparatus 
that was designed for blowing lint and other foreign 
objects away from the critical parts of the knitting 
machines with top creel arrangement [9]. Abrams, 
in another study, invented a lint removing device 
with fluid ejecting nozzles to prevent 
the accumulation of lint on the critical parts 
of the machine [10]. Nurk proposed a dust-collecting 
system for a circular knitting machine that has 
a needle cylinder and loop-forming instrumentalities 
which form loops along an annular loop-forming 
zone. A number of suction nozzles circles around 
the annular loop-forming zone to collect dust and 
fluff from the zone [11].  

Yorisue and Morimoto invented a waste fiber 
removing device [12] with air jet nozzle which is 
flexible enough to impart a fluttering motion. The air 
jet nozzle is either stationary or rotating to prevent 
the accumulation of lint on various adjacent parts 
of the knitting machine. Rovinsky and Meszaros 
described a knitting machine attachment using 
pressure air that flow through a number of flutter 
tubes to control the accumulation of lint [13]. 
Each tube construction consists of an inner circular 
bore encircling elliptical wall which causes a flutter 
or pivotal traverse in a specified plan or path where 
lint is likely to accumulate. 

Igarashi and Iida described a collector/remover 
of dust in knitting machine [14]. Fibers accumulated 
adjacent to the knitting zone and to yarn feeding 
devices of the knitting machine is blown to a filter 
next to the top of the machine. The lint is removed 
from the filter by a rotatable filter cleaner and then, 
is transported by suction to a vacuum device outside 
of the machine. In their (Igarashi and Iida) another 
research, an apparatus with suction/blowing 
attachment causes the fiber waste generated 
at the upper part of the knitting section moving 
upwardly through the suction duct associated with 
the suction-blowing segment [15]. Mutually spaced 
fiber waste collectors upon the knitting machine and 
on the creel of a knitting unit collect fiber waste, 
which is then withdrawn by a fiber waste remover. 
The waste remover is selectively connectable 
to different fiber waste collectors. Sensors can 
detect when the fiber waste collected 
by the collectors when the waste exceeds 
a predetermined amount. 
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An injection nozzle, invented by Izumi, is located 
on a rotating cylinder of a circular knitting machine 
to remove dust, lint and waste fibers as well as 
lubricating the knitting unit. The nozzle, located 
between the sinker cap and sinker cam, includes 
a tip opening located adjacent to the knitting unit. 
This nozzle also includes a receiving end located 
opposite to the tip opening. Mist-oil and air 
discharge at the tip opening of the injection nozzle 
for cleaning and lubricating the knitting unit [16]. 
Tsay showed a dust blower, mounted at the center 
of the circular knitting machine, to blow dust and fluff 
away from the annular loop forming zone. The dust 
blower includes a rigid guide tube and a swivel 
nozzle head. The rigid guide tube is connected 
to a compressed air source and rotates horizontally 
by a constant speed motion. The swivel nozzle head 
is mounted on one end of the rigid guide tube and 
rotates vertically when compressed air is driven out 
of its radial nozzles [17]. 

Baumann developed a fan-based cleaning system 
with a rotating arm, which is only suitable 
for the dimensions of circular knitting machine (not 
for flat-bed knitting machine) [18]. For double jersey 
circular knitting machine, Gutschmit explained some 
means for deterring lint and debris accumulation 
on the knitting elements [19]. According to his claim, 
the needle and dial slots can be significantly cleaned 
by enclosing an annular air chamber spanning 
between the cylinder and dial, and by delivering 
a pressurized air steam into the chamber. The air 
stream will blow lint, debris and contaminations 
away from the critical knitting elements (e.g. needles 
and sinkers) and prevent the accumulation of such 
materials within the cylinder and dial slots. Willmar, 
Sickinger and Berwald introduced a dust removal 
device which contains air distribution channels. 
These channels, configured in segments, 
are connected to a compressed air source via radial 
air supply channels [20]. 

From above discussion, it can be concluded that 
researchers and/or inventors used mainly two basic 
techniques- lint collecting and lint blowing means 
to control lint. Lint collecting technique was basically 
a lint suction system whereas lint blowing technique 
involved a system that applies jet of compressed air. 
Though some existing technologies (e.g., brush 
cleaning) incorporate the indirect way of keeping 
QAP away from dust via cleaning of QAP belt but, 
none of these previous studies mentioned any 
means of keeping QAP clean directly using 
compressed air. It is quite expected that 
an apparatus using pressured air flow will be able 
to obviate the accumulation of lint or fluff 
in any critical point of the knitting machine efficiently. 

1.2 Traditional brush-based cleaning of QAP 
belt 

Friction between yarn and various knitting machine’s 
parts (e.g., yarn guide, feeder) with which the yarn 

comes into contact causes fibers breakage within 
the yarns. These broken as well as waste fibers are 
separated from the yarn and gets accumulated 
as lint or fluff in the contacted parts and adjacent 
areas of the machine. This fiber waste as well as 
other environmental dirt particles may also be 
attached on the toothed belt, carried away inside 
the QAP, and eventually accumulated over some 
scrolled segments. A significant amount of such 
elements (lint/dirt/fluff) deposited over the scrolled 
segments may create eccentricity increasing 
the circumference of the quality pulley. 
The increment of circumference leads to faster 
surface speed of the quality pulley and, 
subsequently increasing yarn delivery rate than 
the desired one. The periodic variation of yarn 
delivery rate due to the build-up eccentricity in QAP 
may also result fluctuation in yarn input tension and 
thereby, making the yarn delivery process unstable. 
A portion of the generated waste fiber during 
the knitting process may be collected on the grooves 
of some QAP belt pulleys through the belt, resulting 
faulty positive feeding through feed units. 
To overcome such problems, some knitting 
machines are provided with a typical brush-based 
cleaning apparatus (Figure 9) for the QAP system. 
As shown in figure 9, two rotating brushes attached 
in a brush-self are used to clean both sides 
of the QAP belt. Being surface driven by the moving 
QAP belt, the brushes remove fly or dirt from 
the belt. 

 

 

Figure 9 Single brush-shelf for circular knitting machine 

1.3 Significance of the study 

The typical brush-based cleaning apparatus for QAP 
system has some practical limitations. Firstly, 
the brushes are highly prone to wear on bristle side 
due to friction with moving belt. Secondly, 
the brushes get clogged frequently with dust//lint 
during operational hours and need frequent attention 
from the knitting machine operator. 
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Furthermore, the frequent manual handling of this 
cleaning aid might not fit ergonomically for all 
operators particularly those having comparatively 
shorter physical postures. Therefore, a need 
for an alternative cleaning apparatus is quite 
justified. On basis of previous studies, it may be 
assumed that a compressed air-based cleaning 
system would overcome the existing limitations 
of brush-based cleaning as well as show better 
cleaning performance. Therefore, the purposes 
of this study are i) to develop a compressed air-
based cleaning system, and ii) to compare 
the cleaning performance and operating cost 
between brushed and air-based cleaning systems. 

2 MATERIALS AND METHODS 

2.1 Constructional elements 

To develop a prototype compressed air-based 
cleaning apparatus, cheap and available material 
components have been used. Soft flexible plastic 
pipes with roller clamps have been used as conduit 
means. Polyvinyl Chloride (PVC) based board and 
channels have been utilized for housing. Hard 
plastic fittings like Tees and Elbows together with 
metal screws were used as joining aids. The device 
is developed in such a way that it can be mounted 
on the feed-units holder ring conveniently. 

2.2 Constructional method 

A sketch of the desired prototype device is shown 
in Figure 10. The width and total thickness the QAP 
toothed belt (not mentioned in the sketch) that would 

undergo cleaning, were considered as 10 mm and 
3 mm respectively following the toothed belt 
dimensions of the renowned Memminger-IRO drive 
systems [5]. 

As in Figure 10, a base plate (1) is attached 
to a shaft (2) by screw (3a, 3b) to hold the entire 
device. An upper base plate (4) is attached by screw 
(5a, 5b) above the first base plate (1) 
for reinforcement purpose. These base plates (1, 4) 
are made of PVC composite board. A tee (6) 
is placed in the center of the upper base plate (4) 
to join pipe-segments (7, 8). With the pipe-segments 
(7, 8), two 90° elbows (9, 10) are attached. Another 
two PVC pipe-segments (11, 12) were attached with 
other ends of the elbows (9, 10). Two tees (13, 14) 
were joined on both open ends of the PVC pipe-
segments (11, 12). At the top openings of the tees 
(13, 14), another two pipe-segments of PVC pipes 
(15, 16) were attached. On the other end of these 
PVC pipe-segments (15, 16), two elbows (17, 18) 
were attached. Air nozzles (19, 20) attached with 
flow tubes (21, 22) were incorporated with the side 
openings of tees (13, 14). Other air nozzles (23, 24) 
attached with flow tubes (25, 26) were incorporated 
with the openings of elbows (17, 18). The tubes (21, 
22, 25, 26) act as conduit means and are connected 
to the air distributor of the machine. A roller clamp 
(not shown in the diagram) was used with each flow 
tube (21, 22, 25 and 26) to regulate the rate of air 
flow. 

 

 

 
Figure 10 A drawing of the proposed air nozzle based QAP belt cleaning apparatus 
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Figure 11 Proposed attachment of a compressed air-based lint removal device on a circular knitting machine with 
QAP based positive feed system (all measurements are taken in centimeters) 

 

Typical diameters of PVC pipe-segments and 
nozzles are around 12.50 mm and 5 mm 
respectively. The distance between two face-to-face 
nozzles was kept at 23 mm so that the belt remains 
10 mm away from any corresponding nozzle. 
This gap of 10 mm has been chosen according 
to the commonly practiced setting of lint blower 
(needle to air nozzle end) found through 
the periphery of needle cylinder of an industrial 
circular knitting machine. Based on the study 
by Torlach (1999), the compressed air pressure was 
maintained at around 210 KPa (around 2 bar) 
through air regulator unit [21]. It is because the air 
jets directed to the belt passing between face-to-
face nozzles are strong enough to blow away 
attached lint without any damaging effect to belt 
or making any deviation to the belt’s running 
condition. The position of whole base plate (1) can 
be adjusted somewhat by tuning the position 
of screws (3a, 3b). The shaft (2) is joined with feed 
unit holder ring (30) through a gripper (27). 
The gripper (27) is fixed with the shaft (2) by screws 
(28a, 28b). Two other screws (29a, 29b) are set 
at other side of the gripper (27). These screws (29a, 
29b) are used for firm fitting of the gripper with 
the ring (30). A typical diagrammatic set-up for this 
device on a circular knitting machine (Orizio-Johnan, 
E 24) is shown on Figure 11. 

3 RESULTS AND DISCUSSION 

3.1 Installation of the device 

An image of the developed prototype apparatus is 
shown in Figure 12. The device was first installed on 
a circular knitting machine in a lab setting for a trial 
run (Figure 13). 

 

 

Figure 12 An image of the developed lint removal device 
for the QAP belt 



Fibres and Textiles (4) 2020 39 

 

Figure 13 The newly developed lint removal device 
attached to a knitting machine 

3.2 Comparative cleaning performance between 
brush-based cleaning system and 
compressed air-based cleaning system 

A comparative measurement of cleaning 
performances between brush-based cleaning 
system and compressed air-based cleaning system 
on the basis of dirt/fluff deposition over the scrolled 
segments inside QAP was carried out 
in an industrial environment. A circular knitting 
machine from a renowned knitting mill 
in Bangladesh was used for the intended purpose. 
In order to compare the cleaning performances, both 
the brush-based and compressed air-based cleaning 
devices were attached individually with same knitting 
machine [24 gauge, 34-inch (86.36 cm) diameter, 
2556 needles, and 102 feeders] to produce 
the same single jersey structure fabric. Same yarn 
[60/40 cotton/viscose, 30/1 Ne (19.68 Tex)], same 
stitch length (2.72 mm) and other identical knitting 
parameters were maintained throughout 
the production hours consistently. Before attaching 

each of these cleaning devices, the scrolled 
segments inside QAP were cleaned properly, so that 
no dust/fluff can be pre-existed. Related data was 
collected for two consecutive days so that any 
significant change in room atmospheric condition 
and its effect on lint accumulation could be avoided.  

For the brush-based cleaning device on day one for 
24 hours (between 2 PM to 2 PM) duration, total 
actual production, total mass of dirt/fluff collected 
over the scrolled segments inside QAP, and mass 
of dirt/fluff collected over the scrolled segments 
inside QAP for 1 kg production of knitted fabric were 
312.50 kg, 0.0818 gm and 0.00026 gm/kg 
respectively. Similarly, these outcomes for 
the compressed air-based device were 323 kg, 
0.0601 gm and 0.00019 gm/kg respectively. Around 
29 percent of less dust deposition was observed 
over the scrolled segments inside QAP due to 
installation of compressed air-based cleaning device 
instead of brush-based cleaning device. 
The outcomes of this study support better cleaning 
performance of compressed-air based device than 
that of the brush-based cleaning device. 
It is expected that the performance will be improved 
exponentially over a longer duration as less dirt/fluff 
deposition facilitates lesser further dirt/fluff 
deposition inside the QAP. Table 1 summarizes 
the comparative measurement of cleaning 
performances. 

Since the compressed air-based cleaning apparatus 
is contactless to the QAP belt, any friction induced 
damage is impossible. Hence, frequent cleaning 
of QAP is not needed rather operator has to be 
aware of any leakage of compressed air. 
On the other hand, the belt, particularly the brushes 
are highly prone to wear on bristle side due to 
continuous friction between moving belt and brushes 
in the brush-based cleaning system. Frequent 
cleaning of brushes is required as dust collected by 
the brush causes jamming inside bristles resulting 
reduced cleaning efficiency.  

 

Table 1 Comparative cleaning performances between traditional brush-based cleaning device and the developed 
compressed air-based cleaning device 

Particulars obtained for Brush-based 
cleaning device 

Particulars obtained for Compressed 
air-based device 

Cleaning performances 
differences 

Finding 

*Production date and time 
=23/12/18 to 24/12/18 

(2pm to 2 pm) 

*Avg. temp. = 25.5°C and R.H. 55% 
(approx.) respectively 

*Actual production=312.5 kg 

*Mass of lint/ fluff collected over 
the scrolled segments inside QAP during 

the production hours = 0.0818 gm 

*Mass of dirt/fluff collected over 
the scrolled segments inside QAP 
for 1 kg production of knitted fabric 

= 0.00026176 gm 

*Production date and time 
=24/12/18 to 25/12/18 

(2pm to 2 pm) 

* Avg. temp. = 25°C and R.H. 56% 
(approx.) respectively 

* Actual production=323 kg 

*Mass of lint/fluff collected over 
the scrolled segments inside QAP during 

the production hours =0.0601 gm 

*Mass of dirt/fluff collected over 
the scrolled segments inside QAP 
for 1 kg production of knitted fabric 

= 0.000186068 gm 

0.0000757 gm less 
lint/fluff deposition inside 
QAP for 1 kg production 

of knitted fabric 
by the compressed air-
based cleaning device 
over the selected time 

period of 24 hours 

Due to installation 
of Compressed air-based 
cleaning device instead 
of brush-based cleaning 
device around 29 % less 

dust deposition was 
observed over 

the scrolled segments 
inside QAP 
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Most importantly, this frequent cleaning is not 
ergonomically feasible for workers, specifically 
of Bangladesh origin. The average height 
of Bangladeshi male is around 167.7 cm [22] and 
female is around 150.6 cm [23], whereas the brush-
shelf/feed unit holder ring of a large diameter circular 
knitting machine is located more than 180 cm (like 
in Orizio-Johnan machine) above the ground. 

3.3 Comparative cost analysis 

To determine the feasibility of this study, 
a comparative cost analysis between traditional 
brush-based cleaning system and compressed air-
based cleaning system has been conducted. After 
the successful trial run in lab setting, the developed 
device was attached to a knitting machine 
of a renowned knitting mill in Bangladesh to gather 
industry scale data. Therefore, all cost relevant 
to this experiment was calculated in a local currency 
(BDT), which then can be converted to USD (USD 1 
= BDT 85 approximately) or EUR (EUR 1 = BDT 95 
approximately). 

Operating cost 
The cost of compressed air consumed 
by the developed device was determined based 
on per unit cost of compressed air. The cost/m

3
 

of compressed air (at 10 bar) was calculated as BDT 
0.67 using (1) (based on 100 percent compressor 
motor efficiency, 55 KW motor capacity, electricity 
cost of 8.15 BDT/kWh, 80 percent of operating hours 
running as fully loaded state, and volume of 
generated compressed air at 10 bar = 9.51 m

3
/min). 

The cost of compressed air per nozzle per year 
consumed by the developed device was calculated 
as BDT 1,305 using (2) (considering average knitting 
machine running time = 21 hours/day indicating the 
efficiency of 87.5 percent, yearly working days = 298 
[excluding common official holidays of Bangladesh], 
distance between air nozzle to belt = 10 mm 
[indicating the common distance maintained for 
cleaning of knitting elements through compressed 
air jet], diameter of air nozzle = 5 mm, and average 

velocity of compressed air ejected from the nozzle, 
V = 22 m/s [measured by an anemometer, as shown 
in Table 2]).  

From further calculation, it can be estimated that 
the developed device with four nozzles (applicable 
for a two QAP-based yarn delivery system) can cost 
BDT 5,250 and share about 0.19% of total cost need 
to generate compressed air by the compressor. 
On the other hand, cost evaluation for brush-based 
apparatus was done mainly based on 
the information provided by the authorized local 
agent of Memminger-IRO, the manufacturing 
company of this particular device. Four pieces 
of brush are required for a two QAP-based positive 
feed system, and the expected lifetime of each 
brush is one year, according to the supplier’s 
warranty. As in this cleaning system, only brushes 
are required to be replaced when 
damaged/consumed, yearly cost for such system 
with four brushes stands at BDT 5,600 (price/brush 
= BDT 1,400). Therefore, annual cost for 
the developed device (i.e., BDT 5250 or USD 61.76) 
is 6.25% less than that (i.e. BDT 5,600 or 
USD 65.88) of the traditional brush-based cleaning 
device. 

Device price 

The asking price of a typical brush-based cleaning 
system (entire brush-self system with four brushes) 
was BDT 15,000 or USD 176.47(according 
to the supplier’s invoice). On the other hand, 
the manufacturing price for the developed device 
was around BDT 1,650 or USD 19.41 (including 
parts and BDT 1,000 labor charge). As the device 
was built on prototype basis, the manufacturing 
components were purchased locally and hence, 
the reason for low cost. However, it was not 
evaluated in commercial scale as well as selling 
price is not considered in this study. Nonetheless, 
it is expected that the developed system will still be 
cheaper in price when it will compete with the brush-
based apparatus through the same platform. 

 

Compressed air cost in BDT =
ℎ� � 0.746 � ��������� ℎ���� � 

���
��ℎ

 � (���� %) � (���� ���� ℎ� %)

����� ����������
 (1) 

Compressed air consumption per nozzle per year = �� �
�

2
�

�

× 60 × 60 × 21 × 298 �� 
(2) 

 

Table 2 Determination of the rate of air flow that will be ejected from a nozzle of the developed device 

Reference position 
(distance) 

Machine 
Compressed air 
pressure [bar] 

Air flow rate 
[m/s] 

Average air 
flow rate [m/s] 

Standard 
deviation 

Needle to compressed air  
ejecting nozzle - end 

(10 mm) 

Orizio-Johnan 
E 24 

2 

22.1 

22 0.492161 

21.7 
22.2 
20.9 
22.8 
21.9 
22.1 
21.8 
22.3 
22.2 
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4 CONCLUSION 

An extensive root-cause analysis is carried out 
(as an extended part of this study) primarily for all 
recognized circular weft knitted fabric defects 
(e.g., hole, stain, press-off, snag, gout, miss knit, 
barrè, etc.). Two particular flaws/faults– areal 
density variation and streakiness have been isolated 
and scientifically investigated to consider the scope 
of rectifying them. The purpose of this study lies 
on conducting a machine modification to minimize 
the propensity of these two faults, whose root 
causes are directly related with lint accumulation 
in the drive wheel and belt based positive feed 
system of circular knitting machine. Therefore, 
a new lint removal device using compressed air 
for the cleaning of QAP belt, has been developed.  

Based on the outcome of this study, the developed 
compressed air-based cleaning system for QAP belt 
is an excellent alternative to the currently available 
brush-based cleaning system. The prototype device 
developed in this study is cheaper, easy to install 
and operate, and entirely free from the risk 
of mechanical friction. It does not need any 
additional supporting system as the air distributor 
is already available in the machine as an integral 
part of it. Moreover, using this compressed-air based 
system eliminates the physical limitation 
of Bangladeshi circular knitting machine operators 
or people with short stature while setting up and 
changing brushed shelf cleaning system. Apart from 
better cleaning performance, the calculated 
operating cost of the compressed air-based cleaning 
system seems to be cheaper if the device is used 
as a replacement of brush-based cleaning apparatus 
for QAP belt. Finally, the developed device has been 
proven effective, convenient and economically 
feasible along with achieving better cleaning 
performance. Therefore, it is superior 
to the traditional device of its type and highly 
recommended for installation in circular knitting 
machines having positive feed drives. However, 
while working with such compressed air-based lint 
removal system, there is a higher possibility 
of the removed fiber to be settled upon nearby yarn 
or machine components. The venti-cleaners 
of the machine, more specifically the top one, should 
operate properly during knitting to overcome this. 

4.1 Limitations of this study 

The findings of this study have to be seen in light 
of some limitations. Firstly, there is a paucity 
of research available on the performance of brush-
based clean system for the circular knitting machine. 
Secondly, a reliable source for some compressor 
related information (e.g., motor efficiency, 
compressor loading, and unloading duration) was 
unavailable to the particular knitting mill used 
in this study. This information was collected from 
the maintenance department without cross 
verification, which may lead to some erroneous 

judgement while calculating the cost of generated 
compressed air. However, it can be realized 
that these limitations are not so potential to hamper 
the research outcome significantly. 
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Abstract: Polylactic acid (PLA) is one of the possible usable polymers that have the assumption to replace 
synthetic materials. Fibres made from PLA still do not achieve the properties of fibres made from synthetic 
polymers, and therefore the effort is to modify the production process of PLA fibres by additions of various 
additives. The aim of this work was to prepare the biodegradable fibres from PLA and to evaluate 
the influence of the preparation conditions on their mechanical properties. The special additives were 
added to the polymer mass to achieve better processability as well as better mechanical properties 
(tenacity and elongation at break) of PLA fibres. All prepared fibres were drawn at maximum drawing ratio 
λmax at the drawing temperature 80; 90; 100 and 105°C. The effect of additives and the drawing 
temperature on the mechanical properties of the prepared PLA fibres was evaluated and discussed. 

Keywords: Polylactic acid, biodegradable fibres, additives, mechanical properties. 

 

 

1 INTRODUCTION 

People have been using polymers for thousands 
of years. In ancient times was used natural plant 
gum, later were using plant-derived polymers, and 
about since 1495 the natural rubber was known. 
The first synthetic polymer (Bakelite) was invented 
by Leo Hendrik Baekeland in 1907 [1]. The invention 
of catalytic polymerization has significantly 
contributed to the rapid development of polymer 
technology in the last decades of the 20

th
 century. 

Because common polymers (PE, PP, PS, ...) are 
very cheap and have a wide range of uses, 
environment contamination with polymers has 
become a serious worldwide problem. Synthetic 
polymers take hundreds years to completely 
degrade to harmless soil components. This, together 
with the reduction of oil resources, is forcing to orient 
the research to field of renewable materials as well 
as biodegradable polymers. 

The first step in solving the problems with plastic 
waste was mixtures of polymeric biomass, which 
had better degradability compared to conventional 
plastics. The second step is biodegradable polymers 
which can be divided into two categories 1) 
petroleum-derived and 2) microorganism-derived [2]. 
Biodegradable polymers can be defined as polymers 
that decompose into low-molecular products 
by the action of microorganisms and their enzymes. 
By combining the production of polymers from 
renewable sources and biodegradability, 
the possibility of extending the lifecycle of plastic 
products has emerged [3]. Most biodegradable 
polymers are in the polyesters group. Polylactic acid 
(PLA) is a biodegradable polymer, which has been 

receiving a lot of attention lately. PLA is made from 
lactic acid. Monomer - lactic acid can be produced 
by fermentation or chemical synthesis from 
carbohydrates. Fermentation of carbohydrates from 
agricultural crops such as sugar cane, potato 
and corn is more preferred [4, 5]. Polylactic acid 
(PLA) was discovered in the early 19

th
 century 

by Pelouze. The first PLA companies began 
to emerge in the 1990s [1]. PLA is the first melt-
processable natural-based fibre which can be 
derived from 100% renewable resources [5, 6]. 
The environmental benefit of PLA is determined 
by its applications. PLA can be processed using 
conventional processing technologies used for 
thermoplastic polymers. From PLA can be formed 
transparent foils, fibres, or bottles (by injection into 
bottle preforms), etc. PLA has also excellent 
organoleptic properties and it is excellent for contact 
with food and packaging applications [7]. As PLA 
is the largest produced biodegradable polymer 
in the world and attains a reasonable price, many 
food industries, particularly those involving single-
use applications like food packaging, utilize PLA 
as a food packaging material. PLA is a suitable 
substitute for existing petrochemical polymers for 
the fabrication of cups, containers, and packaging. 
At the spinning of PLA, the conditions and the way 
in which this process is carried out are very 
important. PLA fibres have been manufactured using 
both solution-spinning and melt-spinning methods 
[8, 9]. During the spinning from melt, the degradation 
of such material is greater than during the spinning 
from solution, and the molecular weight decrease 
correlates with the decrease in strength. By using 
of processing technology from melt, the two types 

mailto:marcela.hricova@stuba.sk


Fibres and Textiles (4) 2020 43 

of fibres (mono and multifilaments) can be produced. 
Fibres made from PLA do not achieve the properties 
of fibres made from synthetic polymers (PP, PA, 
PET), and therefore, there is the attempt to modify 
not only the production process of PLA fibres but 
also the polymer mass, for example by the addition 
of various additives like fillers, plasticizers, pigments, 
nucleation agents, etc [10, 3]. 

This work was focused on the preparation 
of polylactic acid (PLA) fibres and modified PLA 
fibres with content of various additives. 
The influence of processing conditions and additives 
on mechanical properties (tenacity and elongation 
at break) of prepared PLA fibres was evaluated. 

2 EXPERIMENTAL PART 

2.1 Materials used 

These materials were used in the experimental 
work: 

Polylactid acid (PLA) 

Additive 1 (A) 

Additive 2 with lower concentration (B1) and additive 
2 with higher concentration (B2) 

2.2 Fibres preparation 

PLA concentrates with final concentration 
of additives were prepared using LabTech extruder 
with diameter 28 mm (L/D = 40) at 190°C. Before 
spinning, PLA granulates were dried in a laboratory 
oven for 3 hours at temperature 80°C. PLA fibres 
and modified PLA fibres were prepared using 
a laboratory spinning plant at temperature 190°C 
with the take-up speed 150 m.min

-1
. Fibres were 

drawn using a laboratory drawing machine 
at maximal draw ratios max at drawing temperatures 
80; 90; 100 and 105°C. The list and composition 
of fibres are presented in Table 1. 

2.3 Method used 

The Instron (Type 3343) was used for 
the measurements of the mechanical properties 
(tenacity and elongation at break) of fibres 
(according to ISO 2062:1993), evaluated from 
15 measurements. The initial length of fibres was 
125 mm and the time of deformation was about 
20 sec. 

3 RESULTS AND DISCUSSION 

PLA fibres and modified PLA fibres with content 
of additives were prepared. The influence of drawing 
temperature and additives on mechanical properties 
of PLA fibres was investigated. With regard 
to the high sensitivity of polylactic acid on thermal 
degradation, the effect of real-time aging (during 
90 days) on mechanical properties of prepared 
fibres was evaluated.  

As we can see from the measured values in Table 1 
and from the graphical dependence on Figure 1a, 
the tenacity of undrawn PLA fibres without 
the additives has a decreasing tendency depending 
on the aging time. The highest value of tenacity was 
measured after 14 days from the preparation 
of the fibres. The tenacity of PLA/A fibres increases 
slightly with increasing number of days. PLA fibres 
with the content of additive B also show similar 
dependences. The highest values of the tenacity 
of the undrawn modified PLA fibres were reached 
90 days after spinning of fibres. In general, 
all undrawn PLA fibres containing additives showed 
lower tenacity than pure PLA fibre. 

The addition of additives to the mass of PLA fibres 
caused an increase of the elongation at break for all 
modified fibres compared to pure PLA fibre (Table 1 
and Figure 1b). The fibres containing the additive A 
show the highest values of elongation at break. 
The addition of additive B slightly reduces 
the elongation of the undrawn fibres, but these 
values are still higher than for pure PLA fibres. 

Elongation at break for undrawn pure PLA fibres 
reached the lowest value after 90 days and 
the highest value after 21 days from fibre 
preparation. In general, modified PLA fibres show 
a decrease in elongation at break with 
on dependence on aging time. The exception 
is the elongation value 21 days after preparation, 
which is higher and comparable to the value 
immediately after fibre preparation and occurs for all 
PLA fibres with content of additives. The lowest 
values of elongation at break for these fibres were 
measured 90 days after fibre preparation 
(Figure 1b). 

 

Table 1 Tenacity  and elongation at break  of undrawn PLA fibres measured during 90 days from spinning 

No. composition of fibres 
σ [cN/tex] ε [%] 

1 d* 14 d 21 d 60 d 90 d 1 d 14 d 21 d 60 d 90 d 

1 PLA 6.7 7.3 6.6 6.4 5.6 181 164 189 166 142 
2 PLA/A 5.1 5.4 5.3 5.5 5.8 240 223 240 214 202 
3 PLA/A/B1 4.6 4.9 4.8 5.3 5.6 221 201 211 188 177 
4 PLA/A/B2 5.1 5.3 4.8 5.3 5.8 230 219 224 197 181 

*d – the number of days from spinning when the mechanical properties of the PLA fibres were measured 
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a)  b)  

Figure 1 Tenacity (a) and elongation at break (b) of undrawn PLA and modified PLA fibres 

 

Table 2 Tenacity  and elongation at break  of drawn PLA fibres measured during 90 days from spinning 

composition 
of fibres 

drawing 
temperature 

[°C] 

drawing 
ration 
max 

σ [cN/tex] ε [%] 

1 d* 14 d 21 d 60 d 90 d 1 d 14 d 21 d 60 d 90 d 

PLA 

80 

2.0 16.3 15.9 15.6 17.5 16.3 65 60 65 55 60 
PLA/A 2.7 15.0 17.1 16.9 17.2 17.0 60 71 53 52 71 

PLA/A/B1 2.5 17.0 18.2 17.5 18.3 17.8 58 63 58 55 63 
PLA/A/B2 2.6 18.0 19.9 17.8 18.9 18.1 52 57 61 47 50 

PLA 

90 

2.4 21.1 20.0 21.4 22.2 23.3 64 41 41 37 44 
PLA/A 3.2 18.5 21.4 21.3 23.1 22.8 49 43 43 36 37 

PLA/A/B1 3.0 18.4 22.9 20.3 21.5 22.1 45 44 47 41 39 
PLA/A/B2 3.0 20.2 19.8 19.0 21.8 21.9 46 45 57 37 49 

PLA 

100 

2.7 23.8 23.4 24.9 23.8 23.4 40 32 35 37 31 
PLA/A 3.5 23.1 24.1 23.1 25.2 23.7 36 35 42 38 31 

PLA/A/B1 3.4 22.9 22.5 21.9 22.5 23.1 38 36 35 31 28 
PLA/A/B2 3.5 20.2 23.4 22.9 24.4 25.9 33 38 38 32 37 

PLA 

105 

3.0 25.4 25.2 25.8 25.4 26.4 32 26 26 26 26 
PLA/A 3.5 19.7 22.3 23.0 24.8 24.3 36 38 36 40 41 

PLA/A/B1 3.6 20.5 24.8 24.4 23.6 25.7 35 33 32 31 29 
PLA/A/B2 3.3 19.4 23.3 24.7 24.7 24.1 36 41 36 37 35 

 

 

Pure PLA fibres as well as modified PLA fibres were 
drawn after spinning to the maximum drawing ratio 
at different temperatures in the range of 80-105°C. 
The influence of fibre composition as well as 
the conditions of their preparation, specifically 
drawing temperature, on the mechanical properties 
of PLA fibres was studied. At the same time, 
the effect of aging time on these fibres during three 
months after fibre preparation was monitored. 
The measured values of tenacity and elongation 
at break of drawn fibres are given in Table 2 and 
showed on Figures 2-5. 

In the case of drawn PLA fibres, the influence 
of the drawing temperature dominates over 
the influence of the content of additives in the fibres. 
The effect of fibre’s composition varies depending 
on the specific drawing temperature.  

At the lowest drawing temperature 80°C, the effect 
of the fibre composition is clear, additives improve 
the tenacity of PLA fibres. The higher the additive 
content, the higher the fibres’ tenacity (Figure 2).  

At higher drawing temperatures (90-105°C) 
the unambiguous influence of the additives is lost 
and the tenacity values of pure as well as modified 
PLA fibres are similar within the measurement error 
(Figures 2a, 2b). 

The drawing temperature is a very important factor 
influencing the mechanical properties of the drawn 
PLA fibres. From the graphical dependencies 
on the Figure 3, we can see that with increasing 
drawing temperature, the tenacity of the fibres 
increases. This is the case for pure PLA fibres 
as well as modified PLA fibres with additives. 

The highest tenacity value of pure PLA fibres 
(26.4 cN/tex) was measured at drawing temperature 
of 105°C, 90 days after fibre preparation (Figure 3b). 

The tenacity of PLA/A fibres reached the highest 
values at the drawing temperature of 100°C during 
the whole measurement period, while the largest 
increase in tenacity for PLA/A fibres was recorded 
60 days after spinning (25.2 cN/tex). 
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a) b)  

Figure 2 Tenacity of PLA and modified PLA fibres in dependence of various drawing temperature, measured a) 14 days 
and b) 60 days after spinning 

 

a)  b)  

Figure 3 Tenacity in dependence of composition of PLA and modified PLA fibres, measured a) 21 days and b) 90 days 
after spinning 

 

 

Fibres with a lower content of additive B generally 
show the best tenacity at drawing temperature 
of 105°C. The highest tenacity values were 
measured after 14 days (24.8 cN/tex) and 90 days 
(25.7 cN/tex) from fibre preparation. The tenacity 
of fibres with a higher concentration of additive B 
also increase with increasing drawing temperature 
and reach the highest value at 100°C after 90 days 
(25.9 cN/tex) and at 105°C after 21 days 
(24.7 cN/tex). 

From the evaluation of these measurements, 
we cannot accurately determine one specific 
drawing temperature for all types of fibres, but based 
on the results, we can state that to achieve higher 
tenacity, PLA fibres must be drawn at a higher 
temperature 100-105°C. 

During the whole period (1-90 days), when 
the mechanical properties of pure and modified PLA 
fibres were evaluated, no significant decrease 
in the tenacity of these fibres was recorded, even 
at any of the drawing temperatures. 

The tenacity values practically did not change during 
the period of 90 days from the preparation 
of the fibres, or there was a slight increase. 
This suggests that no fibres degradation occurs over 
a period of 90 days. Likely, there is a gradual 
crystallization of the fibres, which results 
in an increase in the tenacity of the PLA fibres. 

Elongation at break for pure PLA fibres as well as 
modified PLA fibres has a decreasing character 
depending on the drawing temperature (Table 2, 
Figure 4). At a drawing temperature of 80°C, 
all fibres, regardless of their composition, 
reach significantly higher values of elongation 
at break (47-71%) than at other drawing 
temperatures of 90°C (36-63%), 100°C (30-42%) 
and 105°C (26-41%). This shows to the fact 
that temperature of 80°C, in relation to the lowest 
achieved values of fibres’ tenacity, is low 
and unsatisfactory for drawing of PLA fibres. 
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a)  b)  

Figure 4 Elongation at break of PLA and modified PLA fibres in dependence of various drawing temperature, measured 
a) 1 day and b) 90 days after spinning 

 

a)  b)  

Figure 5 Elongation at break in dependence on composition of PLA and modified PLA fibres, measured a) 21 days and 
b) 60 days after spinning 

 

 

The effect of the composition of individual types 
of PLA fibres is not clear. While at lower drawing 
temperatures of 80 and 90°C the difference 
in elongation values for individual fibres is more 
pronounced, at higher temperatures of 100 
and 105°C it is lost and the elongation reaches 
similar values. This trend is especially visible 
in the first days after spinning (Figures 4a and 5a). 
After 60 days from the preparation of the fibres, their 
mechanical properties seem to have stabilized. 
There was a decrease in the elongation’s values 
for the fibres drawn at 80 and 90°C, while 
the elongation’s values for the PLA fibres drawn 
at 100 and 105°C remained at the same level 
(Figures 4b and 5b). 

4 CONCLUSIONS 

This work was focused on the preparation 
of polylactic acid fibres, which due to their properties 
could be a potential replacement for non-degradable 
petroleum-based polymers. The main goal 
of the experimental part was to observe and 

evaluate the influence of fibre preparation conditions 
(drawing temperature) and the content of additives 
on the mechanical properties of PLA fibres. Based 
on the obtained data, the results can be formulated 
into the following conclusions: 

- Pure PLA fibres and modified PLA fibres with 
content of additives were prepared and then drawn 
to a maximum drawing ratio at four different 
drawing temperatures of 80; 90; 100 and 105°C. 
The spinning and drawing of the fibres proceeded 
without any problems. 

- In the case of undrawn fibres, the content 
of additives decreased the tenacity and increased 
the elongation at break of modified fibres 
in comparison with pure PLA fibres. 

- The greater effect of drawing temperature 
than the effect of content of additives was found 
for drawn PLA fibres. The tenacity of drawn fibres 
increased with increasing of drawing temperature, 
in the case of pure PLA fibres as well as modified 
PLA fibres containing additives. 
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- No significant decrease in the tenacity of prepared 
PLA fibres was noticed (at any of the drawing 
temperatures) during the period (1-90 days), when 
the mechanical properties of pure and modified 
PLA fibres were evaluated,  

- The elongation at break for pure PLA fibres as well 
as for modified PLA fibres has a decreasing 
character depending on the drawing temperature. 
A clear effect of the composition of individual types 
of PLA fibres and the concentration of additives 
on the elongation at break was not found. 
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Abstract. The factors that influence the functioning of the fashion system, as well as the formation and 
realization of fashion trends as a result of design activities, are identified and characterized. Dependences 
of formation of fashion system on factors of design activity are revealed. The transformation of fashion 
standards in costume design from artistic and stylistic standards to fashion products in the context 
of aesthetic criteria of modern culture is characterized. Ethnic style, retrospectivity, eclecticism and artistic 
kitsch as the basis of project practices and tendencies of anti-globalization and individualization 
in the fashion of the XXI century are studied. The interconnections in the structure of fashion as a cyclically 
closed system of formation, production, distribution and consumption of fashion standards and fashion 
products have been revealed. The structural interaction of the subjects of the fashion system 
in the process of their activity on the creation of the range of fashionable clothes and the implementation 
of fashionable innovations is revealed. The conceptual principles of design activity in the fashion system, 
which influence the formation of the actual design image in the costume design, are studied. The design 
activity of the subjects of the fashion system is determined as a factor of realization of fashion innovations 
and standards in the contemporary art and cultural space. The specifics of formation of fashionable project 
images in activity of design brands in the context of the general globalization of mass culture are defined. 

Keywords: fashion system, design-activity, design brand, costume design, fashion design, fashion 
standard, objects and subjects of fashion system, fashion innovations, integrated concept of fashion 
behavior, fashion trend, design practice, fashion product.  

 

 

1 INTRODUCTION 

Modern fashion is a multifactorial sphere of practical 
activity in which there is still no unified 
comprehensive classification of all aspects 
of functioning. Some researchers attempt 
to systematize specific areas of its development 
according to socio-cultural and economic activities. 
The explanation of fashion as a phenomenon 
and processes of introduction of fashion innovations 
in society is conditioned by comparison of results 
of researches of scientists of many spheres 
of knowledge. Theoretical searches in the field 
of fashion have been repeatedly joined by art critics 
and cultural scientists, sociologists and political 
scientists, philosophers and psychologists, 
economists and historians. Particular attention was 
paid to the interrelation of socio-cultural 
and individual-psychological aspects of fashion 
processes, as well as to attempts to explain 
the factors of materialization of fashion innovations 
through the creation of objects of material culture, 
in particular fashion clothing, and to determine their 
quantitative characteristics. But never once 
the designers of clothing, who are actually engaged 
in creating new trends, were systematically involved 
in this issue, though they know all the problems and 

specifics of the design of fashionable clothing, 
as well as the complexity of its promotion 
in the fashion market. 

Contemporary fashion is an organic component 
of the European art space and design processes. 
However, the specifics of its development cannot be 
determined without characterizing all the causal 
features of the culture in which it operates and 
the substantiation of the role that fashion plays 
in national characteristics forming. Accordingly, 
the experience gained by scientists and designers-
practitioners requires the systematization 
and generalization, as well as the study 
of the tendencies of development and factors 
of functioning of modern fashion as a system. 
On the basis of the analysis of the European leading 
trends in the fashionable clothes design, as well as 
on the basis of the study of the authors' creations 
of domestic designers and design brands, 
the specificity and tendencies of the development 
of the fashion system are revealed. Defining 
fashionable clothing as an object of design activity 
in the fashion system, it is necessary to concentrate 
on its properties, which provide the realization 
of fashion innovations and are fundamental 
in the artistic design of fashionable clothes [1-3]. 

mailto:chouprina@ukr.net
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Since the 1950s, the Kyiv National University 
of Technologies and Design (KNUTD) has been 
conducting research related to the design and 
decoration of various-purpose apparel, as well as 
working closely with Fashion Model Houses 
of Ukraine and the experimental production 
of relevant enterprises to implement the topical 
range of clothes. It is worth pointing out that 
the versatility and constant dynamism 
of the phenomenon of fashion leads to its study from 
different angles of view using different 
methodological approaches, since fashion 
as a social phenomenon is introduced in all spheres 
of life. Only a comprehensive approach to the study 
of fashion and all its manifestations, the introduction 
of an integrated concept of the fashion system will 
make possible to provide a scientific description 
of its characteristics.  

Its application will allow to take into account various 
aspects of the functioning and development 
of fashion in order to define it as a system and 
an integrated phenomenon. The spread of fashion 
trends in modern society has also been 
strengthened by the globalization of the information 
sphere and intercultural contacts. Accordingly, 
the solution of the question of the aesthetics 
of a modern costume in order to form the aesthetic 
taste of consumers belongs to the sphere of artistic 
design, which forms the basis of fashion 
as a system. Comparison of various aspects 
of design activities that form a unified process 
of rational design in the fashion system creates 
in this complex process a fashionable product, filling 
it with social meaning and aesthetic value. 

2 ANALYSIS OF PREVIOUS RESEARCHES 
AND SOURCES OF INVESTIGATION 

The theoretical basis and information support 
of the research are the many works of domestic and 
foreign scientists, who considered the problems 
of the theory of fashion and design; history 
of development of costume forms; aesthetic, art and 
socio-cultural foundations of fashion formation and 
the process of dissemination of fashion innovations 
in post-industrial consumption society [4-7].  

In the course of the analysis of the state of research 
of the phenomenon of fashion, existing works 
on the topic scientists were studied, and 
methodological foundations of the investigation are 
outlined. The present state of the art and scientific 
component of the development of costume 
and fashion is analyzed, as well as the formation 
of material and cultural approach to the study 
of the trends of costume design development 
in the fashion system is characterized. The analysis 
of fashion research conducted within the social 
sciences is performed; the results and methods 
of the analysis of the fashion or design of the applied 
clothes are considered. Key areas in which art 

principles have directly influenced the study 
of fashion history in recent decades have been 
identified. It is substantiated that an interdisciplinary 
approach plays an important role in the study of the 
influence of design and fashion processes. 
Therefore, the main directions of the research are: 
the chronology of the development of fashionable 
clothing of the late XIX - early XXI centuries; basic 
prerequisites for forming a fashion system; historical 
excursion of becoming a mass consumer society 
in the field of fashion apparel design 
and consumption; high fashion as a prototype 
of the fashion system. 

The source base for the study of fashion 
as a system is represented by several groups. 
The first group of sources - scientific studies 
of the phenomenon of fashion by scientists 
in different fields - philosophy, sociology, 
psychology, cultural studies, marketing, art. 
The second group of sources - historical 
and contemporary information on the design 
activities of European Fashion Houses and design 
brands: P. Cardin, Chanel, Р. Poiret, Dior, S. Rykiel, 
Е. Schiaparelli, Yves Saint Laurent (France), 
Armani, Gucci, Missoni, Moschino, Roberto Cavalli, 
Valentino, Versace (Italy), Burberry, V. Becham, 
A. McQueen, M. Quant, V. Westwood (UK), 
Bershka, Mango, Zara (Spain), Andre Tan, 
D. Dorozhkina, Frolov, Varenyky Fashion, 
Zemskova&Vorozhbit (Ukraine), etc. The third group 
of sources - collections and models of fashion 
clothing of European and Ukrainian designers: 
T. Ford, J. Galiano, J.-P. Gaultier, S. McCartney, 
Yo. Yamamoto, R. Bohutska, О. Burenina, 
L. Pustovit, J. Hrytsfeld, О. Karavanska, I. Karavay, 
M. Reva and others. Information about the design 
activities of these brands was obtained from official 
sources and the media: official websites, print, video 
and internet sources of professional orientation, 
exhibitions of world museums, internet platforms 
for the implementation of design projects and 
the formation of design brands in national segments 
of the fashion market, etc. The fourth group - 
European and Ukrainian fashion editions 
(Collezioni, Elle, Harper’s Bazar, L’Оfficielle, Vogue, 
Atelier, Fashion industry, Krasa & Moda (Beauty 
and fashion), Sezony Mody (Fashion Seasons), 
Styler.ua etc.); examples of European Fashion 
Houses fashionable clothing from the world's 
leading museums: Fashion and Textile Museum 
(London, UK), Victoria & Albert Museum (London, 
UK), Les Arts Décoratifs (Paris, France), Musée De La 
Mode De La Ville De Paris (Paris, France), 
Musee de la Mode et du Textile (Paris, France), 
Palais Galliera (Paris, France), Costume Moda 
Immagine (Milan, Italy), Galleria del Costume – 
Palazzo Pitti (Florence, Italy), Gucci Museo 
(Florence, Italy), Arizona Costume Institute (Phoenix, 
USA), The Metropolitan Museum Of Art (New York, 
USA) [8-18]; analysis of interviews with top designers 
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in Europe and Ukraine (M. Jackobs, M. Kors, 
S. McCartney, T. Zemskova, S. Smolin, I. Frolov, 
T. Ford and others). Of particular interest for 
the study is the fifth group of sources of information 
- visual materials presented in catalogs, brochures 
and other printed products of international 
exhibitions, held by various subjects of fashion - 
textile companies and factory brands. The most up-
to-date and decomposing information for 
determining the main interrelationships between 
fashion subjects is provided by print visuals of such 
worldwide exhibitions, such as Premiere Vision 
(France), Pitti Filati (Italy), KievFashion (Ukraine), 
Collection Premiere Dusseldorf (Germany), HKTDC 
World Boutique (Hong Kong), Milano Unica (Italy), 
TextileExpo and ExpoFur (Ukraine).  

The history of the costume from the point of view 
of definition the criteria of cultural identification, 
functions of fashion and fashionable costume 
is analyzed; a number of issues that need further 
study in the context of their importance for 
the development of the fashion system are outlined. 

3 OBSERVATION AND DISCUSSION  

So, this investigation is devoted to characteristics 
of main factors and parameters of formation 
of fashion innovations in design-activity, as well as 
to definition of functional categories of fashion 
system. The backgrounds of formation, stages and 
criteria of evolution, factors of functioning and 
tendencies of fashion system development were 
revealed. The history of costume forms’ modeling 
of the late XIX – early XXI centuries is divided into 
two stages, which played a fundamental role 
in the formation of the fashion system. The first half 
of the XX century up until the 1960s was defined 
by the dominance of so-called “haute couture”, 
which promoted luxuriance, elegance and 
selectness, thereby playing an aesthetic and social 
function in society. The luxury industry, which 
is another name for this evolutionary stage 
in the development of fashionable clothes, was self-

sufficient and focused solely on self-improvement, 
and not on the implementation of fashion standards 
among wide layers of society. 

System study of fashion of the XX – the beginning 
of XXI century was caused by the necessity 
of a thorough study of art and design processes 
in modern design of clothes. The development 
of this topic as an important component 
of contemporary design is an important factor 
of design-activity in the field of fashion integration 
into the European artistic and design culture [19]. 

The discovery of the principles of interaction 
of design-activities’ aspects, which form a unified 
process of rational design development 
in the fashion system, makes it possible to form 
a wholesome view of the state of modern fashion, 
and allowes to understand more deeply the general 
principles, directions and tendencies of its 
development in the national and European context, 
as well as to classify the features of design practices 
in modern fashion system. So, it defines 
the possibilities of further fashion design 
development in the context of world and European 
design practices. 

The history of costume from the point of view 
of identifying the criteria of cultural identification, 
functions of fashion and fashionable costume 
substantiate that material-cultural approach 
to the study of trends in costume design 
in the fashion system plays an important role 
in the study of influence of fashion and fashion 
processes (Table 1).  

The criteria and factors for the development 
of the fashion system from the luxury industry 
at the turn of XIX – XX centuries to the prosperity 
of mass-market at the beginning of the XXI century 
determine the factors of formation of priorities of use 
of fashion products in the structure of consumer 
demand of the fashion system were substantiated, 
as well as the basic concepts of consumption 
formed in the XX century. 

 

Table 1 Compliance of the concept of cultural identification criteria, the functions of fashion and fashionable costume 

The essence of the cultural identification 
of costume or material culture complexes 

Function of a fashionable costume 
through which the essence of cultural 
identification is realized 

A function of fashion through which 
the essence of the level of cultural 
identification is realized 

1 2 3 
Selection of certain artifacts from a series 
of similar and their primary use 

– utilitarian – utilitarian 

Assimilation of selected costume items 
(artifacts) in the system of communicative 
values of both verbal and visual 

– individually-symbolic 
– aesthetic 

– creating and maintaining uniformity 
and diversity in cultural designs 

– social regulation 
Socio-psychological incorporation during which 
already adapted items of costume (as objects 
of material culture) are given the characteristics 
inherent in fashionable products 

– emotionally-psychological 
– socially-symbolic 

– recreational 
– social prestige 

Transformation of individual objects and 
costume complexes as artifacts of material 
culture into artistic and aesthetic objects that 
represent a certain cultural value in society 

– ideological 
– artistic 

– socialization 
– communication 
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So, consumer priorities in the use of fashion system 
products are, as a rule, limited by the stereotypical, 
but socially and aesthetically stable frameworks 
of fashion behavior of the stratification class, 
to which an individual belongs. Considering this, 
it can be stated that the evolution of aesthetic tastes, 
fashion standards and the fashion system itself 
in the XX – at the beginning of the XXI century are 
directly dependent on the development and 
modification of the system of needs of each person 
and certain segments of society as a whole. 
The investigation emphasized that such motivation 
is a constant basis for consumer society 
globalization and active development of the fashion 
system, designed to meet different needs of this 
society in fashion products and standards. 

So, the criteria of transformation of fashionable 
costume and accessories into the system 
of development, distribution and consumption 
of fashionable clothes can be characterized from 
the theoretical point of view. Formation of the origins 
of fashion system at the turn of the XIX – XX 
centuries contributed not only to the creation and 
production of fashionable designs and products, 
but also to the evolution of aesthetic ideals 
and artistic trends that determine design-activity 
in the XXI century. The change of socio-economic 
conditions for the formation of a consumer society 
in the middle of the XX century caused the evolution 
of Fashion houses of the early XX century into 
design brands as subjects of the fashion system. 
Under the pressure of the fashion demand industry 
of mass-market, the couture fashion, which was 
previously a priority direction of the fashion system, 
has become one of the spheres of its functioning. 
Representatives of society elite, who were 
previously the sole carriers and consumers 
of fashion designs and cultural innovations, were 
involved in the process of mass consumption, 
because they are forced to constantly find and apply 
various fashion innovations to emphasize their 
status and social position. 

Development of information sphere in the middle 
of the XX century also affected the functioning 
of the fashion system and the extension 
of its influence on a wide range of consumers. 
The characteristic of basic vectors of the modern 
fashion system development and the factors 
of formation of mass fashion make possible 
to determine the criteria of mass and high fashion 
assimilation in the context of new standards 
of forming a fashionable design image in costume 
design [19]. 

The development of costume modeling in the XX 
century and its formation as a sphere of design 
activity was inspired by national cultural traditions, 
European experience and hard work of local 
craftsmen, tailors, fashion designers, creative teams 
and researchers of ethnic traditions and folk art. 
Later, rejection of domination of cosmetic display 

of ethno-artistic traditions became the strategic 
tendency. Folklore trends of fashion have 
encouraged fashion designers to use expressive 
form plasticity, decorative restrictions, clear 
proportions, with an emphasis on traditional colors. 

The main direction of design-activity of costume 
artists and fashion designers in the XX century was 
a combination of modern functional silhouette 
of clothes with the decor and accessories of folk 
clothes.  

 

 
a) ethnic embroidery 

b) ethnic wreath 

Figure 1 Transformation of ethnic elements in fashion 
garment 

At the same time, the development of fashionable 
clothes, that met both European fashion standards 
and artistic traditions of people, is culturally and 
politically important, as it facilitate the integration into 
the pan-European artistic and cultural space, 
and preserve the national identity of certain nation. 
So, during the XX century, the folk costume became 
a priority factor in the formation of national identity 
and a creative source for the creation of modern 
fashionable clothes as a product of the European 
fashion system. 
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At the same time, the form of clothes reflects 
the world trends taking into account the peculiarities 
of the folk costume. The notions of consumers 
on the functionality, individuality and aesthetics 
of fashion products are reflected in the desire 
for European comfort and multifunctionality 
of fashionable clothes on the one hand, and ethno-
artistic manifestations of individuality on the other 
hand. The fundamental influence on the formation 
of the project image is the creative elaboration 
of the artistic image, which provides the individuality 
of fashion design against the coordination of social 
inquiries, aesthetic priorities, stylistic selection 
of fashion trends [20, 21]. 

So, the issue of formation of criteria for evaluation 
of aesthetic distinctiveness of fashionable clothes 
in ethnic style with the view to improving 
architectonical integrity and both compositional and 
decorative perfection in the formation of design 
fashion image through the lens of ethnic design 
became well timed and urgent. A number 
of elements, which are most common and are 
features of the introduction of ethnic style 
in fashionable clothes, are deduced on the basis 
of the system analysis of the collections designed 
in  he folk traditions (on the example of the Ukrainian 
folk suit), (Figure 1, 2). Means of transformation and 
synthesis of artistic and compositional elements 
of ethnic style in the formation of the project image 
in the fashion system reveal the reasons for 
widespread appeal to national ethno-artistic 
traditions in contemporary design of clothes. 

Thus, the modern design of fashionable clothes 
of mass-market as a fashion product changes 

the focus from unified-typed to individually-targeted, 
based on the use of perspective trends of fashion 
development and satisfaction of mass consumer’s 
personal needs in self-identification. 

A retrospective analysis of the characteristics 
of the development of design images in the fashion 
of the XX century defines the main features of their 
formation in the long term (in the context of long-
term and short-term fashion trends). The most 
effective opposition to the mass unification 
of modern fashion standards and fashion products 
is the formation of retrospective and vintage trends 
in the modern fashion system, which have 
transformed into a democratic system of fashion 
standards and fashion products (Figure 3). Varieties 
of vintage themes as retrospective demonstration 
while creating modern fashion products are 
boundless.  

The principles and means of eclecticism as a basis 
of design practices in the formation of artistic images 
in the modern fashion system were also analyzed 
during the study. Eclecticism and kitsch were 
characterized as an assimilation of dissimilar style 
elements borrowed from self-contained cultural 
(including subcultural) systems, historical styles, 
areas of art and architecture, that have different 
meaning and purpose, with subsequent coordination 
of compositional and stylistic nature of fashion. 
In modern fashion trends, artistic kitsch plays 
the role of kitsch-design and acquires 
the characteristics of a professional tool for finding 
new forms and aesthetics, as well as alternatives 
for traditional views. 

 

 

    
a) b) c) d) 

Figure 2 Present samples of functional fashionable clothes combined with ethnic decoration (Ukrainian fashion brends 
Varenyky Fashion (a), Svitlo (b), Yu. Magdych (c) and Kozzachka (d) [26] 
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Figure 3 Links of retrospective trends in modern fashion system 

 

Design practices of anti-globalization and 
individualization in the fashion system of XXI century 
substantiate that by applying principles of ethno 
style, eclecticism, retrospective and artistic kitsch 
to costume design, an individual and unique image 
that creates preferences for identification of its 
owner and extends the possibilities of designing 
clothes as fashion product and further combinational 
accessories can be designed under consumption 
conditions. The cause-and-effect relations 
of the processes of development, distribution 
and consumption of fashion products in the context 
of the modern fashion system define the main 
factors of designing modern fashion products 
that correspond to fashion trends. The introduction 
of eclecticism and retrospective means as design 
practices for fashion trends development and 
fashion products, especially in the context 
of consumer crisis, substantiate the behavior 
of the participants of the fashion process under 
modern fashion system conditions [22]. 

In modern fashion system “haute couture” 
collections can be characterized as a form 
of representation of the leading artistic images 
in design-activity. The presentation of fashionable 
clothes collections for the mass media is a well 
developed advertising and exhibition technology 
of propaganda of fashion standards and fashion 
products. Design brands or Fashion houses can 
become commercially successful if they combine 
various aspects in their activities – from creating 
“haute couture” fashion standards and cultural 
models to forming design-concepts for advertising 
their own fashion products and promoting their 
brand. 

The rise of level of success of a brand and rise 
of the level of sales of a fashion product is due to 
the mass production of clothes of “prét-a-porte” 

and “bridge” classes, depending on a segment 
the designer brand occupies in the fashion market. 
The most designers locate their activity in several 
segments of the fashion market, creating 
fashionable clothes of “pret-a-porter de lux”, “pret-a-
porter”, “bridge” classes. In addition, the cooperation 
of young fashion designers with the brands of mass-
market fashionable clothes development becomes 
popular, which promotes the development of modern 
mass fashion. 

Structural-logical connections make for structuring 
of the segments of the fashion system was classified 
based on the analysis of their interaction 
in the formation of fashion trends and in the creation 
of a fashion product (Figure 4).  

So, the criteria of the formation of design brands 
depend on the target consumer audience, on which 
their design and commercial activities are focused, 
was carried out. It was substantiated that composite 
or diffuse lines of fashionable clothes design are 
created at the boundary of the influence area 
intercrossing, which combine design and marketing 
priorities within a single brand portfolio. 
In the context of globalization of the modern fashion 
system, the complex designer brands as means 
of attracting a lot of different types of consumers and 
increasing the level of success of the brand became 
the priority for the Fashion Houses. 
Such collaborations are also actively developing 
in the European fashion market, overtaking 
the design-activity of leading designers and textile 
companies or factory brands. The most design 
brands of mass-market are holding 
on the generalized algorithm of the process 
of creation of fashionable clothes for mass-market. 
Such algorithm corresponds to the work of different 
world design brands and textile corporations. 
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Figure 4 Structuring of generalized categories of the fashion system 

 

The specificity of the concept of prompt response 
“fast-fashion” as a design practice of the modern 
fashion system in the segment of mass-market 
clothes was substantiated. So, the concepts 
of prompt response “fast-fashion” and “just in time” 
shape the design-activity of factory and retail brands 
that specialize in the development and distribution 
of fashionable mass clothes of a certain product 
range. Accordingly, the consolidation of creative 
ideas of designers and stylists of High fashion 
houses with brands and factory brands operating in 
the “fast-fashion” segment was defined as the most 
successful. This tendency of development of such 
collaborations in the fashion system is progressing 
so actively and differently, that in the future it may 
become the basis for a new concept of extension 
of fashion innovations in society [23]. 

The total globalization of society is increasing each 
day, and contributes not only to the direct effect 
of culture on the trends of the modern fashion 
system and the formation and extension of fashion 
standards, but also takes part in production 
of fashion products, which are universal for various 
segments of the fashion market, including regional. 
The decrease of prime cost of popular fashion 
products because of industrial production 

of the latter has attracted all social layers of society 
into consumption. On the other hand, 
the introduction of industrialization into 
the production of affordable fashion goods has 
caused their mass consumption. It is about 
consumers who form different social or regional 
segments of fashion goods market, have access 
to similar or comparable fashion products. 
At the beginning of the formation of mass 
consumption society, in the late XIX – early XX 
century this has led to the transformation 
of a sustainable system of social and cultural values, 
and subsequently to a change in consumer behavior 
and a shift towards fashion and fashion products. 

The success of the subjects of modern system 
of fashion depends on the optimal combination 
of original design of a fashion product and 
technologies of its promotion into consumer market. 
The sources of information influence the formation 
and extension of fashion trends in modern society 
and form the methods of forecasting 
the development of trends in fashionable clothes 
design were described. 

A comparative analysis of the basic concepts 
of appearance and development of fashion 
innovations in society determined the principles 
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of classification of the basic fashion theories 
influencing the specificity of fashion behavior 
in the modern consumption society. Various factors 
of functioning and approaches to the study 
of fashion processes that are of interest 
for the modern fashion system substantiate that the 
change of society structure and information sphere 
of society improvement led to the development 
of a system of various sources, both verbal and 
visual. Sources of fashion innovation are becoming 
more diverse, and street fashion is giving birth 
to an increasing number of young designers seeking 
recognition from a specific target audience. 
However, such a shift does not cancel the basic 
principle: only the recognition by the official 
authorities and legislators of the fashion system can 
give new objects and products the status 
of fashionable. The recognition by wide layers 
of society can be gained only through the process 
of public approval by the fashion system subjects, 
involved in the development, distribution, extension 
and consumption of fashion standards. 
With the modern multi-vector nature of the fashion 
system, it was substantiated that these fashion 
innovation trends are interacting equally important 
for the development of the fashion system and 
modern consumer society as a whole [24]. 

The basics in characterization of the fashion system 
are its characteristic as a complex concept 
of fashion behavior and extension of fashionable 
innovations and standards. Accordingly, the fashion 

system has interdependent cause-and-effect 
relationships and may be modeled as an integrated 
concept that contains characterized functional 
factors of design-activity in contemporary artistic and 
cultural space. Given the complex integrative 
structure, it was determined that they can ensure 
the balanced functioning of the fashion system 
as a concept of fashion behavior in society 
only by interacting with each other (Figure 5).  

The newly created model of the fashion system 
as an integrated concept of the extension of fashion 
innovations presentes the connection of its structural 
components in order to influence the result 
and evaluate the efficiency of functioning. It defines 
the structural configuration of the fashion system 
as a cyclically closed model of establishment, 
production, distribution and consumption of fashion 
standards and fashion products, made from 
the standpoint of refining the principles 
of segmentation of the fashion system and 
articulation of criteria of their interinfluence 
for the most effective system functioning [25].  

So, the design of new models of fashionable clothes 
will always have the features of innovation, 
and the process of creating such models will always 
be creative at its core. All of this allows to adjust 
main characteristics of the process of creating a new 
range of fashionable clothes, with the aim 
of optimizing its artistic and aesthetic properties and 
functional and design factors of implementation 
and introduction on European fashion market.  

 

 

 

Figure 5 Model of interaction of subjects of the fashion system 
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4 CONCLUSIONS 

The complex researches that were undertaken, 
became the basis for the formation and practical 
realization of the range of fashionable clothes 
by means of harmonizing the conceptual 
correspondence of descriptive expressiveness and 
functional relevance of the project image in clothes. 

The main objective and judgmental factors that 
influence the formation and extension of fashion 
innovations were identified and classified in this 
investigation. The degree of influence of information 
sources on fashion trends development and 
behavior of participants of the fashion process was 
determined. It is formulated that the fashion system 
is an integrated sphere of design activity and 
a structured model of fashion innovations. 
The criteria and factors of its existence, which 
influence the formation of the actual project image 
in the costume design, are revealed. 
The generalized criteria of realization of fashionable 
innovations in the conditions of modern system 
of fashion are formed. The principles of fashion 
system segmentation and their mutual influence 
for the most effective functioning are specified. 

The structure of development of fashionable clothes 
classes was developed, which influences the self-
presentation of designer brands on the fashion 
market; the specifics of the organization 
of development and production, as well as 
the segmentation of mass consumers of fashionable 
clothes were determined as criteria for the division 
of fashionable clothes into classes. The generalized 
algorithm of fashion innovations’ implementation 
under the conditions of the modern fashion system 
was formed based on generalization of empirical 
data of the research, characteristics of the cause-
and-effect sequence of stages of fashionable clothes 
design, and classification of criteria 
of implementation of innovations in the fashion 
system. 

Accordingly, the algorithm for formation of fashion 
trends and introduction of current models 
of fashionable clothes, presented in this study, 
can be adapted and applied in the design of fashion 
products in various areas of designactivity. 
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Abstract: The topological analysis of chain stitches of classes 100, 400, 500, 600 and 800 is performed 
in the work; the general regularities of their formation are established by dividing them into typical 
structural elements. Also provide recommendations for creating new and potentially possible types 
of stitches with the development of graphs and calculation of thread consumption for stitches. The method 
was used in the work, which includes the main stages of topological analysis and synthesis, namely: 
formation of problems, division of objects (stitches) into elements, construction of models (morphological 
matrices), synthesis of object variants, and selection of the most rational variants, application 
of the method of graphs. The result is a generalized hierarchy of the structure of chain stitches of different 
classes, which are formed by structural elements (loops, broaches and applying thread or sketches [1]) 
and possible combinations of stitch types. A code record of the structure of stitch elements in the form 
of routes of 3D-graphs that determine the geometric length of each thread (excluding the properties 
of the material and threads) is also obtained. Matrixes of stitch configurations are obtained, regularities 
of formation of new types of stitches of different classes are revealed and the graph-generator of new 
types of stitches is offered. Regularities of formation of structures of chain stitches of different classes 
on the basis of development of the hierarchical scheme of structural elements of chain stitches of different 
classes, morphological matrices and graphs of formation of chain stitches are also revealed. The method 
of structural analysis and synthesis of new types of stitches is offered. The obtained results can be used 
for the synthesis of new or potentially possible types of stitches, determining the cost of sewing threads 
in the stitch depending on the technological parameters of the stitch and materials (stitch length, thickness 
of materials under the presser foot of the sewing machine, width of overlock stitch, etc.) stitch quality 
forecasting and the use of initial data for the design and adjustment of sewing machine mechanisms. 

Keywords: structures of chain stitches, structural analysis, determination of thread length in stitch, 
3D stitch graph, stitch intensity matrix, morphological matrix of stitches, chain stitch, chain stitch generator. 

 

 

1 INTRODUCTION 

Chain stitches of classes 100, 400, 500, 600 and 800 
are sold in a wide range of sewing machines, which 
are manufactured by a number of foreign companies 
and are designed for processing and stitching fabrics 
and knitwear. Each class of stitches includes several 
types of stitches in accordance with 100 class 
includes 7 types, 400 class - 17 types, 500 class - 16 
types, 600 class - 9 types, 800 class - 6 types, which 
are formed by a combination of individual types 
of stitches 300 - 600 classes [2]. In addition 
to the standard types of stitches, there are many 
other types of stitches that are not included 
in the general classification and are known from 
other sources and patents [3-12] and so on. 
Each type of stitch differs not only in the number 
of threads, but also in the position of their elements 
in its structure. The structure of stitches is described 
in the literature quite fully. Among the elements 
of the stitch are: loop, broach, applying thread 
(sketches) [13-15]. The cost of the number of threads 
per unit stitch is determined by known methods [16-
19]. Thus, in [16, 17] thread costs are defined 

as the sum of individual stitch elements for a certain 
stitch length, which allows to determine the costs 
of upper and lower threads, as well as its total value, 
in the literature [18] thread costs in stitch type 504 
are determined by using geometric modeling, 
at the same time in the literature [19] the algorithm 
for determining the length of the thread for different 
types of stitches without explaining the essence 
of the method of determination. 

The difficulty of calculating the costs in one stitch, 
as a discrete element of the stitch, is that when 
determining the total cost in the stitch, the error 
of the length of the thread of each stitch accumulates 
in arithmetic progression according to the number 
of stitches, so in such cases deformation of materials 
by stitch compression [16]. The leading German 
companies Amann Saba, Gutermann and Epic Coats 
(UK) offer thread consumption calculations for 
the main types of stitches, which take into account 
the properties of the threads, the number of threads 
and needles, and so on. 

The description of the processes of chain stitch 
formation in the available literature [15, 20] is given 

mailto:manojlenko.op@knutd.com.ua
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only for a few types, and in [15] the author presents 
in the form of graphs and matrices of adjacency 
the process of forming the main types of overedge, 
multi-thred and blind chain stitches, them to analyze 
the structure and process of formation of any type 
of stitch. 

Issues of synthesis and regulation of the main 
mechanisms (needles, loops, expanders, top cover 
spreader, rack and knives) in the literature are 
covered quite fully. At the same time, there is 
no general recommendation for the synthesis and 
selection of the structure of the thread feed 
mechanisms for a particular stitch type. There are 
also no recommendations for their adjustment 
in accordance with the type of thread, materials, 
stitch structure, its parameters, etc. 

2 STATEMENT OF THE TASK 

Within the limits of research to carry out 
the morphological analysis of structures of chain 
stitches of 100, 400, 500, 600 and 800 classes 
as a result of which to receive morphological 
matrices and structural formulas of stitches 
in the form of routes of 3D-graphs. Obtain formulas 
for summarizing the routes of 3D-graphs depending 
on the parameters of the stitch (number of needle 
threads, the position of the thread weaves 
on the material and its thickness, zigzag width, etc.), 
which will obtain generalized formulas for 
determining the cost of each thread per stitch 
and graphical computer structure modeling new 
types of stitches. 

It is necessary to establish the logical sequence 
of formation and hierarchical subordination of each 
element of a stitch and to reveal new 
communications between them that will allow 
to receive new types of stitches with new 
opportunities. The main task of this work is 
to develop the basics of the theory of synthesis 
of new structures and types of chain machine 
stitches with given geometric properties and design 
of equipment for their implementation. 

3 RESEARCH RESULTS 

Class 100 combines single-thread chain stitches 
(101, 103, 104, 105, 107, 108 types) and double-
thread (102 type), which are formed by a needle 
(straight or arcuate) and an expander [2]. 

Class 400 combines many thread chain stitches, 
which are formed by two threads (needle thread 
and loop thread - 401, 404, 409, 411-417 types), 
three threads (two needle threads and one loop 
thread - 402, 405, 406 types), four threads (three 
needle and one thread of the looper - 403, 407 types) 
and five threads (two needle, two threads 
of the looper and cover thread - 408 type), 
four needle and one thread of the looper - 410 type. 

Class 500 combines overedge chain stitches, which 
are formed by a single thread or groups of threads: 
single-thread (501, 513 types - formed only 
by a needle thread); double-threaded (502, 503 types 
- formed by the threads of the needle and the lower 
loop); three-thread (504, 505 types - formed 
by a needle thread and two threads of the lower and 
upper loops and multi-line in the process of their 
formation involved two needle threads - 510, 511 
types, two needle and two threads of the lower loop - 
508, 509, 521 types) , two needle threads and two 
looper threads (506, 507, 512, 514 types). 

Class 600 combines cover chain stitches, which 
as a result of grinding cover both surfaces 
of materials with a cover thread (top cover spreader), 
which are formed by three threads (two needle and 
one loop thread - type 601), four threads (two needle, 
one and one loop thread and cover thread - 602 
type), five threads (two needle, one loop of thread 
and two cover threads - 603 type; three needle and 
one loop of thread and cover thread 605 type), 
six threads (three needle, one thread of loop and two 
cover threads – 604; four needle, one thread of loop 
and one cover thread - 607, 609 threads; needle, 
one loop of thread and two cover threads - 608 type) 
and nine threads (four needle threads, four threads 
of loopholes and one cover thread - 606 type). 

Class 800 - combines different types of chain and 
shuttle stitches 801 (515) formed by a combination 
of 401 and 503 stitch types; 802 (516) - 401 and 504 
types; 803 (517) - 301 and 504; 804 (518) - 301 and 
503, 805 (519) - 401 and 602 types; 806 (520) 
is formed by two stitches type 401 and type 602. 

The analysis of stitch types of class 800 shows that 
they are obtained by combining individual types 
of stitches and complement the class 500 stitches 
[20]. Since the 800

th
 class of stitches belongs 

to the highest hierarchy of stitches, many of its 
elements will be covered when considering the stitch 
types of other classes. 

Presence of broaches, sketches, loops of threads 
(needle, threads of loopers, top cover spreader), 
or the report of a zigzag of a stitch allow to allocate 
characteristic elemental contours of a thread. 
In general, in the structure of each type of stitch, 
you can select the characteristic contours of each 
thread, which are part of the stitches (Figure 1) 
determining the rational parameters 
of the mechanism. 

The designation of the contours corresponds to [2], 
the contours of the thread 1…18 (loops) are formed 
by a needle thread, the contours of the thread are 
denoted by lowercase letters ai and bi (broaches) are 
formed by threads, respectively lower and upper 
loop, the contours are denoted by letters Z, Yi 
(sketches), correspond to the threads 
of the decomposer, here are also the contours a3, c3 
and a4, c4 of the proposed types of stitches [3-11].  
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For multi-row (multi-needle) stitches as the identifier 
of interweaving of needle threads of the main 
element "1" (Figure 1) with other threads, 
the designation of the number of pairs of inter-loop 
needle rows is introduced: i = 0, 1, 2, 3…n, j = 0, 1 , 
2, 3…p with the distance h between the i-th and j-th 
needle rows and the parameter corresponds 
to the broach formed by the branches of the loop, 
which is covered by the top of the loop of the thread. 
Accordingly, the j parameter corresponds 
to the outline (interlooping connection) of branches 
that cover with their vertices the branches 
of the loops of other threads. Interweaving rows 
correspond to the interweaving of the number 
of loops i + 1 and j +1 needle threads. 

 

 

Figure 1 Structural elements of chain stitches of types 100, 
400, 500, 600, 800: 1…18 - needle thread (loop);            
a1-14 - threads of the lower loop (broaches); b1-5 - threads 
of the upper loop (broaches), Z1-3 - threads of the top 
cover spreader (sketches) 

Based on the analysis of contour elements, 
the classification of heredity of their formation 
from elementary to complex is proposed, respectively 
for needle thread, lower loop thread, upper loop 
thread and top cover spreader (Figures 2-4) here are 
also block diagrams with coded notation of structural 
elements. 

 

а) 

b) 

Figure 2 Hierarchical scheme of formation of the elements 
of the contour of the needle thread of chain stitches: 
a) graphical - structural representation of the elements; 
b) is a block diagram of the stitch element 

The hierarchical and structural diagrams above 
the expansion route (indicated by the arrow) show 
the modifiers (h is the distance between adjacent needle 
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rows, m is the thickness of the materials, t is the stitch 

length, z is the width of the zigzag), below it is 
the quantitative characteristic of the modifier. 
In addition, for several elements of the stitch found 
structural formulas that reduce the complex contour 
of the element into a simple (basic) by reducing  
the i-th, j-th parameter to zero (in the diagrams 
of Figures 2-4 are surrounded by rectangles with 
a solid line). In turn, the increase of the i-th, j-th 
parameter, leads to the formation of new types 
of stitches. 

 

а) 

      b) 

Figure 3 Hierarchical scheme of formation of elements 
of the contour of the thread of the lower loop of chain 
stitches: a) graphical - structural representation 
of the elements; b) block diagram of stitch elements 

а) 

  b) 

Figure 4 Hierarchical diagram of the elements 
of the contour of the threads of the lower and upper loop 
and the top cover spreader of chain stitches: a) graphically 
- structured representation of the elements; b) block 
diagram of stitch elements 

The contour elements of the needle thread (Figure 2) 
do not have repeatability among the elements 
of other stitch threads due to the fact that the thread 
is passed through a material that is characteristic 
only of the needle thread. Element 1.2.i.j is obtained 
by modifying from element 1.2.5 parameter h with 
the possibility of combining both modifiers of the i-th, 
j-th parameter. In turn, the element 1.2.i also forms 
a series of new stitches with a covering thread (600 
class) formed by sketching the loop of the extreme 
needle thread while increasing the number 
of interneedle rows, ie the parameter h, i = 2, 3...n. 
It is established that some elements of the needle 
thread contour can be modified due to zigzag z - 
1.1.1Z and 1.1.3Z 1.1.4Z, which allows the formation 
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of a zigzag stitch, respectively, stitches of 400 and 
100 classes (new elements are surrounded 
by rectangles with a dashed line Figure 2). 
At the same time, the element a1 (Figure 3) 
of the contour of the thread of the lower loop 
in the formation of derived elements forms a number 
of elements that are easily folded into the base (a1) 
by resetting the parameters i and j. Elements 1.1.1 - 
1.1.3 formed by the structural formula of summary 
1.1.i at i = 1, 2, 3 are used in stitches of the 
corresponding types 406, 407, and 410. 
The formation of new types of stitches is possible 
by increasing the number of loops of needle threads 
of the base element 1.0 and the i-th parameter. 
In turn, the elements 1.2.1.1, 1.2.2.2 formed 
by the structural formula of summary 1.2.ij when i = j 
are used in stitches of the corresponding types 402, 
403. However, technologically it is possible to form 
stitches by increasing these parameters, as well as 
changing their different number (ie. i ≠ j). 
This confirmation is the element 1.2.1.0, which is 
formed only by the i-th parameter (i = 1, j = 0) and 
applied in a stitch of type 606. The new element 
1.2.0.1 can be formed by the inverse combination      
i = 0, j = 1 and can form new types of stitches. 
The elements formed by 1.4.ij were used in a number 
of stitches proposed by the authors (Figure 5) [3-11], 
the peculiarity of the process of formation of these 
stitches is that the process of capturing loops 
of needle threads ("loop loops") occurs 
simultaneously on both sides of the loop a number 
of needle threads. The introduction of loops of needle 
threads occurs in opposite loops formed 
by the threads of the looper, this allows you 
to significantly increase the width of the stitch and 
increase its elasticity. 

New elements of the lower loop loop contour can be 
achieved with the zigzag modifier z - aZ1.1.i and 
aZ1.3 (new elements are surrounded by rectangles 
with a dashed line Figure 3), which allows 
the formation of zigzag stitches in accordance with 
elements 1.0Z and 1.1.1Z 400 class. 

Instead, the element b1 of the upper loop thread 
in terms of location and size and shape corresponds 
to the element Z1 of the unfolding thread, the same 
pattern is observed for derived elements b1.1.1 
(Z1.1.1). The elements are formed by a structural 
formula b, Z (1) 1.1.i and b, Z (2) 1.1.i differ 
in the position of the loop branch relative to the loops 
of the needle row (Figure 4). The possibility 
of creating new derivative elements due to 
the positions of the branch branch with increasing i-th 
element and ˃3 can also be said about the structure 
of Y, Z1.3.i. The creation of new types of stitches can 
be achieved by increasing the i-th parameter 
in the structure b1.2.i at i ˃1. 

Element b2 is identical to element a2 - the contour 
of the thread of the lower loop, which in turn forms 
an additional 6 derivative elements of the same 
thread, respectively [2]. 

а) 

b) 

c) 

d) 

Figure 5 Structures of chain stitches based 
on the element 1.4.i.j: a) six-thread cover [6]; b) four-
thread cover [7]; c) six-thread flat [8]; d) semi-threaded 
cover [9] 

The structural formula of the summary a2.1i.j forms 
elements a2.1.0.1, and a2.1.1.1, which corresponds 
to the elements of the thread stitch of the lower loop 
of types 508 and 509, the element a2.1.1.0 is a new 
element that can be applied to create new types 
of stitches of class 500 or 800 class. When i = 0, j = 0 
is folded into the circuit a2.1, which is used in type 
502. 

In turn, the structural formulas of the reduction 
of the contour elements of the thread of the lower 
loop a2.2.1.j and a2.2.2.j at j = 1 form derivative 
elements a2.2.1.1 and a2.2.2.1, which are used, 
respectively, in the stitches of types 504 and 512. 
When j = 0, elements a2.2.1.j and a2.2.2.j are folded 
into elements a2.2.1 and a2.2.2, which are used, 
respectively, in types 504 and 506. Thus, the number 
of elements of the needle thread - 19, the thread 
of the lower loop - 18, the thread of the upper loop - 5 
and the thread of the unfolder - 5. Duplication 
of thread contour elements for these stitches 
is observed only in three cases - elements: b1≡Z1, 
b1.2.≡ Z1.2, b1≡a2. 
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In addition to changing the parameter of modifiers, 
as well as their number of formation of new types 
of stitches of the nodal structure [10-12] due to 
the modification of some elements of needle threads 
(Figure 6). The nodal structure of the stitch allows 
to simplify the process of formation of some stitches 
and the mechanisms of the lower loop, to reduce 
the loosening of the stitch. 

 

а) 

  b) 

Figure 6 Hierarchical scheme of formation of contour 
elements of loops of a needle thread of chain stitches 
of knot structure: a) graphically - structural representation 
of elements; b) block diagram of stitch elements 

Thus, increasing the number of rows of needle 
threads allows you to significantly expand the range 
of types of stitches, and the use of the knot structure 
of some needle threads to form new stitches knot 
structure. A limitation for the creation of all derived 
stitches is the possibility of implementing 
the technological process of stitch formation, 
ie. the possibility of reliable interaction of needles 
with loops. 

Based on the analysis of the stitch contour element 
and the structure of chain stitches of classes 100, 
400-600, morphological matrices of stitches are 
proposed, which show from which elements each 
stitch is formed (Tables 1-5). 

From the analysis of morphological matrices 
it follows a possible combination of stitch elements, 
which is presented in the form of algorithms 
(Figure 7).  

In turn, many combinations of thread connections 
of stitch elements form new types of stitches. 
Thus, using the basic expressions of combinatorics 
[21], we determine the possible number of chain 

stitches of each class by placing them (
n
mA ). 

 
 1

!
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Assuming i = p = 0, 1, 2, 3 we obtain for elements 
a1.2 ij and a1.4 ij the number of placements, 
the number of types of stitches 400 class, formed 
with the main elements of needle threads 1.0 and 
1.1.1, is 118, in its turn, zigzag - 62. 

Regarding chain stitches with cover thread, taking 
into account the possibility of implementing 
the process of stitch formation and i = j = 1, 2, 3 
a1.2Zi.j the number of placements, the number 
of types of stitches 600 class, formed with the main 
elements of needle threads 1.0, is 192, elements 
1.1.1 and a1.3 - 3, and element 1.3.i - 192, 
ie. the total number of stitches 600 type may be 387. 

Table 1 Morphological matrix of class 100 stitches 

Working bodies 
Stitch type 

101 102 103 104 105 107 108 

The first needle 1.1 1.1.2 1.2.5.1 1.1.3 1.2.5.2 1.1z 1.1.4 
The second needle - 1.1.2 - - - - - 
Note: z index corresponds to zigzag stitches 

 

Table 2 Morphological matrix of stitches of class 400 

Working bodies 
Stitch type 

401 402 403 404 405 406 407 408 409 410 411-417 

The first needle 1.0 1.0 1.0 1.1z 1.1z 1.0 1.0 1.0 1.1.1 1.0 1.1z; (1.0)* 

The second needle - 1.0 1.0 - 1.1z 1.0 1.0 1.0 - 1.0 - 
The third needle - - 1.0 - - - 1.0 - - 1.0 - 
The fourth needle - - - - - - - - - 1.0 - 
Lower looper a1 a1.2.1.1 a1.2.2.2 az1 az1.2.1.1 a1.1.1 a1.1.2 a1;   c1 a1.3 a1.1.3 az1; (a1)* 

Roofing thread - - - - - - - Z1 - - - 
Note: * element code, which is used in conjunction with the main element of the threads to form stitches of types 413 and 415 

 

Table 3 Morphological matrix of stitches of class 500 

Working bodies 
Stitch type 

501 502 503 504 505 506 507 508 509 510 511 512 513 514 521 522 

The first needle 1.2.5 1.0 1.2.2 1.0 1.2.1 1.2 1.2 1.0 1.0 1.2.5.01 1.2.5.1.1 1.0 1.2.5.3 1.0 1.2.3 1.2.5.4 

The second needle - - - - - 1.0 1.0 1.0 1.0 1.2.5 1.2.5.1.0 1.0 - 1.0 1.2.4 - 

Lower looper - a2.1 a2 a2.2.1 a2.2 a2.2.2 a2.2.2 a2.1.01 a2.1.1.1 - - a2.2.2.1 - a2.2.2.1 - а1.3 

The upper loop - - - b2 b1.2 b1.1 b1 - - - - b1 - b1.1 b1.2.1 - 
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Table 4 Morphological matrix of stitches of class 600 

Working bodies 
Stitch type 

601 602 603 604 605 606 607 608 609 

The first needle 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
The second needle 1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
The third needle - - - 1.0 1.0 1.0 1.0 1.0 1.0 
The fourth needle - - - - - 1.0 1.0 1.0 1.0 

Lower looper a1.1.1 a1.1.1 a1.1.1 a1.1.2 a1.1.2 
a,c1.2 
d,e1.2΄ 

a1.1.3 a1.1.3 a1.1.3 

Roofing thread - Z1 Z,Y1.1.3 Z,Y1.3.1 Z1.1 Z(1)1.1.2 Z(1)1.1.2 Z,Y1.3.2 Z(2)1.1.2 

 

 

  а) 

b) 

с) 

Figure 7 Graph-generator of chain stitches: a) 400 class; 
b) 600 class, c) 500 class 

To determine the length of the stitch and 
the graphical representation, it is proposed 
to rearrange the elements of the stitch in the form 
of a spatial - "3D graph", its base elements and 
structure are presented in Figure 8. Vertices 11, 12, 
13… and a1, a2, a3… reflect the place of needle 
punctures at the distance of the stitch length t, 
above and below the materials; 11, 21 corresponds 
to the row spacing between two adjacent needles 
(h), m is the thickness of the materials (depending 
on the type of stitch may differ and depends 

on the trajectory of the needle during puncture), l1,2 
- lengths that determine the position of weave 
threads on the edges of materials and are 
determined by the structure of the stitch. 

 

.  

Figure 8 Base of vertices and edges of the "3D-graph" 
stitch 

The "3D subgraphs" of each stitch element 
in the Table 5 show the sequence of connecting 
vertices (base points) with edges (elementary 
sections of the stitch). The length of the "3D 
subgraph" of the route corresponds to the cost 
of each thread to form a stitch element, which can be 
used to automatically determine the length 
of the stitch thread, as well as to determine 
the tension of threads when stretching materials, 
or predict the conditions of stitch tightening. 

The lengths of the edges of the "3D graph" 
(elementary sections of the stitch elements) 
are determined by the expressions: 




cos

m
m  

ihhi  ,  jhh j  ,  aihhia   

22 )( ihtthi  ,  
22 )( jhtthj   

22 )( aihtthia   

22 atta  ,  22 mttm  , 22 zttz   

ni ...3,2,1,0 , pj ...3,2,1,0  
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where: m - is the thickness of the materials [mm];            
m΄ - the thickness of the materials is equal to the stroke 
of the needle in the material at an angle (α) in overlocker 
machines when performing stitches of class 500 [mm]; 
hm - is the thickness of the material when holding the loop 
of the thread of secret sewing machines with an arcuate 
needle when making stitches of type 103, 105;                   
t - stitch length [mm]; z - is the width of the zigzag [mm];                 
α is the angle of the needle in the overlocker machines [°];      
h - is the length of the broach (distance) between the rows 
of two adjacent needle threads; hi, hj - the length 
of the broach (branch) of the loops of the threads between 
the i-th, j-x needle rows, respectively, which cover 
the branches of the loop of the needle thread (main 

element 1.0) and which are covered by the vertices of their 
loops [mm]; n - is the number of i-x, j-x needle rows (h = 0, 
1, 2 i. i = 0 we have one needle row);                                 
a - width of the edging edge of the materials (distance 
from the edge of the materials to the near needle) [mm];  
l1, l2 - position of weave loops of threads on the edge 
of the material (determined by the type of stitch) [mm];     
hia - broach between the i-th row and the edge 
of the materials; thi, thj, tz - is the diagonal broach 
of the loop branch, respectively, between the i-th, j-th rows 
of needle punctures along the stitch length t;                      
ta - is the diagonal extension of the loop branch from 
the edge of the material to the near needle. 

 

Table 5 Routes of 3D graphs of stitch elements 

№ p/p Code of element The structural formula of the stitch element Modifier 

Routes of elements of linear stitches 
1 1.0 11(m)a1(m)11(t)12 - 
2 1.1 11(m)a1(t)a2(t)a1(m)11(t)12 t 
3 1.1.1. 11(m)a1(t΄)a2(t΄)a1(m)11(t)12 t΄≈0.5t 
4 1.1.2 11(m)a1(th)b2(th)a1(m)11(t)12 th≈0.5h 
5 1.1.3 11(m)a1(t)a2(m)12(t)13(t)12(m)a2(t)a1(m)11(2t)13 m, t 
6 1.1.4 12(m)a2(t)a1(m)11(2t)13(2t)11(m)a1(t)a2(m)12(t)13 m, t 
7 1.2 11(m)a1(h)b1(h)a1(m)11(t)12 h 
8 1.2.k 11(m)a1(hi)b1(mk)s1(mk)b1(hi)a1(m)11(t)12 mk =0; 0,5m; k=3 
9 1.2.4 11(m)a1(h)b1(tm)22(tm)b1(h)a1(m)11(t)12 h=a;  t 
10 1.2.5 11(m)a1(h)b1(m)21(th)12(th)21(m)b1(h)a1(m)11(t)12 h=a; t, h 
11 1.2.5.i.j 11(m) a1(hj+1)a+j+11(m)1+j+11(thi)1j-i+12(hi)1+j+12(thj-i+1)1+j+11(m) a+j+11(hj+1)a1(m)11(t)22 h; i=0,1, 2…n; j=0,1,2...p 
12 1.2.5.1 11(hm)21(th)12(th)21(tm)11(t)12  
13 1.2.5.2 21(th)12(tm)22(tm)12(th)21(t)22(tm)32 (th)23(th) 32(tm)22(t)23 h;  t;  tm; 
14 1.2.5.3 21(l1)s1(l1)21(h)11(m)a1(h)b1(l2)s1(t)s2(t)s1(l2)b1(h)a1(m)11(th)22 l1=l2=0,5m; t; h 
15 1.2.5.4 11(m)a1(m)11(h)21(m)b1(thі)a2(thі)b1(m)21(thj)12 m; t; h 
16 1.3. 21(m)b1(m)21(th)12(h)22 h 
17 1.3.i 1+i1(m)a+i1(m)1+i1(thi)12(hi) 1+i2 i=0,1,2…n 
18 а1 a1(t)a2(t)a1(t)a2  
19 а1.1.i a+i1(hi)a1(t)a2(t)a1(th)a+12(t)a+11(th) a+22(t) a+21(th)… a+i2(t) a+i1(t)a+i2 i=0,1,2...n 
20 а1.2 a1(t)a2(h)b2(th)a1(t)a2 h 
21 a1.2.i.j a+j1(hj)a1(t)a2(hi)a+i2(thi)a1(hj)a+j1(t)a+j2 h; i=0,1, 2…n; j=0,1,2...p 
22 а1.3 a1(t)a2(t΄)s(t΄)a1 t΄≈0.5t 
23 a1.4 a1(th)b2(th)a1(t)a2 h 
24 a1.4.i.j a1(hj)a+j1(thi)a+i+j2(hi)a+j2(thi)a+j1(hj)a1(t)a2 h; i=0,1, 2…n; j=0,1,2...p 
25 b1≡Z1 b1(th)a2(th)b1 h 
26 b,Z(1)(2)1.1.i a+i1(thi)a2(hi) a+i2 i=0,1,2…n 
27 b1.2 b1(th)a2(th)b1(t)b2 t 
28 b1.2.i a+i1(thi)a2(th)b1(t)b2k1(thj)a2(hi)k1(t)k2 j=1,2,3…p 
29 Z,Y(1)1.3.i a+i1(thi)a2(thi) a+i3 i=0,1,2…n; t2=2t 
30 а2≡b2 s1(l2)b1(th)a2(th) b1(l2)s1(t)s2 l2=0.5m 
31 a2.1 a1(h)b1(m)21(th)12(th)21(m)b1(h)a1(t)a2 h=a 
32 a2.1.i.j a1(hj+1)a+j+11(m)1+j+11(thi)1+j-i+12(hi)1+j+12(thj-i+1)1+j+11(m) a+j+11(hj+1)a1(t)a2 h; i=0,1, 2…n; j=0,1,2...p 
33 a2.2 a1(m)11(m)a1(t)a2 m 
34 a2.2.1 a1(h)b1(l1)s1(l1)b1(h)a1(t)a2 h=a,  l1=0.5m 
35 a2.2.1.j a1(hj+1) a+j+11(l1)s1(l1) a+j+11(hj+1)a1(t)a2 l1=0.5m, j=1,2,3…p 
36 a2.2.2 a1(h)b1(m)21(t)22(m)b2(th)a1(t)a2 h=a; t 
37 a2.2.2.j a1(hj+1)a+j+11(m)1+j+11(t)1+j+12(hj+1)a1(t)a2 h; j=0,1,2...p 

Routes of elements of zigzag stitches 
38 1.0z 11(m)a1(m)11(tz)22 z; tz≡th 
39 1.1z 11(m)a1(tz)b2(tz)a1(m)11(tz)22 z 
40 1.1.1z 11(m)a1(t΄z)b2(t΄z)a1(m)11(tz)22 z;  t΄≈0.5t 
41 1.1.3z 11(m)a1(tz)b2(m)22(tz)33(tz)22(m)b2(tz)a1(m)11(2tz)33 z 
42 1.1.4z 22(m)b2(tz)a1(m)11(2tz)33(2tz)11(m)a1(tz)b2(m)22(tz)33 z 
38 1.0z 11(m)a1(m)11(tz)22 z; tz≡th 
43 а1z a1(t)b2(t)a1(t)b2 z 
44 a1.1.iz a+i1(hi)a1(tz)a+12(tz)a1(tz+1)a+22(tz)a+11(tz+1) a+32(th) a+21…(tz+1)a+i+12(tz) a+i1(tz)a+i2 z; i=0,1,2...n 
45 a1.2.i.jz a+j1(hj)a1(tz)a+j-j1(hi)a+i+12(thi+1)a1(hj)a+j1(tz)a+j2 z; i=0,1, 2…n; 
46 а1.3z a1(tz)b2(tz΄)s(tz΄)a2 tz ΄≈0.5 tz 
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A certain combination of stitch elements in turn forms 
the stitch structure, and the total length 
of the contours of the elements reflects the number 
of specific threads that are earned in one stitch, 
and can be determined geometrically and adjusted 
by factors that take into account the properties 
of materials and threads. It should be noted that 
the actual length of the thread in the stitch depends 
on certain factors (deformation of materials, thread 
stiffness, twisting, etc.), geometries of thread guides, 
laws of motion of thread feeders, coordinated 
interaction of loop-forming bodies, etc. 

Also, the "3D graph" of each stitch element (Table 5) 
can be represented by the incidence matrix Gi [22] 
in which the coordinate axis (X, Y, Z) are represented 
by edges along the ordinates (t, h, m), which allows 
not only to show the incidence of vertices, 
and the direction of the contour of a particular thread 
in the stitch element, which can be used to determine 
the flow of threads in the stitch, the force of their 
tension, etc. 

 XVGі ,
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 nvvV ,...1
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where:  Gi - incident matrix of the element of the i-th stitch, 
V - vertices of the graph (11, 12,  1.3 … n1, n2, n3… a1, 
a2, … s1, s2… n+1, a+p - depending on the structure 
of the stitch element (Figure 7)); X - the edges of the graph 
(m, m΄, t, l, h). 

A full description of the stitch structure 
by the incidence matrix G "3D graph" can be found 
by combining the incidence matrices of 3D/2D 
subgraphs, which express certain elements 
of the stitch: 

YZВnAn GGGGGGGG  1  (3) 

where: G1...Gn - incident matrix 3D subgraph of the i-th 
needle thread; GA...Gn - incidental matrix 3D/2D subgraph 
of the i-th element of the lower loop thread; GB - incident 
matrix 3D/2D subgraph of the i-th element of the thread 
of the upper loop; GZ, GY - incident matrix of 2D subgraph 
of the i-th element of threads Z and Y of the top cover 
spreader. 

 

 

 

 

The general incident matrix in accordance with 
the vertices V and edges N will look like:  
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(4) 

Consider similar structures of stitches of type 402 
and 403 (Figures. 9 and 10), which differ only in the 
presence in the stitch of type 403 of the third needle 
thread and loop thread - a1.1.2. 

Then the incidence matrices (correct all terms) for 
stitch elements of type 402 and 403 using (2) for the 
needle thread of the loop we get:  





















1;11;11;11;11;11;11;11;1

00001111

212122211211
402

2;1
m

t

bbaa

G

 




























 1001

11,111,1

1111

2121

1,

402

2.1.1

iht

h

t

bbaa

G
а

 





















1;11;11;11;11;11;11;11;11;11;11;11;1

000000111111

212121323122211211
403

3;2;1
m

t

ccbbaa

G  




























 100001

11,11,11,111,1

110011

212121

2,

403

2.1.1

iht

h

t

ccbbaa

G
а

 
By expression (3) we obtain the intensity matrices (4) 
for stitches of type 402 and 403: 

402402402

2.1.12;1 а
GGG 

,        

403403403

2.1.13;2;1 а
GGG 

 
 

































 10010000

11,111,10000

1;11;11;11;11;11;11;11;1

11111111

212122211211

1,

402

iht

h

m

t

bbaа

G

 

































 100001000000

11;11;11;111;1000000

1;11;11;11;11;11;11;11;11;11;11;11;1

110011111111

212121321322211211

2,

403

iht

h

m

t

ccbbaa

G

 

For analogy of the intensity matrix for stitches of type 
504 and 606 (Figures 11 and 12). 
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a) b) c) 

Figure 9 Topological analysis of stitch type 402: a) stitch structure; b) stitch elements; c) "3D-graph" stitch 

 

 

a) b) c) 

Figure 10 Topological analysis of stitch type 403: a) stitch structure, b) stitch elements, c) "3D graph" stitch 

 

 

a) b) c) 

Figure 11 Topological analysis of the stitch type 504: a) stitch structure, b) stitch elements, c) "3D - graph" stitch 

 

 

a) b) c) 

Figure 12 Topological analysis of the stitch type 606: a) stitch structure; b) stitch elements; c) "3D - graph" stitch 
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Then the intensity matrices for stitch elements of type 504 and 606, similarly applying (2) to the needle thread 
of loops and cover thread we get: 
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Then the intensity matrices for stitches of types 504 and 606: 
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4 CONCLUSIONS 

The performed topological analysis of chain stitch 
structures of classes 100, 400, 500, 600, 800 
provides an opportunity to determine the hierarchical 
heredity of stitch elements origin and their formation, 
which can be used to establish patterns of stitch 
structure formation, its classification, etc. 

The obtained morphological matrices of stitch 
structure allow to reveal the affiliation 
of the application of certain elements to a particular 
stitch, which can be used to build a relational 
database of chain stitches, system analysis 
of stitches and additions and extensions DSTU ISO 
4915: 2015. 

The obtained combinations of possible relationships 
of stitch elements allow to form a generator 
of possible stitch structures, which allows 
the formation of new stitch structures of different 
classes and properties. 

The obtained "3D-graphs" and structural formulas 
of stitch types of classes 100, 400-600 and 800 allow 
to determine the length of each thread in the stitch, 
and, accordingly, the cost of threads per stitch. 
In addition, the results can be used to graphically 
interpret a particular stitch structure using computer 
technology, as well as to model dynamic parameters 
such as stitch and yarn deformation, yarn strength, 
stitch formation conditions, and so on. 
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Abstract: In this study, the effects of different fiber types (regenerated cellulose fibers and synthetic fibers) 
on the properties of the lining fabric to be produced were investigated. Weight, seam slippage, strength, 
friction, drape properties of fabrics to be produced from different fibers (PES, PES/Lycra, Acetate, Rayon 
and Cupro) were examined. In addition to the important strength properties of the linings made of synthetic 
fibers, there are disadvantages such as draping and seam slippage. The lining made of Cupro fiber used 
in this research eliminates these disadvantages and offers an important alternative. 

Keywords: Lining fabric, tensile strength, tearing strength, fabric drape, friction coefficient, seam slippage. 

 

 

1 INTRODUCTION 

Lining has an important role in auxiliary materials 
and accessories in clothing. Lining is a fabric that 
has a weight and a handle suitable for the type and 
usage characteristics of the upper fabric and covers 
some or all of the inside of the garment.The lining 
is a separate piece of fabric that is attached 
to the garment from all edges (such as men’s suits, 
coats, jackets) or combined freely (such as skirts) 
in accordance with the model of the garment [1]. 

Performance characteristics expected from the lining 
vary depending on the product type and end use. 
For example, the properties expected from a lining 
used in a jacket are different from those expected 
from a lining used in a swimsuit. 

The main factors affecting the quality and 
performance of lining fabrics are as follows: 

 fabric properties, 
 pattern, 
 compatibility with upper fabric and other materials, 

and 
 suitability for end use [2]. 

The lining also provides suitability for clothing and 
thermal comfort. As they are smooth, moisture 
absorbent and soft, they provide handle comfort. 

Kawabata examined the effects of lining properties 
of skirts upon comfort and movement. The comfort 
of lining fabrics and real skirts with and without lining 
was rated by sensory tests on the basis of sensorial 
comfort on the skin and body movement. Actual 
body movements were investigated by motion 
analysis while the skirts were being worn. 
Cuprammonium rayon (Cupro) and polyester fiber 
lining results are compared [3]. 

Ünal has investigated the fabrics commonly used for 
lining children's clothing. By obtaining these fabrics, 
their physical properties and comfort properties were 
evaluated with various tests. As a result, the most 
comfortable lining fabric recommendation has been 
made [4]. 

Özdil determined tear strength which one 
of the most important strength property of the fabrics 
were determined by using plain, twill, satin and ribs 
fabrics, produced with 100% cotton and 50/50% 
cotton/PES yarns. The results of tear strength 
testing were compared according to the fabric 
structure, material and measurement method 
statistically [5]. 

Can examined the yarn characteristics affecting 
the tear strength of plain fabrics. For this purpose, 
tear strengths of 17 different plain fabrics were 
measured. According to the results, yarn count, twist 
and strength affect the fabric tear strength. 
Approximately 80% of the change in tear strength 
can be explained by the change in yarn 
characteristics [6]. 

Öztürk examined the effect of weave type and weft 
density parameters on the surface roughness and 
friction coefficient [7]. 

Plattürk aimed to summarize the recent studies and 
investigate the fabric drape and its relation with 
the bending rigidity and stated innovations 
in the measurement of these parameters [8] 

Kuyucu examined the effects of sewing parameters 
on seam strength in 100% polyester lining fabric. 
Eight different sewing threads, two stitch needles 
with different thickness, two different stitch tightness 
and three different fabric directions have been used 
at the fabric sewing moment [9]. 

mailto:oksan.kansoy@ege.edu.tr
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Dirgar investigated performance properties of single 
jersey knitted fabrics made from viscose, modal, 
lyocell and cupro. Performance properties 
of the fabrics such as fabric weight per unit area, 
thickness, bursting strength, abrasion resistance, 
fabric stretch, porosity, air permeability and pilling 
were evaluated statistically and the importance 
levels of the relationship between the measured 
parameters were determined [10]. 

In this study weight, seam slippage, strength, 
friction, drape properties of fabrics to be produced 
from different fibers (PES, PES/Lycra, Acetate, 
Rayon and Cupro) were examined. In addition 
to the important strength properties of the linings 
made of synthetic fibers, there are disadvantages 
such as draping and seam slippage. The lining 
made of Cupro fiber used in this research eliminates 
these disadvantages and offers an important 
alternative. 

2 MATERIALS AND METHODS 

The aim of the study is to examine classical lining 
fabrics that are available in the market and widely 
used in the garments. For this purpose, lining fabrics 
produced from PES, PES/Lycra (97/3%), Acetate 
and Rayon fibers were examined. In addition, Cupro 
lining fabric, which is used today as an alternative 
to these fabrics, but which is not widespread due to 
its high price, was also examined. 

Before testing, all fabric samples were conditioned 
for 24 hours under the standard atmospheric 
conditions (20±2°C temperatures, 65±5% relative 
humidity). 

Firstly, the values (yarn count, types of fabric weave, 
weight, weft and warp density) of the lining fabrics 
obtained from the market were determined. Than, 
the fabric properties (tensile strength, tearing 
strength, fabric drape, friction coefficient, seam 
slippage) that will affect the performance 
characteristics of the lining fabric were examined. 

Weft and warp yarn number determination in yarns 
taken out of the fabric was made according to TS 
EN 14970 standard. 

Type of fabric weave was determined using 
a suitable magnifying glass. 

The weight (g/m²) of the fabrics was made according 
to TS 251 standard.  

The fabrics were cut with a grams per square meter 
cutter of 100 cm² and weighed on a precision digital 
scale. The weft and warp yarn count of the fabric 
was made according to TS 250 EN 1049-2. A loupe 
of 1 cm² is used for this procedure. 

According to the TS EN ISO 13934-2 - Grap test, 
the tensile strength tests were carried out separately 
in the direction of weft and warp. 

Tearing strength of fabrics was performed according 
to TS EN ISO 13937-1 standard on Jeames Heal 
trademark Model Elmatear instrument by ballistic 
pendulum method. 

In the research, the fabric drap was measured 
according to the TS 9693 standard. Image analysis 
method was used to measure the fabric drape 
of lining fabrics. 

In this research, the friction coefficient was 
determined with the Frictorq Device used 
in the determination of dynamic friction coefficient. 

In the study, the seam slippage test was performed 
according to the TS EN ISO 13936-1 seam slippage 
method. The analysis of the test results were 
evaluated in the SPSS 25.0 statistical program 
at 0.05 significance level and the performance 
characteristics of lining fabrics produced from 
different fiber types were investigated. 

3 RESULTS 

The properties of the lining fabrics used are shown 
in Table 1. The tensile and tearing strength values 
of the lining fabrics used in the study in the weft and 
warp directions are given in Table 2. 

 

Table 1 Characteristics of lining fabrics 

Fabrics 
Yarn count [Nm] Type of fabric 

weave 
Weight [g/m²] 

Density 
weft warp weft [picks/cm] warp [ends/cm] 

PES 111 109 1/1 Plain 54.42 26 34 
PES/LYCRA 156 168 2/1 Twill 72.7 39 66 
ACETATE 111 109 2/1 Twill 80.5 27.5 61.5 
RAYON 67 75 2/1 Twill 92.4 25 46 
CUPRO 116 113 1/1 Plain 72.18 35.5 50 

 

Table 2 Tensile and tearing strength of lining fabrics 

Fabrics 
Tensile strength [N] Tearing strength [N] 

warp weft warp weft 

PES 438.42 354.89 31.16 40.70 
PES/LYCRA 432.84 277.24 11.01 15.47 
ACETATE 133.38 77.18 4.71 6.73 
RAYON 239.50 129.28 18.21 23.67 
CUPRO 103.41 101.71 8.96 12.33 
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When Table 2 is examined; considering the tensile 
strength values, it was observed that the weft 
and warp tensile strengths of the fabrics woven 
from PES and PES/LYCRA fibers were the highest. 
When the tearing strength values were examined, 
it was found that the fabric woven from PES fibers 
was the highest (Figures 1 and 2). 

 

 

Figure 1 Tensile strength of lining fabric 

 

 

Figure 2 Tearing strength of lining fabric 

In Table 3, the fabric drape and friction coefficient 
values of the lining fabrics used in the study are 
shown. 

Table 3 Fabric drape and friction coefficient values of 
lining fabrics 

Fabrics 
Drape coefficient 

[%] 
Friction coefficient 

[µ kinetic] 

PES 52 0.222 
PES/LYCRA 38 0.213 
ACETATE 33 0.151 
RAYON 34 0.160 
CUPRO 27 0.155 

 

 

Figure 3 Drape of lining fabric 

When Table 3 is examined, the fabric with the lowest 
drape coefficient is the fabric made of Cupro fibers. 
The lower the drape coefficient, the higher the drape 
of the fabric. Cupro has the best drape lining fabric 
feature (Figure 3). 

One of the most important parameters affecting 
the drape is weight. Correlation analysis was 
performed to determine the direction and strength 
of the relationship between Cupro lining fabric and 
weight. When Table 4 is examined, it was 
determined that there was a “high” (r = 0.867), 
positive and significant relationship between fabric 
drape and weight. (According to the Pearson 
Correlation scale: r = 0-0.25 very weak, 0.26-0.49 
weak, 0.50-0.69 medium, 0.7-0.89 high, 0.9-1.0 very 
high). 

Table 4 Correlation analysis of Cupro lining fabric 

Fabric drape Weight 

Pearson correlation (r) 0.867 

Correlation is significant at the 0.05 level (2-tailed). 

 

When the friction coefficient values were analyzed, 
it was observed that the fabrics with the lowest value 
were fabrics made of Acetate, Cupro and Rayon 
fiber. This result shows that the Acetate, Cupro and 
Rayon fabrics surfaces are smoother (Figure 4). 
 

 

Figure 4 Friction coefficient of lining fabric 

Correlation analysis was performed to determine 
whether there is a relationship between friction 
coefficient and tearing strength. The lining fabric with 
the highest friction coefficient is PES (Figure 4). 
It was determined that there is a "very weak"           
(r = -0.246) negative relationship between the friction 
coefficient of PES and the weft tearing strength. 
It was determined that there is a “high” (r = 0.869) 
positive relationship between the friction coefficient 
of PES and the warp tearing strength (Table 5). 

Table 5 Correlation analysis of PES lining fabric 

Friction 
coefficient 

Weft tearing 
strength 

Warp tearing 
strength 

Pearson correlation (r) -0.246 0.869 
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Seam slippage often occurs on fabrics containing 
slippery threads or on low density fabrics. Therefore, 
it is seen that in this type of fabrics, a group 
of threads in the fabric structure can be easily pulled 
over the other. Parameters such as seam allowance, 
stitch type and stitch density also affect this problem. 
These parameters are kept constant in seam 
slippage tests. 

When Table 6 is examined, it is seen that the seam 
slippage strength of fabrics made of PES/LYCRA 
and Cupro fibers is the highest. The higher the seam 
slippage value, the more resistant the fabric is 
in terms of seam slippage. This makes PES/LYCRA 
and Cupro fabrics a great advantage in terms 
of seam slippage during use (Figure 5). 

Table 6 Seam slippage values of lining fabrics 

Fabrics 
Seam slippage [N] 

warp weft 

PES 29.3 65.3 
PES/LYCRA ˃200 ˃200 
ACETATE 87.3 174 
RAYON 62 148.5 
CUPRO 158.7 ˃200 

 

 

 

Figure 5 Seam slippage of lining fabric 

4 CONCLUSIONS 

Lining fabrics are one of the auxiliary materials 
that complement the garment. Lining fabrics affect 
the usage, properties, mobility and duration of use 
of the garment. They provide comfort to the user like 
a second garment inside the main fabric. Lining 
fabrics are woven from different yarns, in different 
types of weaving and are made suitable for final 
consumption with different finishing processes. 

The wrong choice of lining causes huge problems 
in clothes. Lining fabrics act as a whole with 
the garment in which they are used. The correct 
determination of weft and warp densities and 
weaving type in lining fabrics are the most important 
factors that determine the durability of the fabric and 
the behavior of the fabric against the forces 
in practice. 

The more dencity in the weft and warp direction 
of the fabric, the greater the tensile strength. 

The tensile strength of the fabric is higher than 
the sum of the strength value of the yarns that 
compose the fabric. This is because the weft threads 
are bonded to the warp threads to increase 
the strength. Another factor affecting fabric strength 
is weaving. The more the binding points of the yarns 
in the fabric, the higher the resistance against 
the tensile. According to the results of the research, 
the tensile strength in the direction of weft and warp 
of the lining fabric produced from PES/Lycra 
is the highest. In this case, the tensile strength 
of the fabric produced from PES/Lycra was highest. 
Fabrics made of synthetic fibers such as PES 
or high tensile strength fibers have high tensile 
strength. Since PES and PES/Lycra are synthetic, 
Acetate, Rayon, and Cupro regenerated cellulose 
fiber in the research, the tensile strength of PES and 
PES/Lycra is highest. 

Fabrics with low weft and warp density have high 
tear strength. In a loose fabric structure, the friction 
forces between the yarns decrease, and in this case 
the tearing strength increases. In the research, 
the tearing strength of the lining fabric produced 
from PES yarns was the highest, since the weft and 
warp density was the lowest. 

When evaluated in terms of fabric comfort, the drape 
feature is the main parameter affecting the selection, 
design and appearance of the textile material. Fabric 
drape in lining fabrics is closely related to the weight 
of the fabric. As the weight of the fabric decreases, 
its drape increases. In the research, the weight 
of the Cupro fabric is low and the drape coefficient 
is low. Thus, the most drape fabric lining fabrics 
used in the research is Cupro fabric with 27% drape 
coefficient. 

Surface roughness is a very important parameter 
that affects the attitude of the fabric. If two fabrics 
will be used together with each other, as in lining 
fabrics, due to friction the surfaces will be deformed 
and strength losses can be seen in the fabrics. 
In order for these to occur at a minimum, 
it is desirable that the fabrics have a smooth surface. 
For this reason, surface roughness is very important 
in the lining fabrics. The surface roughness 
is evaluated with the fabric friction coefficient value. 
Among the lining fabrics used in the research, 
the fabrics with the lowest friction coefficient are 
Acetate, Cupro and Rayon ( µ kinetic: 0.151-0.156-
0.160). Since the tearing strength is affected by 
the friction property, when the relationship of the two 
properties is examined, it is seen that there is 
no relation in the weft direction but there is a strong 
relationship between the warp tearing strength and 
the friction coefficient. 

Another point to be considered when sewing lining 
fabrics is to seam slippage. The higher the seam 
slippage value, the more resistant the fabric in terms 
of seam slipage. For this reason, especially the end-
use is important in terms of quality performance. 
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In the research, PES/Lycra and Cupro lining fabrics 
are the most resistant lining fabrics in terms of seam 
slippage with a strength value of over 200 Newtons. 
PES/Lycra and Cupro lining fabrics have the highest 
weft and warp density. For this reason, it is very 
resistant in terms of seam slippage.  

Regenerated fibers can be considered 
as an alternative to synthetic fibers in lining fabrics. 
This alternative regenerated fiber should have 
the advantages of synthetic fibers as well as 
eliminate the disadvantages. The lining made 
of Cupro fiber used in the research can be 
considered as an important alternative to the lining 
produced from the most widely used PES fiber 
in the market, especially in terms of draping and 
seam slippage properties. 
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Abstract: Current state of 3D printing in various industries and prospects of its application in light industry 
have been analyzed. It has been revealed that pressure and productivity at the outlet of the extruder, 
as well as quality of melt preparation in 3D equipment for processing polymeric materials in the form 
of granules depends on the geometric dimensions of the extruder and auger’s working tool. Mathematical 
modeling of heating process of the polymeric material in the extruder has been done, thermal diagrams 
have been obtained, which allow to predict the temperature distribution in its different sections. 
A 3D printer with FMD technology for printing with polymer granules as a raw material has been 
developed. Resistance to destruction by a wedge-shaped blade of sewing materials with polymeric 
coatings applied to them by the method of 3D-printing has been researched. 

Keywords: 3D printer, 3D print, polymeric materials, waste, installation, auger, heating mode, sewing 
and footwear materials. 

 

 

1 INTRODUCTION 

Additive technologies are one of the main world 
trends mentioned in the context of the new industrial 
revolution. Market of goods manufactured with use 
of such technologies has practically not been 
yet formed, has no clear boundaries, varies between 
20-30% and tends to grow rapidly [1, 2]. 

It is a known fact that there are several methods 
of 3D printing, but they are all derivatives of additive 
technology for manufacturing [3]. Regardless 
of what 3D printer is used, the product 
is manufactured via layer-by-layer application 
of a thin reel of molten material extruded 
from the extruder on the working platform. The task 
of the printer is to move the extruder in exact 
accordance with the digital model. Therefore, 
the printed physical object totally corresponds to its 
virtual prototype, created with the help of graphic 
editors for 3D computer design. The output is details 
of a complex geometric shape produced in a short 
time [1, 4]. 

Modern products are characterized by complexity 
of construction, a large number of parts and 
components. For instance, footwear, especially 
sports type, has a complex geometric shape, may 
include active elements in the form of tubes, rods, 
plates, springs and other parts that increase 
its performance. Such parts are designed to absorb 
shock loads that occur during various physical 
exercises, running, jumping, as well as to promote 
repulsion, which improves performance of athletes 

in various sports. These elements can be 
constructively made as a single unit with a sole or 
in the form of various inserts: polymer or metal ones 
[5]. In addition to the issues related to the design 
of polymer products of complex geometric shapes, 
there are also issues related to their production. 
To make complex shapes of product parts, new 
methods of their manufacturing need to be created. 
Therefore, one of the modern ways to resolve 
this problem is 3D printing. Having analyzed the use 
of 3D printers in various industries, we can conclude 
that the greatest potential of 3D equipment lies 
in production of industrial goods. Light industry, 
in particular sewing and footwear, is no exception 
to this [5, 6]. Some existing consumables for 3D 
printing are quite suitable for production of clothing, 
footwear and their elements. Moreover, their range 
constantly increases. Materials with the required 
technical parameters appear [6]. All this contributes 
to the introduction of 3D printing in light industry. 
Nowadays, the use of 3D printers in mass 
production is limited due to relatively high cost 
of equipment and duration of the manufacturing 
process itself. The technology of 3D printing can be 
successfully used in production of small-scale and 
individual products, as production of high-value 
equipment in this case becomes unreasonable [5]. 

In paper [1], modern 3D-printing and 3D-printers 
technologies have been analyzed and systematized. 
A generalized classification of 3D printers has been 
developed, which gives a complete idea 
and characteristics of each type, purpose, etc. 
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Moreover, a new type of 3D printing was listed 
in this classification for the first time, namely 3D 
printing with polymer granules, which will become 
competitive in a rapidly developing industry along 
with other types of 3D printing and consumables. 
This type of printer is under development. 
One of the main advantages of this type of printer 
is the ability to reprint parts with granules from waste 
that was obtained during previous printing. 
Therefore, the cost of filament can be reduced 
through the use of secondary raw materials. Thus, 
it is unreal to obtain a rod equal in diameter from 
secondary raw materials, simply due to properties 
of the melt being inhomogeneous in mass; hence 
it leads to uneven pressure in the industrial extruder, 
uneven plasticity of the melt and its shrinkage. 
Respectively, during printing, such rod will behave 
completely unpredictably. During the first stage 
of processing of the output polymer and the first 
service life of the polymer chain there are 
irreversible changes caused by chemical effects, 
thermal, heat and photooxidative destruction, which 
leads to the appearance of active groups. These 
groups in subsequent processing are able to trigger 
oxidation reactions. Respectively, the smaller 
the number of processing, the better the material is, 
which, as a result, will affect quality of the future part 
or product. However, in the case of polymers 
processing, it is possible to create a new material 
with new properties by adding to their composition 
various admixtures, dyes, plasticizers to improve 
elasticity, plastic deformation, frost resistance, 
impact strength, decrease viscosity to improve their 
further processing and exploitation [5]. 

Primary raw material for powering 3D printer 
extruders is a rod made of polymeric material 
of a certain diameter. Polymer granules are used 
as raw materials to produce the rod. This process 
is long, which is unacceptable in today's competitive 
environment. 

One of the main disadvantages of 3D-rod printing 
is that at the production stage the polymer is already 
subjected to temperature heating, which leads 
to loss of its physical and mechanical properties. 
Therefore, 3D printing using granules of the material 
is relevant. Printing using granular material is ideal 
in cases where additive and subtractive (rapid 
prototyping) methods of parts production can be 
combined. This will enable to quickly print the part 
on a 3D printer. 

Growth of production using polymeric materials 
steadily leads to increase in their share in waste and 
the issue of recycling becomes integral for the issue 
of disposal of other wastes of human life. Modern 
polymeric materials based on various plastics, fibers 
and elastomers are used in various fields. 
Light industry is no exception to this [7, 8]. 
Therefore, the issue of polymer recycling and their 
subsequent use in light industry is an urgent task. 

2 EXPERIMENTAL PART 

2.1 Research equipment 

To process polymers with different properties, 
equipment that would meet the necessary 
requirements, i.e. has optimal geometric parameters 
and thermal modes, is required. In order to conduct 
experimental research, a device was developed that 
allows printing 3D parts with granular or crushed 
polymeric materials obtained from waste garment 
and footwear production. Principle of operation 
of such equipment is as follows. The crushed 
polymer granules are placed into hopper 2 (Figure 1) 
or the loading area. After that, the raw material is fed 
by a rotating auger 4 in the heating zone for melting 
and subsequent extrusion. The polymer is melted 
and extruded in the form of a thin reel 
on the working platform. Further on, by layering 
the molten polymer material, a physical object 
is formed, i.e. a previously modeled part. 

 

 

Figure 1 General scheme of the experimental device 
for processing of polymeric masses: 1 - body; 2 - loading 
hole; 3 - unloading hole; 4 - auger; 5 - heating element;    
6 - stepper motor; 7 - gear; А - loading zone; В - melting 
zone, С - homogenization zone 

To ensure the necessary movement of the material, 
the conditions for moving the solid material from 
the loading zone to other zones of the extruder and 
filling the interturn space in the auger are of great 
importance. A complete analysis of the movement 
of solid particles in a traditional single-auger 
extruder was done in paper [9] for the first time. 
In order to determine the conditions for 
the movement of polymeric material from the loading 
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zone to the extrusion zone, experimental studies 
were conducted, which made it possible 
to understand how the interturn space in the auger 
is filled with polymeric material (Figure 2). 

This enabled to establish the stages 
of transformation of solid-crystalline-state polymer 
particles into a viscous state of the finished material 
for layering by 3D printing to obtain a physical object 
(Figure 3). 

 

 

Figure 2 Photo of auger’s interturn space filling with 
polymeric material  

 

 

Figure 3 Stages of polymeric parts transformation:           
1 - polymeric parts, 2 - start of adhesion stage melting 
of polymeric particles into a single unit, 3 - working auger’s 
interturn space filling during operation, stage of polymeric 
parts homogenization into a single unit, 4 - output material 
after extrusion 

The analysis of the obtained samples allowed us 
to reveal that at first, at normal temperature, a long 
polymeric plug is formed, which is pushed through 
the auger channel. The length of the plug must be 
large enough so that the pushing force resulting 

from the longitudinal movement allows the polymer 
to move into the melting zone. Transportation 
of polymeric materials of different shapes and sizes 
(crushed waste) or powders with poor flowability and 
low flow weight in the supply area is quite a difficult 
task. Therefore, when designing equipment for 3D 
printing with polymer granules, it is necessary 
to take into account all the forces that affect 
the printing process of parts. This, in turn, will allow 
to calculate optimal parameters of the device for 
processing polymer masses (Figure 1) and ensure 
uninterrupted operation of the 3D printer [10]. 

The defining parameters in the extrusion of polymers 
are the pressure and productivity at the outlet 
of the extruder as well as the quality of melt 
preparation. These parameters significantly depend 
on the design and geometry of the auger. 

Productivity of process Q and melt pressure P from 
auger diameter D, length of auger working zone L 
from productivity of process Q, melt pressure P from 
length of auger working zone L, melt pressure P 
from density (shear rate) of material, auger 
productivity Qw from parameters of density (shear 
rate) of the polymer [8, 9] has been calculated. 
On the basis of the received data the corresponding 
dependences of certain sizes have been 
constructed. For example, Figure 4 shows graphs 
of the dependence of productivity of the process Q 
and the melt pressure P on the diameter 
of the screw D. The calculations made it possible 
to determine optimal geometric parameters 
of the device to process polymer masses 
on the basis of which it was manufactured. 

 

a) 

b) 

Figure 4 Dependency graph: a) process Q productivity 
on diameter of auger D; b) melt pressure in extruder Р 
on diameter D 
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Figure 5 Distribution of temperatures along the device 

 

An important step in the introduction of energy-
saving (energy-saving) equipment for processing 
filaments by extrusion is modeling of the heating 
process, which would allow to control heating modes 
of the extruder in its working areas [11]. 

In this regard, there is a need for mathematical 
modeling of heating modes of the extruder before 
the stage of the direct process of production and 
the study of temperature distribution in 
the installation depending on the power 
of the heaters in different areas.  

For this purpose, mathematical modeling 
of the heating process of polymeric material 
in the extruder was performed; a system 
of equations and a thermal diagram (Figure 5) 
of the temperature distribution along the entire 
length of the extruder were obtained.  

This approach allows to predict the temperature 
distribution in different parts of the real device and 
selects optimal temperature modes when performing 
the process.  

Based on the thermal diagram, it can be concluded 
that the physical object, i.e. the part to be printed, 
will have sufficient and uniform heating 
at the specified temperatures. 

Therefore, the necessary plasticization and 
homogenization of polymeric materials in different 
areas of the extruder will be provided. 

Installation for experimental research was developed 
on the basis of an inkjet 3D-printer with FMD-printing 
technology (Figure 6). 

In this installation, the print head for polymer-rod 
printing was dismantled and a developed device for 
processing polymer masses entering the extruder in 
the form of granules was installed (Figure 7). 

 

 

Figure 6 Basic model of 3D printer with FMD printing 
technology 

 

Figure 7 General scheme of the installation with a device 
for processing of polymeric masses: 1 - extruder;                
2 - extruder installation fastening; 3 - linear motion bearing;     
4 - device motion shaft; 5 - working surface for cooling 
of output material 
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2.2 Methodology 

Experimental studies of the application of polymeric 
material by extrusion on materials used 
in the garment industry were carried out using 
the developed and manufactured installation [13, 
14]. Samples of various sewing materials were 
selected, in particular denim, cashmere and 
synthetic fabrics [12]. To obtain a 3D coating, 
as a feed source for the extruder, waste from ABS 
plastic was used. Technical characteristics 
of materials are given in Table.1. Figure 8 shows 
the obtained samples of sewing materials. 

 

 

Figure 8 Samples of sewing materials with applied 
polymer layer: 1 - material; 2 - polymer coating 

The obtained samples of materials with a polymer 
coating have been studied in regards to resistance 
to destruction by a wedge-shaped blade. For this 
purpose, an experimental setup was developed, 
which is presented in Figure 9. The principle 
of operation of the installation is as follows. 
Beforehand, a punch 2 was screwed into the rod 1 
of the press, and a stand located on a strain gauge 
was placed in the lower part of the press. This strain 
gauge allows to measure the cutting force 
of the material. Another strain gauge connected 
to the punch allows to determine the volume of a dip 
of the punch into the material. The material, 
in its turn, is placed on the stand. The effort required 
for cutting the material is created via means 
of the handle of the press. The analog signals 

generated in the strain gauges are amplified, fed to 
an analog-to-digital converter, converted to a digital 
signal and fed to a computer. With the help 
of the installed software the signals are processed 
and graphs of dependences of technological efforts 
of cutting Fcut of material on depth of the dip 
of the punch Δ are constructed. 

 

 

Figure 9 Experimental installation for the research 
of materials resistance at destruction with a wedge-
shaped blade: 1 - cutting press; 2 - working organs (punch 
and stand); 3 - strain gauge; 4 - amplifier; 5 - analog-digital 
converter; 6 - material sample 

3 RESULTS AND DISCUSSION 

The results of the research on resistance of sewing 
materials to destruction by a wedge-shaped blade 
are shown in Figure 10. The graphs show 
the dependence of the technological cutting forces 
Fcut for different materials studied without and with 
coated coatings on the depth of the dip of the punch 
in the material Δ. 

From the obtained diagrams it is seen that 
the technological effort at cutting the material with 
a punch reaches its maximum value at full dip 
of the punch in the material to a thickness Δ. 

Analysis of the obtained experimental data showed 
that after applying the polymer layer on the material, 
its resistance to destruction increases, as shown 
by the results given in Table 2. 

 

Table 1 Types of sewing materials fabrics used in the experiment 

№ Type of material 
Application 

material 

Material thickness 
prior to application 

of polymer layer [mm] 

Material thickness 
after application 

of polymer layer [mm] 

1 Cashmere ABS 2.17 2.27 
2 Synthetic fabric (with interfacing) ABS 1.20 1.69 
3 Denim ABS 1.69 1.93 

 

Table 2 Value of material destruction maximum efforts  

№ Sewing material Coating material 
Destruction effort 

prior to coating Fcut [Н] 
Destruction effort 

after coating Fcut [Н] 

1 Cashmere ABS 294.79 342.48 
2 Synthetic material ABS 301.10 326.57 
3 Denim ABS 366.35 414.13 
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Figure 10 Graphs of Fcut technological effort 
dependencies for various materials on depth of plunger’s 
dip into the material Δ: 1 - cashmere with no polymer 
layer; 2 - cashmere with polymer layer; 3 - synthetic 
material with no polymer layer; 4 - synthetic material with 
polymer layer; 5 - denim with no polymer layer; 6 - denim 
with polymer layer 

4 CONCLUSIONS 

The use of 3D printing technology can solve 
a number of problems in light industry, in particular 
in clothing and footwear industries. Introduction 
of this technology in mass production of clothing and 
footwear is an urgent task. 

The defining parameters in the extrusion of polymers 
are pressure and productivity at the outlet 
of the extruder, as well as quality of melt 
preparation. The dependences of the process 
productivity Q and the melt pressure P on the screw 
diameter D have been obtained. 

Mathematical modeling of heating process 
of the polymeric material in the extruder and 
the obtained thermal diagrams allow to predict 
temperature distribution in different parts 
of the device and selects optimal temperature 
modes when performing the process. 

On the basis of theoretical and experimental 
research, a 3D printer with FMD technology for 
printing with polymer granules as a raw material has 
been developed, which allows the use of crushed 
polymer waste generated in production of clothing 
and footwear. 

The obtained results of research on resistance 
of sewing materials to destruction by a wedge-
shaped blade showed that after applying a surface 
layer of polymer on material, resistance of materials 
to destruction, their durability, and wear resistance 
increase. 
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Abstract: The contribution focuses on technical solution and confirmation of functionality of a prototype 
of a smart mattress topper with enhanced hygienic properties, designed for monitoring of human bio-
medicinal data in real time. It involves integration of progressive technologies in a form of low-temperature 
atmospheric-pressure plasma, application of nanotechnologies in a form of an antimicrobial nanosol and 
integrated sensing system for monitoring electrical activity of the heart (ECG) and position of a lying 
person. The sensing system consists of a set of active ECG capacitive textile electrodes with incorporated 
microelectronics, capacitive sensors for detection of presence and position of a lying person, passive DRL 
electrode, data, control and communication elements integrated into construction of the mattress topper 
with an own mobile application. Functionality of prototype of the mattress topper will be demonstrated 
by measurement of ECG and position of a lying person by means of a patient simulator as well as a real 
person. 

Keywords: smart topper, antimicrobial nanosol, low-temperature plasma, ECG, position detection. 

 

 

1 INTRODUCTION 

Cardiovascular diseases belong among leading 
causes of death in Europe and they are responsible 
for more than 50 % of all deaths [1]. 
The cardiovascular diseases can be indicated, but 
mainly reduced by a soon diagnostics, suitable 
disease management, rehabilitation and prevention 
[2]. Electrocardiogram (ECG) sensing represents 
a traditional diagnostic method often used to monitor 
human health and diagnose potential cardiovascular 
diseases. The conventional method of ECG sensing 
uses electrodes and electro-conductive gel in direct 
contact with skin surface of an examined person. 
A special feature of this type of measurement is high 
quality of measured signal due to low transfer 
resistance between the electrode and the skin (when 
using an electro-conductive gel). On the other hand, 
long-term measurement is uncomfortable and can 
cause allergic skin reaction in some cases. In recent 
years, capacitive sensing of ECG signal avoiding 
direct conductive contact between the electrode and 
the skin of an examined person is being developed. 
This unconventional method of capacitive sensing 
has been successfully integrated e.g. into office arm- 
chairs, car seats or beds [3, 4]. Decubital ulcers (bed 
sores) arise frequently in immobile, usually older, 
long-term lying patients and/or patients with 
a diagnose requiring monitoring of their health 
condition in a bed. This primarily concerns 

the lesions caused by circulatory insufficiency due to 
pressure applied on the affected place between 
a bone and a base, when insufficient congestion 
takes place. Therefore, prevention of genesis 
of decubital ulcers is identification of position and 
regular displacement of a lying patient. 

The developed original proposal of a prototype 
of smart mattress topper „ECG-SmartSheet“ with 
enhanced hygienic properties designed for 
monitoring of human biomedical data in real time 
constitutes a system of unobtrusive long-term 
monitoring electric activity of the heart (ECG) and 
position of a lying person over the day and/or during 
sleep. An efficient and advanced design of a smart 
mattress system is involved. Progressive 
technologies used on elaboration of the project 
included: 

 plasma finish: activation of the surface by low-
temperature plasma under atmospheric pressure 
aimed at achievement of improved adhesion of the 
functional nano-coating on the textile material used 
as basic material for development of the mattress 
topper; 

 nanotechnologies: application of antimicrobial 
nanosol with incorporated nano-particles 
on the plasma activated textile surface aimed 
at creation of nano-structured surface with high 
adhesion to achieve functional hygienic properties 
of the mattress topper; 
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 smart technologies: integration of a system 
of active textile capacitive ECG electrodes with 
incorporated microelectronics, power, data, control 
and communication components into construction 
layers of the mattress topper using innovative 
antimicrobial (AMB) nano-coated textile material, 
customized algorithms and mobile application. 

2 TECHNOLOGIES AND MATERIALS 

The mattress topper consists of a protective 
removable shell and a core consisting of several 
internal layers on which functional components 
of the sensing system are placed. The sensory part 
of the mattress topper consists of active textile ECG 
capacitive electrodes with incorporated 
microelectronics, designed to monitor electric activity 
of the heart (ECG) and textile sensors designed 
to detect presence and position of a lying person, 
made on a base of electro-conductive textiles. 
A customized application developed for readily 
available imaging equipment allows assessment 
of the sensed data in real time. 

2.1 Construction of the mattress topper 

Shell of the mattress topper consists of an upholstery 
fabric pre-finished by activation of its surface 
structure using low-temperature atmospheric-
pressure plasma and subsequently finished 
by an antimicrobial nanosol imparting hygienic 
properties to the mattress topper during its long-term 
use. Permanency of the antimicrobial nanofinish 
on the surface of the upholstery fabric has been 
evaluated after 20 washing cycles performed using 
4N process according to STN EN ISO 6330 and its 
antibacterial efficiency has been evaluated according 
to AATCC TM 100 and expressed as a percentage 
of bacterial reduction of Staphylococcus aureus. 
The achieved bacterial reduction after 20 washing 
cycles was on a level of 50% (bacteriostatic 
efficiency). A positive influence of the pretreatment 
by activation of the surface of the upholstery fabric 
using low-temperature plasma on enhancement 
of affinity of the antimicrobial coating to the surface 
of the upholstery fabric has been demonstrated by 
bacterial reduction, which was higher by about 35% 
in comparison with an upholstery fabric finished by 
the antimicrobial nanosol under the same conditions 
without activation of the textile surface by low-
temperature plasma. 

On a face side of the surface of the shell 
of the mattress topper there is a set of active ECG 
capacitive textile electrodes with incorporated 
microelectronics and a reference active ECG 
capacitive textile electrode for monitoring heart 
activity, creating an eight-lead system of ECG 
measurement. On the shell of the topper there is also 
a passive textile DRL electrode to repress technical 
artefacts, primary interference from the electrical 
network. Electronics of the ECG electrodes is placed 
on a flexible circuit board and it is conductively 

connected with the textile sensor. Connection 
of the electrodes is terminated by a power take-off 
connector, connected to the control unit.  

In construction of the core of the mattress topper 
there are pressure capacitive textile sensors for 
detection of presence and position of a lying person. 
The pressure sensors are connected by an electro-
conductive sewing thread. Between the pressure 
sensors there is a dielectric, which on change 
of the pressure changes its thickness and this way 
capacity of the pressure sensors changes as well. 
The pressure sensors allow to monitor not only 
presence of a patient in the bed, but also distribution 
of pressure on the topper and monitor this way 
the most vulnerable places of human body for 
the purpose of positioning a long-term lying patient. 
The pressure sensors are connected with the circuit 
board by a connector connecting the conductors 
conducting signal further to the sensing unit which 
passes the information to the control unit. 

The control unit captures signals from the electrodes, 
performs their further analog processing, digitizing 
of the data and their transfer to a computer by means 
of universal serial bus (USB). A basic element 
of the control unit is an eight-canal integrated circuit, 
analog-digital (AD) convertor with internal reference 
and adjustable amplification, sampling frequency and 
microcontroller ensuring communication with 
a personal computer. A prototype mobile application 
has been developed for analysis, evaluation, display 
and storage of the sensed data as well as for display 
of a position. It monitors actual state of the patent 
in real time. 

The active ECG capacitive textile electrodes and 
passive pressure capacitive textile sensors have 
been made from electro-conductive fabrics with 
electric resistivity of 1.5 Ω/10 cm, creating their 
sensing part. An advantage of the textile electrodes 
is a pleasant feel, elasticity and ability to adapt 
to contours of a human body what enhances comfort 
of a man during his stay in bed and ECG 
measurement. The electrical conductivity 
of the fabrics used to prepare the textile sensors and 
electrodes ensures functionality of the whole sensing 
system integrated into construction of the mattress 
topper. Influence of washing and mechanical 
abrasion on change of the surface electric resistance 
and electric conductivity of the electro-conductive 
textiles has been evaluated after 20 washing cycles 
using 4N process. Functionality of the fabrics 
designed for sensing of ECG and position 
of a person has been confirmed. The electric 
resistance of the fabrics increased after 50 000 
abrasions to a level of 19 Ω/10 cm, whereby 
the fabrics preserved their appearance without 
significant changes. Tests for human-ecological 
properties of the applied electro-conductive textile 
materials have been performed according to test 
methods of the international association OEKO-
TEX® to confirm health safety and health protection 
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of a consumer: determination of forbidden disperse 
dyestuffs classified as allergenic, carcinogenic and 
other forbidden dyestuffs, determination 
of extractable heavy metals, determination of total 
quantity of lead (Pb) and cadmium (Cd), 
determination of total quantity of silver, determination 
of polycyclic aromatic hydrocarbons (PAH), 
determination of phenol, chlorinated phenols and 
orthophenylphenol (OPP) and determination of pH 
of water extract. No presence of health harmful 
substance has been determined in the applied 
electro-conductive textiles. The determined quantities 
have been under detect limit and they meet 
the required limit concentrations of harmful 
substances for textiles and clothing products for 
children up to 3 years of age, for direct and indirect 
contact with the skin according to the technical 
requirements of the standard STN 80 0055 and 
the international OEKO-TEX® Standard 201. 

2.2 Capacitive measurement of ECG 

The principle of capacitive ECG sensing is that 
the active ECG textile electrode constitutes one plate 
of a plate condenser and surface of human skin 
constitutes the second plate of the plate condenser. 
A dielectric layer is placed between these two plates; 
the most frequently this layer is a layer of cotton 
clothing in which a lying person is dressed during 
measurement. Capacity of such a condenser 
is calculated according to the formula 1: 

� =  ɛ�ɛ�

�

�
 (1) 

where S is surface of condenser plate, d is distance 
between the condenser plates, ε0 is permittivity of vacuum 
and εr is dielectric permittivity. 

If surface of an electrode is 25 cm
2
, dielectric 

material is a cotton fabric with 0,5 mm thickness and 
2.077 permittivity [5], capacity of the plate condenser 
will be approximately 92 pF. The active ECG 
electrode incorporates a low-noise operational 
amplifier in connection of a voltage tracker. Static 
charge of the condenser is discharged by means 
of R resistor. Combination of C condenser with R 
resistor creates a filter whose limit frequency 
is calculated according to the formula 2: 

�� =  
1

2���
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If value of the resistor will be 2 GΩ, then the cut off 
frequency of the filter will be 0.87 Hz. Such a filter 
will enable to remove unacceptable biological 
artefact caused by breathing. 

2.3 Position sensing  

Hardware and software modules have been 
developed to detect presence and position of a lying 
person. Result of sensing presence of a person 
in a bed using a method of measurement capacity 
between two pressure capacitive sensors can be 
shown in two ways: 
a) curve representing sensed capacity in real time for 
a pushed sensor (Figure 1b) and/or a non-pushed 
sensor (Figure 1a). 
b) using a color map (color squares), representing 
a more sophisticated method to display change 
of pressure by presence of a person lying in a bed. 

Data obtained by measurement can be transformed 
to „pictures“ where the individual cells will represent 
pressure intensity. Innovative algorithms known from 
recognition of a picture and software developed for 
the purpose of data monitoring and data capture 
from the sensors in real time are used 
in the developed module.  After starting 
the measurement the measured values are recorded 
and at the same time level of pressing the sensor 
is shown in graphical form by means of colors. 
Each square in the map represents one sensor and 
capacity is represented by coloring the square. 
Unloaded (non-pushed) sensor is represented 
by blue color and pushed sensor by yellow color. 
Such a color map displays position of a patient 
in a bed. Pressure sensors of matrix 2x2 sensors 
in „quiescent“ condition are shown in Figure 2a, from 
which is can be seen on the base of the color map, 
that the sensors are not loaded. In Figure 2b one 
square is yellow; it means that the sensor in left 
upper corner was pressed. In Figure 2c it can be 
seen a case when the right lower sensor was 
pressed. After completion of the measurement 
it is possible to store the data for subsequent use 
when training the innovative algorithms for detection 
of position of a man.  

 

 

  
a) b) 

Figure 1 Capacitive curves: a) non-pushed sensor, capacity about 12.4 pF; b) pushed sensor, capacity about 15.1 pF 
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a) b) c) 

Figure 2 Color map representing: a) non-pushed sensors; b) pushed left upper sensor; c) loaded right down sensor 

 

3 RESULTS AND DISCUSSION 

Functionality of the cover of the mattress topper has 
been evaluated on a person lying on his back 
for 1 hour (Figure 3).  

 

 

Figure 3 A proband lying on the developed mattress 
topper 

The subject wore nightdress made from cotton fiber. 
Sampling frequency was adjusted to 250 Hz. 
Amplification was adjusted to value 6 for all 
channels with the exception of channel No. 2 and 
No. 3. Signal in these channels exceeded the range 
on amplification 6 and therefore amplification 
in these channels was reduced to 4. DRL circuit was 
active and signal for DRL circuit was derived from all 

input channels. Raw ECG record is shown 
in Figure 4. The channels are arranged in lines, 
i.e. channels No. 1 and No. 2 are shown in the first 
line. It is obvious from the figure that signals 
in the channels are influenced by noise differently 
and show also different offset. This phenomenon 
is caused by local differences in distribution of 
electrical potential on the skin, accumulation of static 
charge and different pressure of the electrodes.  

Although DRL circuit has been used and electronics 
of the active electrodes have been shielded, 
the output signals comprise considerable noise 
on the frequency of 50 Hz as it is evident from 
the power spectral density (PSD) in Figure 5. 
A narrow band notch filter for 50 Hz, applied to all 
channels, has been proposed to reduce the noise. 
ECG record after application of the filter is shown 
in Figure 4b. The main problem is electrostatic 
charge and movement artefacts. The movement 
artefact causes saturation of the operational 
amplifier inputs and it can take even several 
seconds until the signal has been stabilized again. 
Solution of this problem consists in application 
of a special electronic circuit grounding temporarily 
inputs of the operational amplifier as soon as 
a signal gets outside the measuring range [6]. 

 

  
a) b) 

Figure 4 Eight-channel ECG record measured from the cover of the mattress topper: a) raw, b) filtered 
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Figure 5 Power spectral density (PSD) of the channel 
No. 1 

The measured signals clearly show visible course 
of the ECG signal, suitable for subsequent analysis. 
Although not all canals are without disturbing 
arfefacts, incidence of these artefacts in some 
canals does not represent any risk from a viewpoint 
of determination of diagnosis as the applied 
algorithm selects for the needs of diagnosis only 
the canal with the best signal quality. 

A graphical display of results from measurement 
of capacity using colour map (colour squares) was 
selected to measure position of a lying person 
on a prototype of the mattress topper (Figure 6).  

 

  
a) b) 

Figure 6 Detail of colour map of the matrix 
of sensors of position: a) without shielding; b) with 
shielding 

From a viewpoint of monitoring position of a patient 
it is not necessary to know concrete value of capacity 
but only its change. Each square in the map 
represents one sensor and capacity is represented 
by colouring the square. Unloaded (unpushed) 
sensor is represented by blue colour and loaded 
sensor by yellow colour. Influence of shielding 
on measurement and values of capacities sensed 
using the sensors is shown in Figure 6a, when 
measurement was performed without shielding and 
in Figure 6b, where measurement was performed 
with an applied shielding layer. Shielding layer 
of the electroconductive fabric has been inserted 
between shell of the mattress topper and the passive 
pressure capacitive textile sensors. While from 

results measured without shielding it is not possible 
to identify unambiguously a lying person (influence 
of spurious capacities), after introduction 
of a shielding layer to the construction 
of the mattress significant improvement is visible 
which allows identification of area of a lying person 
and distribution of pressure cause by weight 
of a body on the topper. 

4 CONCLUSION 

The matter of prevention of cardiovascular diseases 
is very actual, important and necessary not only 
in the Slovak Republic but world-wide at present. 
The proposed prototype of smart mattress topper 
“ECG-SmartSheet“ with enhanced hygienic 
properties, designed for monitoring of bio-medicinal 
human data in real time ensures ECG monitoring 
of a patient on capacitive principle in lying position 
as well as detection of presence and position 
of a lying patient in a bed. It is a conjunction 
of progressive technologies for textile finishing 
such as plasma treatment and nanotechnologies with 
application of smart technologies such as smart 
systems for biodata collection with subsequent 
positive impact on socio-health aspects of social and 
demographic development. The smart topper „EKG-
SmartSheet“ is a functional system of contactless 
and unobtrusive long-term monitoring of human vital 
functions in health service establishments or 
in the domestic environment. Sensing bio-potentials 
using textile electrodes prepared from electro-
conductive textiles is a progressive solution 
of measurement of ECG signal without direct contact 
with human skin. The method of contactless 
measurement of ECG signal becomes an alternative 
of common Ag/AgCl electrodes used at present 
in health service establishments. The textile 
electrodes act as dry electrodes allowing 
measurement of ECG signal without electrolyte gel 
or adhesives. Besides, application of textile material 
with antimicrobial nano-coating with plasma 
application ensures permanently enhanced functional 
hygienic properties during the long-term use even 
after 20 washing cycles and/or after multiple abrasion 
of the surface of electro-conductive textiles 
in the form of textile sensors and/or ECG electrodes. 
Besides, from a viewpoint of materials used 
in the construction of mattress topper, health safety 
and maximal protection of consumer health has been 
confirmed according to the test methods 
of the international association OEKO-TEX® 
Standard and technical requirements of the standard 
STN 80 0055. 
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Abstract: The research related to determining of the yarns tension when interacting with guide 
and operative parts of weaving looms and knitting machines having the form of torus in the area of contact 
with yarn established the mechanism of yarn tension increase behind the guide having the torus form due 
to change in geometrical dimensions and friction forces within contact area. It was proved that yarn tension 
increase behind the guide is effected by ratio of radius of internal circumference of torus to radius 
of working circumference; contact angle between yarn and working circumference of torus; radial contact 
angle between the yarn and internal surface of torus; physico-mechanical and structural properties of yarn. 
For multifilament and spun yarn, the actual contact angle is more than nominal one due to yarn diameter 
distortion in the contact area with surface of torus. Values of contact angles between yarns and working 
circumference and values of radial contact angles between yarns and internal torus surface shall be 
determined according to geometrical dimensions and design of guide and operative parts of weaving 
looms and knitting machines. The paper includes experimental research of interaction between different 
by its nature yarns and spun yarn (natural, synthetic, and man-made) and surfaces having the torus form 
imitating guide and operative parts of weaving looms and knitting machines. Based on experimental 
research the regression relationships between tension values behind the guide and ratio of radius 
of internal circumference of torus to working circumference radius, yarn tension prior it goes to guide and 
nominal value of contact angle were obtained for cotton, woolen, linen spun yarn, and polyamide 
multifilament. The analysis of the regression relationships made it possible to establish ultimate values 
of geometrical dimensions for guide having the form of torus when tension has its minimum value. 
This will enable minimization of the yarn tension during its processing on the weaving looms and knitting 
machines. This leads to a decrease in yarn breakages, an increase in the production equipment 
performance by reducing its downtime, improving the quality of the fabric and knitted garments produced. 
This suggests a practical value of the proposed technology solutions. These latter are related, in particular, 
to determining optimal geometric dimensions of guides and operative parts of weaving looms and knitting 
machines having the form of torus in the area of contact with yarn, at which the output tension will have 
the minimal required degree. Therefore, there is a good reason to claim the possibility of guided 
management of the process of changing the yarn tension in weaving looms and knitting machines 
by choosing geometrical dimensions of high-curved guide for specific yarn types.  

Keywords: tension, yarn, guide surface having the torus form, contact angle. 

 

 

1 INTRODUCTION 

Improvement of technological processes for weaving 
and knitting production shall mean optimization 
of technological efforts based on minimization of yarn 
tension in the area of fabric and knit formation [1, 8, 
9, 20]. Determining of yarn tension degree 
in the working area of technological machine when 
rewinding spun yarn [2-4], of weaving loom [5, 6, 20], 
knitting machine [7, 9] makes it possible to evaluate 
intensity of running technological process. 
Main characteristic property of most technological 
processes in textile industry is interaction between 

yarns and guide and operative parts, when guide’s 
surface curvature radius in the area of contact 
is comparable to the yarn or spun yarn diameter [8, 
14, 20]. Figure 1a represents cases of interaction 
between the yarn and guide and operative parts 
of knitting machines. Figure 1b represents cases 
of interaction between the yarn and operative parts 
of weaving looms. Figure 1с represents designed 
diagram of interaction between a yarn and guide 
surface having the form of torus when guide’s curve 
radius and yarn diameter radius are comparable with 
each other. 
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a) 

 

 

 

 
b) 

 
c) 

Figure 1 Interaction of yarn with high-curved guides at the textile machinery: a) with guides and operative parts of knitting 
machines; b) with operative parts of weaving looms; c) designed diagram of interaction between yarn and guide having 
the form of torus; 1 - fragment of guide surface; 2 - yarn; R1 - radius of internal circumference of torus; R2 - radius 
of working circumference of torus 

 

Analysis of interaction diagram shows that ratio 
of the radius of internal circumference of torus R1 
to the radius of the working circumference R2, 
contact angle between the yarn and the working 
surface of torus’ circumference, radial contact angle 
between the yarn and internal surface of torus [9] are 
of great significance. Interaction between the yarn 
and guide surface, if there exists a radial contact with 
that surface, occur during fabric element and new 
course of knitted fabric formation [10]. Such 
a complex type of interaction requires taking into 
account the direction of the yarn’s friction surfaces 
and guide surface [11], as well as relative motion 
of moved material [12]. In our paper [13] 
we underline the necessity to take into account twists 
of multifilament and spun yarn and value of its 
bending modulus. Bending modulus has significant 
effect on the value of the actual contact angle 
between the yarn and the guide surface. The above 
has been proved in our paper [14] during research 
of conditions of interaction between polyamide 
multifilament or polyamide monofilament and guide 
surface. The mentioned papers consider cases 
of interaction between the yarn and high curved 
guide surfaces regardless of radial contact 
with the yarn surface in the contact area. Our papers 
show the results of experimental determining 

of the yarn tension with a help of special units [15, 
16]. It is impossible to use the obtained results when 
performing research of interaction between the yarn 
and high-curved guide, in case there is a radial 
contact with the yarn surface in the contact area. 
To contribute to increase accuracy of dimensions 
and possibilities to ensure metrological self-control 
in is better to use the redundant measurements 
method, which makes the measurements result 
independent of conversion function parameters and 
their deviation from nominal values [17]. Design 
of experimental unit determines the accuracy 
of results receives when determining the yarn 
tension. The paper [18] shows the diagram for 
determination of the yarn tension, which uses 
cylinders with big radii as guides. The mentioned 
diagram has its disadvantages. Using this diagram, 
it is impossible to simulate actual conditions 
of interaction between the yarn and guide and 
operative parts of weaving looms and knitting 
machines. The experimental unit with rotating 
cylinder has similar disadvantages [19]. The paper 
[20] represents results of determining tension value 
for wide spectrum of guide surfaces having the form 
of cylinder. During the experiment, however, there 
was no radial contact between the yarn and guide 
surface. Absence of such contact limits the use 
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of obtained results in terms of analysis of conditions 
pf interaction between the yarn and the actual guide 
and operative parts of weaving looms and knitting 
machines. 

2 MATERIALS 

Four types of yarn have been chosen for experiment.  

SN1 series: carded cotton spun yarn 29х2 tex. 
It is used as warp yarns for production of tartan 
(spring-autumn twill fabric), and knitted fabric 
(for outer garments and body linen).  

SN2 series: woolen spun yarn 31х2 tex. It is used 
as warp yarns to produce pure-wool twill suiting 
(for knitted outer garments, small part also for winter 
and sports hosiery, as well as hand-wear).  

SN3 series: linen wet-spun yarn made of bleached 
roving 41 tex, obtained from dressed flax. It is used 
as warp yarns to produce sindon, knitted fabric LN-1 
and LN-2 for outer garment.  

SSA series: polyamide multifilament 29x2 tex. 
It is used as warp yarns of outer protective layers 
of multilayer technical fabrics (MTF) for laying yard-
coated pipes, as well as for knitting of outer knitwear 
and sportswear.  

3 EXPERIMENT 

For four series SN1, SN2, SN3 and SSA 
an orthogonal second-order plan for three factors 
was designed and implemented in the paper [9, 20]. 
The general view of the regression equation 
to determine the joint effect of the yarn tension prior 
it goes to the guide having the form of torus P0, ratios 
of radius of internal circumference of torus R1 
to working circumference radius R2, and the nominal 
value of the contact angle φp on the yarn tension 
behind the guide having the form of torus Р, 
is as follows: 

0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3

2 2 2
11 1 22 2 33 3 .

P b b x b x b x b x x b x x b x x

b x b x b x

       

  
 

(1) 

The range of factor variation in the equation (1) was 
determined by the actual yarn processing conditions. 
In the blinded values: yarn tension before it goes 
to the guide having the form of torus P0 was indicated 
as x1; ratio of the radius of internal circumference 
of torus R1 to working circumference radius R2 was 
indicated as x2; the nominal value of the contact 
angle φp was indicated as x3. 

While determining ratio of radius of internal 
circumference of torus R1S1 to working circumference 
radius R2S1 the diameter of carded cotton spun yarn 
29х2 tex, which is 0.31 mm is taken into account. 
Therefore, in the middle of the experiment, radius 
of working circumference of torus R2S1 takes 
on the value of 0.35 mm. Radius of internal 
circumference of torus R1S1 is determined 
by geometrical dimensions of the operative parts 

of weaving looms, knitting machines, and textile 
looms (needles and sinkers of knitting machines, 
heddles of the textile looms). Radii values were 
determined using USB Digital microscope Sigeta 
(Figure 2). In the middle of the experiment, 
to exclude the yarn jamming the R1S1 takes 
on the value of 0.6 mm. Table 1 shows values 
of ratio of radius of internal circumference of torus 
R1S1 to radius of working circumference R1S1 
іn the blinded values. 

Factor х3 is a nominal value of contact angle 
for knitting machines when producing knitted fabric 
for outer garments and body linen, for needles and 
sinkers it changes within the range from φpS1 = 60° 
to φpS1 = 180°. When producing tartan (spring-
autumn twill fabric) the maximum nominal value 
of contact angle (heddle eye) for shuttle looms is 
φpS1  = 29° in case of open shed. The same for 
shuttleless looms will be φpS1 = 22°; and pneumatic 
type rapier looms it will be φpS1 = 41°. Taking into 
account the above values it takes up in the middle 
of the experiment the value of nominal contact angle 
of guide surface having the form of torus 95°. 

Table 1 Second-order orthogonal matrix for series SN1 
for carded cotton spun yarn 29х2 tex 

№ 

Factors 
Input tension Torus radii ratio Contact angle 

x1 P0S1 [cN] x2 R1S1/R2S1 x3 
φpS1 
[°] 

1 +1 27 +1 2 +1 105 
2 -1 23 +1 2 +1 105 
3 +1 27 -1 1.4 +1 105 
4 -1 23 -1 1.4 +1 105 
5 +1 27 +1 2 -1 85 
6 -1 23 +1 2 -1 85 
7 +1 27 -1 1.4 -1 85 
8 -1 23 -1 1.4 -1 85 
9 -1.215 22.6 0 1.7 0 95 

10 +1.215 27.4 0 1.7 0 95 
11 0 25 -1.215 1.3 0 95 
12 0 25 +1.215 2.1 0 95 
13 0 25 0 1.7 -1.215 83 
14 0 25 0 1.7 +1.215 107 
15 0 25 0 1.7 0 95 

 

The correlation between the open-label and blinded 
values of series SN1 for carded cotton spun yarn 
29х2 tex is as follows:  

0 1 1 1 2 1 125 / 1.7 95
1 , 2 , 3 .

2 0.3 10
S S S PSP R R

x x x
  

    
(2) 

Table 2 shows a second-order orthogonal matrix 
for series SN2. Factor х1 is a yarn tension prior 
the yarn goes to the guide having the form of torus, 
in the middle of the experiment for woolen spun yarn 
31х2 tex it is taken up as relatively equal to filling 
tension of warp yarns. During production of pure-
wool twill suiting, outer knitted garments, hosiery 
of winter and spots assortment, as well as handwear 
this value will be P0S2 = 22 cN. 
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When determining ratio of radius of internal 
circumference of torus R1S2 to radius of working 
circumference R2S2 the diameter of woolen spun yarn 
31х2 tex, which is 0.34 mm shall be taken into 
account. Therefore, in the middle of the experiment, 
the radius of working circumference of torus R2S2 
is taken up as equal to 0.35 mm. The radius 
of internal circumference of torus R1S2 is determined 
by geometrical dimensions of operative parts 
of knitting machines and textile looms. Values of radii 
were determined using USB Digital microscope 
Sigeta (Figure 2). In the middle of the experiment, 
to exclude yarn jamming the value of R1S2 was taken 
up as equal to 0.8 mm. Table 2 shows values of ratio 
of radius of internal circumference of torus R1S2 
to the radius of working circumference R2S2 in blinded 
values. 

Table 2 Orthogonal matrix for series SN2 for woolen spun 
yarn 31х2 tex 

№ 
Factors 

Input tension Torus radii ratio Contact angle 
x1 P0S2 [cN] x2 R1S2/R2S2 x3 φpS2 [°] 

1 +1 24 +1 2.9 +1 105 
2 -1 20 +1 2.9 +1 105 
3 +1 24 -1 1.7 +1 105 
4 -1 20 -1 1.7 +1 105 
5 +1 24 +1 2.9 -1 85 
6 -1 20 +1 2.9 -1 85 
7 +1 24 -1 1.7 -1 85 
8 -1 20 -1 1.7 -1 85 
9 -1.215 19.6 0 2.3 0 95 

10 +1.215 24.4 0 2.3 0 95 
11 0 22 -1.215 1.6 0 95 
12 0 22 +1.215 3 0 95 
13 0 22 0 2.3 -1.215 83 
14 0 22 0 2.3 +1.215 107 
15 0 22 0 2.3 0 95 

 

The correlation between the open-label and blinded 
values of series SN2 for woolen spun yarn 31х2 tex 
is as follows: 

0 2 1 2 2 2 222 / 2.3 95
1 , 2 , 3 .

2 0.6 10
S S S PSP R R

x x x
  

    
(3) 

Table 3 shows a second-order orthogonal matrix for 
series SN3. Factor х1 is yarn tension prior the yarn 
goes to the guide having the form of torus, 
in the middle of the experiment for linen wet-spun 
yarn made of bleached roving 41 tex it is taken up 
as relatively equal to filling tension of warp yarns. 
During production of sindon, knitted fabric LN-1 
and LN-2 for outer garments this value will be equal 
to P0S3 = 28 cN. 

When determining the ratio of radius of internal 
circumference of torus R1S3 to radius of working 
circumference R2S3 the diameter of linen wet-spun 
yarn made of bleached roving 41 tex which equals 
0.28 mm is taken into account. Therefore, 
in the middle of experiment, radius of working 
circumference of torus R2S3 is taken up as 0.35 mm. 
The radius of internal circumference of torus R1S3 

is determined due to geometrical dimensions 
of operative parts of knitting machines and textile 
looms. In the middle of experiment, to exclude yarn 
jamming the value of R1S3 is taken up as 0.5 mm. 
Table 3 shows the ratios of radius of internal 
circumference of torus R1S3 to radius of working 
circumference R2S3 in blinded values. 

Table 3 Orthogonal matrix for series SN3 for linen        
wet-spun yarn made of bleached roving 41 tex  

№ 

Factors 
Input tension Torus radii ratio Contact angle 

x1 
P0S3, 
[cN] 

x2 R1S3/R2S3 x3 
φpS3 
[°] 

1 +1 30 +1 1.7 +1 105 
2 -1 26 +1 1.7 +1 105 
3 +1 30 -1 1.1 +1 105 
4 -1 26 -1 1.1 +1 105 
5 +1 30 +1 1.7 -1 85 
6 -1 26 +1 1.7 -1 85 
7 +1 30 -1 1.1 -1 85 
8 -1 26 -1 1.1 -1 85 
9 -1.215 25.6 0 1.4 0 95 

10 +1.215 30.4 0 1.4 0 95 
11 0 28 -1.215 1 0 95 
12 0 28 +1.215 1.8 0 95 
13 0 28 0 1.4 -1.215 83 
14 0 28 0 1.4 +1.215 107 
15 0 28 0 1.4 0 95 

 

The correlation between the open-label and blinded 
values of series SN3 for linen wet-spun yarn made 
of bleached roving 41 tex is as follows:  

0 3 1 3 2 3 328 / 1.4 95
1 , 2 , 3 .

2 0.3 10
S S S PSP R R

x x x
  

    
(4) 

Table 4 shows a second-order orthogonal matrix 
for series SSA. Factor х1 is yarn tension prior 
the yarn goes to the guide having the form of torus, 
in the middle of the experiment for polyamide 
multifilament 29x2 tex it is taken up as relatively 
equal to filling tension of warp yarns. When 
producing multilayer technical fiber MTF for laying 
yard-coated pipes, knitting outer knitted and sports 
garments this value will be P0SA = 35 cN. 

When determining the ratio of radius of internal 
circumference of torus R1SA to radius of working 
circumference R2SA the diameter of polyamide 
multifilament 29x2 tex, which is 0.29 mm, is taken 
into account. Therefore, in the middle of experiment, 
the radius of working circumference R2SA is taken up 
as 0.35 mm. The radius of internal circumference 
of torus R1SA shall be determined based 
on geometrical dimensions of operative parts 
of knitting machines and textile looms. Values of radii 
were determined using USB Digital microscope 
Sigeta (Figure 2). In the middle of the experiment, 
to exclude yarn jamming, the value R1SA is taken up 
as 0.55 mm. Table 4 shows values of ratio of radius 
of internal circumference of torus R1SA to radius 
of working circumference R2SA in blinded values. 
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Table 4 Orthogonal matrix for series SSA for polyamide 
multifilament 29x2 tex 

№ 

Factors 
Input tension Torus radii ratio Contact angle 

x1 
P0SA 
[cN] 

x2 R1SA/R2SA x3 
φpSA 
[°] 

1 +1 37 +1 1.9 +1 105 

2 -1 33 +1 1.9 +1 105 

3 +1 37 -1 1.3 +1 105 

4 -1 33 -1 1.3 +1 105 
5 +1 37 +1 1.9 -1 85 
6 -1 33 +1 1.9 -1 85 
7 +1 37 -1 1.3 -1 85 
8 -1 33 -1 1.3 -1 85 
9 -1.215 32.6 0 1.6 0 95 

10 +1.215 37.4 0 1.6 0 95 
11 0 35 -1.215 1.2 0 95 
12 0 35 +1.215 2 0 95 
13 0 35 0 1.6 -1.215 83 
14 0 35 0 1.6 +1.215 107 
15 0 35 0 1.6 0 95 

 

The correlation between the open-label and blinded 
values of series SSA for polyamide multifilament 
29x2 tex is as follows:  

0 1 235 / 1.6 95
1 , 2 , 3 .

2 0.3 10
SA SA SA PSAP R R

x x x
  

    
(5) 

Values of radii of guide having the form of torus were 
determined using USB Digital microscope Sigeta 
(Figure 2). 

 

 

 

Figure 2 Installation to determine radii of guide having 
the form of torus yarns/decimetre); 5 - MTF - 9 (density 
of weft yarns 140 yarns/decimetre) 

 

Figure 3 shows the diagram of experimental unit. 
Its set-up is described in detail in the paper [9, 20]. 
The distinction is that unit 4 of modelling 
the conditions of interaction between guides 

and operative parts of textile looms and knitting 
machines, which have the form of torus in the contact 
area with a yarn, includes a set of needles and 
sinkers, and heddles of knitting loom. The diameter 
of the working surface of torus is commensurate with 
diameter of the processed yarns. 

 

 

Figure 3 Installation to determine radii of guide having the 
form of torus yarns/decimetre); 5 - MTF - 9 (density of weft 
yarns 140 yarns/decimetre). The diagram of the experimental 
unit: 1 - yarn feeder unit; 2 -  unit for measuring the yarn tension’s 
slack side; 3 - unit for measuring the yarn tension’s slack side;       
4 - unit for modelling the conditions of interaction with guides and 
operative parts of textile machines; 5 - yarn receiver unit; 6 - driver; 
7 - analog-to-digital converter ADC; 8 - personal computer; 9 - yarn 

4 RESULTS AND DISCUSSION 

As a result of implementation of second-order 
orthogonal designs for three factors (Tables 1-4) 
for series SN1-SN3 and SSA about 10 parallel 
measurements were performed. Its mean values are 
shown in Table 5. 

Table 5 Results of the series of the experimental research 
to determine the joint effect of the yarn tension prior 
it goes to the guide having the form of torus P0, the ratios 
of radius of internal circumference of torus R1 to the radius 
of working circumference R2, and nominal values 
of the contact angle φP to the yarn tension Р behind 
the guide having the form of torus (series SN1-SN3 
and SSA) 

№ 
Factors P1 

[cN] 
P2 

[cN] 
P3 

[cN] 
PSA 
[cN] x1 x2 x3 

1 +1 +1 +1 49.6 36.3 31.9 70.5 
2 -1 +1 +1 40.5 29.4 27.7 60.8 
3 +1 -1 +1 50.3 36.8 32.1 71.7 
4 -1 -1 +1 41.1 29.8 27.8 61.8 
5 +1 +1 -1 44.8 33.8 31.6 63.6 
6 -1 +1 -1 36.9 27.4 27.4 55.1 
7 +1 -1 -1 45.4 34.2 31.7 64.5 
8 -1 -1 -1 37.3 27.8 27.4 55.9 
9 -1.215 0 0 38.1 27.9 27.1 57.5 

10 +1.215 0 0 48.3 35.9 32.2 68.4 
11 0 -1.215 0 43.6 32.1 29.9 63.7 
12 0 +1.215 0 42.8 31.6 29.6 62.3 
13 0 0 -1.215 40.6 30.5 29.5 59.1 
14 0 0 +1.215 45.7 33.2 29.9 66.8 
15 0 0 0 43.1 31.8 29.7 62.9 
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Using the known method of determining 
the coefficients in the regression equation (1) 
for the second-order orthogonal plan [10, 14], taking 
into account the relationships (2-5), the following 
regression relationships were determined. 

Table 6 shows the values of the coefficients and 
the range of error in the regression equation (1) 
for the coded values of the factors, the error 
of the values of which, using the Student's test, 
with 95% probability allows to determine their value. 

Table 6 Coefficient values and range of error 
in the regression equation 

Series SN1 Series SN2 
 value  value 

b0 43.1054+/-0.359364 b0 31.8135+/-0.347293 
b1 8.3844+/-0.368791 b1 6.46958+/-0.356404 
b2 -0.588622+/-0.368791 b2 -0.343582+/-0.356404 
b3 4.18336+/-0.368791 b3 2,29375+/-0,356404 

b11 0.109283+/-0.529399 b11 0.0923636+/-0.511618 
b12 -0.075+/ 0.438569 b12 0.075+/-0.423839 
b13 0.575+/-0.438569 b13 0.375+/-0.423839 
b22 0.109283+/-0.529399 b22 0.0320084+/-0.511618 
b23 -0.075+/-0.438569 b23 -0.125+/-0.423839 
b33 0.0489278+/-0.529399 b33 0.0320084+/-0.511618 

Series SN3 Series SNA 
 value  value 

b0 29.7+/-0.339485 b0 62.9135+/-0.36778 
b1 4.16568+/-0.348391 b1 8.96794+/-0.377428 
b2 -0.138974+/-0.348391 b2 -1.00799+/-0.377428 
b3 0.338505+/-0.348391 b3 6.29525+/-0.377428 

b11 -0.0603552+/-0.50011 b11 0.0320084+/-0.541797 
b12 -0.05+/-0.414309 b12 -0.075+/-0.44884 
b13 0.0+/-0.414309 b13 0.625+/-0.44884 
b22 0.0603552+/-0.500114 b22 0.0923636+/-0.541797 
b23 -0.05+/-0.414309 b23 -0.125+/-0.44884 
b33 0.0+/-0.500114 b33 0.0320084+/-0.541797 

 

Series SN1, for carded cotton spun yarn 29х2 tex, 
the range of change in input tension 22.6 cN ≤ P0S1 ≤ 
27.4: 

1 0 1 1 0 1 1 0 1

2 2 2
1 0 1 1 1 1 2 1

15.07 0.081 0.3 1 0.17 0.02 0.07 1

0.01 1 0.02 0.7 1 0.0002 , 1 / .

S S PS S PS S

PS S PS S S

P P Z P P Z

Z P Z Z R R

 

 

      

    

 
(6) 

Series SN2, for woolen spun yarn 31х2 tex, 
the range of change in input tension 19.6 cN ≤ P0S2 ≤ 
24.4 cN: 

2 0 2 2 0 2 2 0 2

2 2 2
2 0 2 2 1 2 2 2

12.6 0.22 0.52 2 0.12 0.007 0.01 2

0.002 2 0.02 0.1 2 0.0004 , 2 / .

S S PS S PS S

PS S PS S S

P P Z P P Z

Z P Z Z R R

 

 

      

    

 
(7) 

Series SN3, for linen wet-spun yarn made 
of bleached roving 41 tex, the range of change 
in input tension 25.6 cN ≤ P0S3 ≤ 30.4 cN:  

3 0 3 3 0 3

2 2
3 0 3 1 3 2 3

1.52 0.79 3 0.029 0.04 3

0.008 3 0.007 0.3 3 8.68, 3 / .

S S PS S

PS S S S

P P Z P Z

Z P Z Z R R





    

    

 
(8) 

Series SSA, for polyamide multifilament 29x2 tex, 
the range of change in input tension 32.6 cN ≤ P0SA ≤ 
37.4 cN: 

0 0 0 2

2 2 2
0 1 2

9.69 0.57 0.79 0.22 0.015 0.07

0.02 0.01 0.56 0.0002 , / .

SA SA SA PSA SA PSA S SA

SA PSA SA SA PSA SA SA SA

P P Z P P Z

Z P Z Z R R

 

 

      

    

 
(9) 

For nominal value of contact angle in the middle 
of experiment φP = 95°, when determining changes 
in yarn tension behind the guide surface having 
the form of torus, the equations (6-9) are converted 
as follows: 

- series SN1, for carded cotton spun yarn 29х2 tex, 
the range of change in input tension 22.6 cN ≤ 
P0S1 ≤ 27.4:  

2 2
1 0 1 0 1 0 1

1 1 2 1

0.73 1.98 1.25 1 0.07 1 0.02 0.7 1 ,

1 / ,

S S S S

S S

P P Z P Z P Z

Z R R

     



 
(10) 

- series SN2, for woolen spun yarn 31х2 tex, 
the range of change in input tension 19.6 cN ≤ 
P0S2 ≤ 24.4:  

2 2
2 0 2 0 2 0 2

1 2 2 2

4.81 0.89 0.71 2 0.01 2 0.02 0.1 2 ,

2 / ,

S S S S

S S

P P Z P Z P Z

Z R R

     



 
(11) 

- series SN3, for linen wet-spun yarn made 
of bleached roving 41 tex, the range of change 
in input tension 25.6 cN ≤ P0S3 ≤ 30.4:  

2 2
3 0 3 0 3 0 3

1 3 2 3

1.52 0.03 3 0.04 3 0.0075 0.3 3 5.93,

3 / ,

S S S S

S S

P P Z P Z P Z

Z R R

     



 
(12) 

- series SSA, for polyamide multifilament 29x2 tex, 
the range of change in input tension 32.6 cN ≤ 
P0SA ≤ 37.4:  

2 2
0 0 2 0

1 2

1.99 1.11 0.067 0.005 0.56 9.03,

/ .

SA SA SA S SA SA SA

SA SA SA

P P Z P Z P Z

Z R R

     



 
(13) 

Figure 4 shows the response surfaces for series 
SN1-SN3 and SSA. Yarn tension behind the guide 
surface having the form of torus is represented 
by functions, which take into account joint effect 
of yarn tension before the yarn goes to the guide 
having the form of torus P0, ratios Z of radius 
of internal circumference of torus R1 to radius 
of working circumference R2. Nominal value 
of the contact angle φp was fixed value. Such value 
corresponded to the middle of the experiment 
(Tables 1-4). Adequacy of the obtained regression 
relationships was tested using SPSS program 
for statistical processing of experimental data [8, 9, 
14, 20]. 

For nominal value of contact angle φP = 95°, having 
fixed value of the input tension, the equations (10-13) 
are converted as follows: 

- series SN1, for carded cotton spun yarn 29х2 tex, 
with the value of input tension in the middle 
of experiment P0S1  = 25 cN:  

2
1 1 1 2 162.75 3 1 0.7 1 , 1 / ,S S SP Z Z Z R R     (14) 

- series SN2, for woolen spun yarn 31х2 tex, 
with the value of input tension in the middle 
of experiment P0S2  = 22 cN:  

2
2 1 2 2 233.96 0.93 2 0.1 2 , 2 / ,S S SP Z Z Z R R     (15) 

- series SN3, for linen wet-spun yarn made 
of bleached roving 41 tex, with the value of input 
tension in the middle of experiment P0S3  = 28 cN:  

2
3 1 3 2 330.76 1.09 3 0.3 3 , 3 / ,S S SP Z Z Z R R     (16) 
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- series SSA, for polyamide multifilament 29x2 tex, 
with the value of input tension in the middle 
of experiment P0SA  = 35 cN:  

2
1 266.93 3.46 0.56 , / .SA SA SA SA SA SAP Z Z Z R R     (17) 

Equations (14-17) were used to obtain values 
for yarn tension behind guide surface having the form 
of torus depending upon ratio Z of radius of internal 
circumference of torus R1 to radius of working 
circumference R2, which are represented in Table 7. 
Figure 5 shows curves reflecting the changes in yarn 
tension behind guide surface having the form of torus 
depending on ratio Z of radius of internal 
circumference of torus R1 to radius of working 
circumference R2. These curves were fitted 
according to the data from Table 6. Analysis 
of the curves on Figures 5a and 5b shows that value 
of tension behind the guide surface having the form 
of torus decreases with the value of ratio Z of radius 
of internal circumference of torus R1 to radius 
of working circumference R2 (Figure 1с) increase. 
It can be explained by decrease of value of contact 
angle of the lateral surface of yarn in the contact are 
with guide surface having the form of.  

Obtained results may be used for optimization 
of technological processes in weaving and knitting 
productions with relation to minimization of the yarn 
tension in the working area, where knitted fabric 
and fabric are formed. 

Table 7 Values of yarn tension behind the guide surface 
having the form of torus depending on ratio Z of radius 
of internal circumference of torus R1 to radius of working 
circumference R2 

Z 
Yarn tension values behind the guide surface 

having the form of torus 
SN1 SN2 SN3 SSA 

1 60.45 33.13 29.97 64.03 
1.1 60.29 33.05 29.92 63.80 
1.2 60.15 32.98 29.88 63.58 
1.3 60.03 32.92 29.85 63.37 
1.4 59.92 32.85 29.82 63.18 
1.5 59.82 32.79 29.80 63.00 
1.6 59.74 32.72 29.78 62.82 
1.7 59.67 32.66 29.79 62.67 
1.8 59.61 32.61 29.75 62.51 
1.9 59.57 32.55 29.76 62.37 
2.0 59.55 32.50 29.78 62.25 

 

 

 

a) b) 

c) d) 

Figure 4 response surfaces for series SN1-SN3 and SSA: a) for cotton carded spun 29х2 tex (series SN1); b) for woolen 
spun yarn 31х2 tex (series SN2); c) for linen wet-spun yarn made of bleached roving 41 tex (series SN3); d) for polyamide 
multifilament 29x2 tex (series SSA) 
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a) b) 

Figure 5 curves reflecting the changes in yarn tension behind guide surface having the form of torus depending on ratio 
of radius of internal circumference of torus to radius of working circumference: a) series SN1(1), series SSA(2); b) series 
SN2(1), series SN3(2) 

 

5 CONCLUSIONS 

Improvement of a technological process in weaving 
and knitting production means optimization 
of technological efforts based on minimizing of yarn 
tension in the fabric and knitted fabric formation 
area. The research related to determining 
of the yarns tension when interacting with guide and 
operative parts of weaving looms and knitting 
machines having the form of torus in the area 
of contact with yarn established the mechanism 
of yarn tension increase behind the guide having 
the torus form due to change in geometrical 
dimensions and friction forces within contact area.  

The regression relationships were obtained resulting 
from delivery of series of experimental researches 
to determine joint effect of yarn tension prior it goes 
to guide having the form of torus P0, ratio of radius 
of internal circumference of torus R1 to radius 
of working circumference R2, and nominal value 
of contact angle φP on yarn tension Р behind 
the guide having the form of torus for carded cotton 
spun yarn 29х2 tex (input tension variation range 
22.6 cN ≤ P0S1 ≤ 27.4 - series SN1), for woolen spun 
yarn 31х2 tex (input tension variation range 19.6 cN ≤ 
P0S2 ≤ 24.4 cN - series SN2), for linen wet-spun yarn 
made of bleached roving 41 tex (input tension 
variation range 25.6 cN ≤ P0S3 ≤ 30.4 cN - series SN3), 
for polyamide multifilament 29x2 tex (input tension 
variation range 32.6 cN ≤ P0SA ≤ 37.4 - series SSA). 
It was established that tension degree behind 
the guide surface having the form of torus becomes 
less while value of ratio Z of radius of internal 
circumference of torus R1 to radius of working 
circumference R2 increases. It can be explained 
by decrease of contact angle value for lateral 
surface of yarn in the area of contact with guide 
surface having the form of torus. 

Obtained results and their usage make it possible 
to optimize yarn manufacturing process 
at the technological equipment in view 
of minimization of yarn tension in the working area, 
where fabric and knitted fabric are formed, to reduce 
yarn breakage, and to improve performance 
of weaving and knitting machines. 

Obtained results can be used to improve 
technological processes in the fabric and knitted 
fabric production. 
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Abstract: This study focuses on the experimental investigation of the efficiency of knitted fabric 
for the needs of children with skin problems. The aim of this study was to compare the end-use properties 
of commonly available cotton knitted fabrics with other knitted fabrics from fibres mixtures such as Tencel, 
Viloft, Micromodal, Crabyon, polypropylene with Ag+ and linen. The physiological and sensory comfort 
of knitted fabrics was determined by laboratory measurements. The following parameters were tested 
on selected knitted fabrics: pilling, total hand value, air permeability, thermal effusivity and water vapour 
permeability. The results suggest that knitted fabrics made from viscose fibre or linen have been shown 
to be better or comparable as cotton. In addition, some viscose materials (with chitosan) and linen 
are antibacterial, antistatic and thermoregulatory. Clothes made of mixtures of viscose fibres or linen 
can substitute for cotton fabrics for clothing intended for children with skin problems.  

Keywords: Physiological and sensory comfort, skin problems, Tencel, Viloft, Micromodal, Crabyon, 
polypropylene, linen. 

 

 

1 INTRODUCTION 

Expertise studies show that for people with skin 
problems is important option appropriate clothing, 
especially when the fabric comes into direct contact 
with the skin [1]. Until now, cotton materials have 
been used as the most suitable for this purpose. 
Recent studies have reconsidered this view [2]. 
Short cotton fibres can irritate the skin and high 
moisture absorption cotton creates conditions 
for bacterial growth. Rapid development in the field 
of materials research offers enormous opportunities 
to improve the functionality of the clothing and textile 
products [3]. Conditions can be created that will 
increase the comfort of children in the event of skin 
problems and optimize the skin environment [4]. 
Modern technologies and innovative possibilities 
are offered by a new generation of chemical fibres. 
They represent a significant potential for improving 
health care and preventing the health problems 
of the population [5]. 

1.1 Clothing requirements for children with skin 
problems 

When caring for human skin, it is important to: 
 keep its basic functions in balance, 
 protect it from exposure to adverse 

environmental influences, 
 maintain optimal hydration, 
 prevent excessive overheating or drying. 

These requirements can be met by appropriate 
clothing, modification of the external and internal 
environment, the use of appropriate cosmetic and 
medical care products [6]. 

It is necessary to increase the immunity of the skin, 
keeping the skin supple due to appropriate 
hydration, prevent inflammatory infections and 
soothe itching for children with skin diseases [7]. 

The first step is the choose the right clothes in caring 
for children's skin. Such clothing does not seal, 
does not irritate the skin, is breathable, does not 
lead to overheating or to increased sweating, 
especially in the skin folds, where the skin touches 
each other [1]. 

Children's skin differs from adult skin 
by morphological and functional peculiarities [8]. 
The structure of children's skin changes with the age 
of the child and each stage of childhood requires 
a specific approach - different is the care of the skin 
of a newborn, different is the skin of a school-age 
child [9]. Excessive sweating, unsuitable materials 
and the wrong size of clothes are not good for 
children's skin. Child's organism is constantly 
growing and evolving and is equipped with a less 
sophisticated system of thermal regulation [10]. 

Children's skin requires attention and individual care 
24 hours a day, 365 days a year [6]. This means 
a different seasonal approach to her treatment. 
It is necessary, especially for the youngest children, 
protection against the sun's rays (photoprotection) 
in summer. Summer hats and caps protect children 
from overheating, sunburn and reduce the radiation 
that falls on the eyes by up to 50%. Moreover, 
children tolerate very low temperatures less than 
adults due to the currency of a perfect system 
of thermoregulation in winter. Proper dressing and 
prevention of cold sweat are ones of the most 
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important measures that relate not only 
to the seasons and the activity of the child but also 
the appropriate choice of clothing size [4]. There are 
important pleasant fabric handle (the handle 
characteristics of fabric), non-irritability, good drain 
of humidity (sweat) and breathable material for 
clothes for children with skin problems. Used seams 
should not be hard, sharp or irritating. The issue of 
easy maintenance needs to be addressed for all 
products [11]. Clothes are in direct contact with 
the skin throughout the day, so it is important 
to carefully select suitable substances that would not 
damage the skin. Due to their hygienic properties, 
fabrics made of natural fibres are preferred. Cotton 
is the most commonly used fabric for patients with 
atopic dermatitis. It has good folding resistance, 
better heat conduction, easy dyeing and excellent 
moisture absorption. Silk fabrics help to keep body 
temperature by reducing excessive sweating 
and moisture loss. A new type of silk fabric made 
from translucent and slightly elastic woven silk 
is now commercially available (Microair Dermasilk®) 
and can be used to care for the skin of children with 
atopic dermatitis. Silver products (textiles/fibres 
containing silver) have also been shown to offer two 
benefits in controlling bacterial infections. 
The fabrics can be used not only on clothing, but 
also to prevent mite sensitization in atopic patients 
[12]. Wool fibres that irritate the skin are not suitable, 
but wearing of Merino wool clothing did not produce 
any negative cutaneous effects compared with 
wearing standard clothing [13]. Other studies [14, 
15] show that fine-diameter Merino wool clothing 
should be considered acceptable for people with 
eczema and seems to be therapeutic to patients 
with mild to moderate atopic dermatitis. Functional 
textiles are gaining in importance in medical 
applications and play a vital role in inflammatory skin 
conditions. For example, the benefits of two 
cellulose-based fabrics, Lyocell and SeaCell®, 
for patients with dermatitis are reported. The use 
of Lyocell as a nonwoven fabric with biofunctional 
properties and the ability of SeaCell® to bind and 
absorb substances, including antimicrobial 
substances such as silver, are emphasized [16]. 

1.2 Properties of fibrous knitted fabrics 

Modern technologies and innovative possibilities 
offered by the new generation of fibres represent 
a significant potential for improving health care and 
preventing problems. Highly functional fibres give 
textiles and clothing products made from them 
specific properties, such as antibacterial, anti-
inflammatory, increased absorbency and 
breathability, thermal insulation or thermoregulatory 
ability. Rapid development of materials research 
offers enormous opportunities to improve 
the functionality of clothing and textiles. 
The properties of fibrous materials fundamentally 
determine the properties complexivity of knitted 
fabrics which are used for AD patients clothing. 

Therefore properties of special fibres have been 
investigated to uncover their benefit for AD patient 
clothing in this article. 

Tencel viscose fibre excels in its softness, it is 
softer than cotton. It is easy to maintain, breathable, 
helps with temperature control and is suitable 
for the production of underwear [17]. 

Polypropylene fibre has low moisture absorbency, 
low thermal conductivity, high color fastness, and 
low weight. Polypropylene fibres have a special 
profile. The cross-section of the fibre is similar 
to a five-lobed star, and thanks to this profile, 
moisture wicking is doubled. Thanks to this 
construction, the fibre is able to absorb a large 
amount of air, which acts as an insulating layer 
when the body is unloaded and cools [18]. 

The special Viloft® viscose fibre excels 
in breathability, exceptional moisture transport 
ability, antistatic properties, softness, thermal 
insulation properties and easy maintenance [19]. 

MicroModal® is a fibre made of beech cellulose. 
The material of these fibres is light, fine and with 
a regular structure, compared to silk. It is resistant to 
mechanical stress, resistant to wrinkling, better 
wicks moisture away from the skin - greater comfort 
[20]. 

Crabyon cellulose fibre is completely 
biodegradable, has an effective antibacterial function 
for a long time, excellent coloring, prevents the skin 
from drying out and is therefore suitable for children 
with skin problems [21]. 

Linen fibres have high moisture-wicking abilities 
and low heat retention abilities. Linen products have 
a stiffer total hand value, good absorbency and are 
cool. Thanks to the high strength of linen, 
the products are durable [22]. 

Cotton fibres have good tensile and abrasion 
strength. The products have a good total hand value 
and high absorbency. The products are easy 
to squeeze, pilling and only provide limited 
protection against the cold [23]. 

2 MATERIALS AND METHODS 

2.1 Parameters of tested knitted fabrics 

The aim of this study is to compare the end-use 
properties of fabrics made of both functional fibres 
and classic fibres (cotton). Textiles and clothes with 
increased comfort properties for the specific needs 
of children with skin problems have been produced 
from the above-mentioned fibres. These fabrics 
appear to be an essential part of complex measures 
to increase wearing comfort and support the healing 
process. The knitted fabrics were produced (K1, K2, 
K3 and K4 are custom made) and selected (K5 and 
K6 are commercially available) that meet 
the requirements of sensory and physiological 
comfort. Based on this requirement, the selection 
of the following materials (Table 1) for children's 
clothing was recommended.  



Fibres and Textiles (4) 2020 98 

Table 1 Parameters of tested knitted fabric for the production of children's clothing 

Sample Fibre content/commercial name 
Structure of 

knitted fabric 
Weight 
[g/m2] 

Thickness 
[mm] 

Stitch density 
[cm-2] 

K1 Viscose (Tencel) 50% / Polypropylene with Ag+ 50% jersey fabric 161 0.64 240 
K2 Viscose (Viloft) 60% / Viscose (Micromodal) 40% jersey fabric 116 0.45 234 

K3 
Viscose (Micromodal) 48% / Cotton 40% / Viscose 
with chitosan(Crabyon) 12% 

double jersey 143 0.93 374 

K4 Linen 100% jersey fabric 149 0.53 224 
K5 Cotton 100% interlock 210 0.90 330 
K6 Organic cotton 100% jersey fabric 154 0.64 323 

Note: Organic cotton refers to naturally cultivated cotton without the use of any synthetic agricultural chemicals such as fertilizers or 
pesticides or transgenic technology [24]. 

 

2.2 Methods of testing 

Selected end-use properties and their evaluation 
methods that are associated with physiological 
comfort will now be presented. It is important 
to testing of pilling, total hand value, air permeability, 
thermal effusivity and water vapour permeability for 
the physiological and sensory properties of knitted 
fabrics for children with skin problems. 
The measurement was applied on brand-new 
samples (without maintenance). 

Pilling / Abrasion resistance - appearance change - 
determination of the pilling / abrasion resistance 
of tested samples was carried out by the Martindale 
method EN ISO 12945-1 / EN ISO 12947-4. 
The degree of appearance change AP [-] of tested 
samples was determined in range 1-5. The degree 1 
means the biggest appearance change and 
the degree 5 the smallest one.  

Total Hand Value - determination of the total hand 
value of tested samples was being executed 
by Kawabata system by Internal regulation IP KOD 
01_2004 [25]. Properties that allow objective 
evaluation of total hand value are measured. 
The measuring system is able to test the tensile, 
shear, bending and surface properties in a standard 
load. The measurement of the fabric is called 
the Total Hand Value and takes values from 1 to 5 
(excellent THV has a value of 5). 

Air permeability - the rate of air flow passing 
perpendicularly through a known area of fabric 
is adjusted to obtain a prescribed air pressure 
differential between the two fabric surfaces [26]. 
From this rate of air flow, the permeability 
of the fabric is determined by the standard EN ISO 
9237 “Determination of the permeability of fabrics 
to air”. 

Heat transport - thermal transport properties were 
measured using C-Therm Thermal Conductivity 
Analyzer TCi. The TCi employs the Modified 
Transient Plane Source (MTPS) technique in 
characterizing the thermal conductivity TC [W/m.K] 
and thermal effusivity TE [W.s

½
/m

2
K] of materials. 

The standard test method EN 61326-2-4:2006 was 
used for this testing by TCi. 

Water vapour permeability - the FX 3180 Cup 
Master was used for measurement of water vapour 

permeability. This equipment determines parameter 
the Water Vapour Transmission Rate WVTR 
[g/m²/24 h] using the gravimetric measuring 
principle. The measurement was carried out 
according to standard JIS L 1099 (2012). 

3 RESULTS AND DISCUSSION 

As shown in Figure 1, the samples K1, K2 and K4 
achieve very good resistance to pilling. This is due 
to the structure of knitted fabric and stitch density. 
Cotton samples K5, K6 have a lower resistance 
to pilling because of the character of used fibres. 

 

 

Figure 1 Test results of pilling 

On the contrary to the pilling results, samples 
containing cotton K3, K5 and K6 achieve excellent 
total hand value. These samples have below-
average stiffness, above-average smoothness, 
fullness of hand value and softness as measured. 
These properties are given mainly by fabric structure 
(pattern, density, thickness, etc.) in combination with 
material raw of tested samples. In the above-
average total hand value of the samples are K1 and 
K4. Below-average stiffness, good smoothness and 
softness were found here. Surprisingly, the sample 
K2 (Viloft/Micromodal) has been shown the lowest 
total hand value, because of a limited low stiffness, 
above-average smoothness and fullness of the hand 
value. What is interesting about this fact is that 
sample K2 has the lowest thickness, weight 
and density from all tested samples and there is 
a positive structure condition to pleasant to touch.  
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Figure 2 Test results of Total Hand Value  

Figure 2 provides the test results of the total hand 
value. 

Air permeability is significantly influenced by 
a fabric´s material and structural properties too. 
The results of the air permeability test are presented 
in Figure 3. Very good air permeability is achieved 
by samples K1, K2 and K4, which have a lower 
stitch density and a smaller thickness. In contrast, 
samples containing cotton K3, K5 and K6 have 
lower air permeability values due to higher stitch 
density and higher thickness. 

 

 

Figure 3 Test results of air permeability 

When determining the water vapour permeability, 
the tested samples are compared with a reference 
water sample, where Water Vapour Transmission 
Rate WVTR = 17.000 g/m

2
/24 h. Figure 4 presents 

the value of testing water vapour permeability. 
The samples K1, K2 and K4 with a smaller thickness 
and a smaller stitch density have very good water 
vapour permeability. The samples K3, K5 and K6 
containing cotton fibres show lower values of water 
vapour permeability due to a higher thickness and 
higher stitch density.  

 

 

Figure 4 Test results of WVTR  

Thermal effusivity is a parameter that characterises 
the transient thermal feeling during the first contact 
of the body skin with clothes. From the point of view 
of thermal effusivity, the samples K1, K2 and K4 
have lower values, which is related to the high 
thermal conductivity and it represents the cold 
character of the knitted fabric. In contrast, samples 
K3, K5 and K6 containing cotton show a warm 
feeling, as shown in Figure 5. 

 

 

Figure 5 Test results of thermal effusivity 

The Figure 6 presents parameter TLWC [%] (Total 
Level of Wearing Comfort) that is given by sum 
of percentage contributions (PC) of each tested 
properties to total performance of tested samples. 
These percentage contributions were calculated for 
each tested parameter on the basis of the measured 
value of the best sample (e.g., value PC of WVTR 
for sample K4 was considered such as 100%). 
PC values of WVTR for rest of samples were 
proportionally related to this "the best" value. 
The same procedure was applied for each 
measured parameter. Tested samples can achieve 
maximum value of TLWC equals 500%. 
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Figure 6 Comparison tested samples from point of view 
of TLWC 

Parameter TLWC can be considered to simplified 
and moreover rough tool for appraisal of tested 
samples performance. Nevertheless, the Figure 6 
shows clear differences between efficiency of tested 
samples. The most obvious finding to emerge 
from this analysis is that sample K4 (linen) achieved 
the best value of TLWC, moreover the distribution 
of PC for individual tested parameters of sample K4 
are nearly uniform. In the present study, comparing 
cotton fabrics with others functional samples 
including linen showed that is possible to substitute 
commonly used cotton material for these special 
materials in order to support heath for AD illness. 
It is question, if this fact is acceptable by customer 
manners.  

4 CONCLUSIONS 

The aim of this study was to test the end-use 
properties of selected knitted fabrics intended 
for clothing of children with skin problems. Methods 
for evaluating the performance of knitted fabrics 
from mixtures of viscose, polypropylene and linen 
yarns and their comparison with knitted fabrics 
containing cotton were selected and described. 
The following the end-use properties were tested - 
pilling, total hand value, air permeability, water 
vapour permeability and thermal effusivity. 
The purpose of this study was to select a suitable 
material with better both physiological and sensorial 
properties for clothing for children with skin 
problems. This research has shown that all selected 
knitted fabrics achieve good value in terms 
of performance, but some knitted fabrics are more 
suitable for children with skin problems. 
In the evaluated parameters, sample K1 from 
a mixture of viscose and polypropylene fibres with 
silver performed best and K4 from 100% linen yarns. 
The problem with linen material is the difficult 
workability and durability of the material due to 
the brittleness of the fibres in use. Sample K2, which 
is composed of a mixture of Viloft and Micromodal 
viscose fibres, also shows very good values 
of the tested parameters. 

The research has shown that, from the point of view 
of the evaluation of thermal effusivity, these knitted 
fabrics can be divided into use for summer and 
winter periods. Samples K1, K2 and K4 have 
a cooling character and are suitable for summer. 
On the contrary, samples K3, K5 and K6 show 
a warm feeling and are suitable for cold conditions. 
Taken together, these results suggest that fabrics 
made from mixtures with viscose fiber or made from 
linen can fully substitute cotton fabric to support and 
even increase in health for AD patients. 

A natural progression of this work is to complete 
the objective laboratory evaluation of end-use 
properties of knitted fabrics by subjective practical 
test. The selected set of probands will record 
the course and conditions of using clothes made 
from samples K1 and K2. The evaluation will be 
performed using standards and questionnaires. 
Clothes made of tested materials for children with 
skin problems will significantly contribute 
to increased comfort in case of skin diseases, 
support the healing process and help optimize 
the skin environment.  

Several questions still remain to be answered. 
Therefore future research should be focus 
on determining of effect of fabric maintenance 
(namely by washing) to clothing comfort 
performance of tested samples. 
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Abstract: The article deals with force interaction between puncheon working tool and metal fittings 
at the stage of deformation of puncheon’s last conic part. Eyelet’s deformation stages have been studied, 
components of eyelet’s stress-strain state have been analyzed, and eyelet’s deformation effort with 
puncheon’s conic surfaces has been calculated. A series of experiments to prove validity of the obtained 
mathematical model has been conducted. The obtained dependencies can be used to achieve 
approximate calculation of maximum efforts of metal eyelet’s deformation with puncheon’s conic surfaces. 

Keywords: eyelet, fitting, deformation effort, puncheon. 

 

 

1 INTRODUCTION 

Calculation of deformation force parameters is rather 
useful when tackling a number of practical tasks. 
It allows to predict tool’s solidity, equipment’s 
capacity and wear resistance. Information about 
force parameters enables to define the final effort 
of eyelet’s pressing to the base, which totally defines 
quality of the device. Analysis of previous research 
showed that calculation of stress-strain state of such 
constructions has been studied partially [1, 2]. 
Tackling of the task of metal fittings deformation with 
puncheon’s shape-generating surfaces has not been 
previously studied. This is why it is rather urgent 
to define eyelet’s deformation effort in the function 
of puncheon’s motion. Tackling of this task 
is the content of further research. Obtaining 
of analytical correlations of this dependency will 
allow to study the influence of puncheon’s 
geometrics and, as a result, to control deformation 
force mode. 

2 THEORETICAL PART 

2.1 Stages of eyelet’s deformation 

Analysis of geometrical forma of puncheon’s shape-
generating surface will allow to define three stages 
of deformation with various character of interaction 
between puncheon and eyelet, each of which 
requires respective calculation algorithm. 
Schematically, these stages are shown in Figure 1 
[1, 3]. 

The first stage is deformation with puncheon’s 
curvilinear surface, which is arch-shaped having 
the radius of r = 0.0022 m (Figure 1a). Eyelet 
deformation is done with a part of this surface from 

the section of initial contact with the eyelet, which 
has the radius of r3 to upper point of the surface. 
Given the fact that the length of the surface, 
on which deformation takes place, is small, 
the surface can be construed as a cone.  

 

 
a                             b                         c 

Figure 1 Diagram of characteristic stages of eyelet’s 
deformation: a) first; b) second; c) third; r3 - eyelet’s 
internal radius; tл - eyelet’s thickness; rt - radius 
of puncheon’s toroidal part 

The height of this part of the puncheon is marked 
as hk1, while angle of inclination towards the axis 
is αк1. The surface at the second stage 
of deformation is also conic having the length of hk2 

and angle of inclination towards the axis αк2 
(Figure 1b). The third stage if eyelet deformation 
with toroidal part of puncheon’s surface. The radius 
of this surface is marked as rt (Figure 1c). 
The surface is continuation of the conic part; 
however, angles on inclination of adjacent surfaces 
differ. 

This article deals with force interaction between 
working tool and metal fitting at the first two stages.  



Fibres and Textiles (4) 2020 103 

2.2 Analysis of components of eyelet’s stress-
strain state 

Radius of internal surface of this element is marked 
as ρ, while external one as ρ+∂ρ (Figure 2b), 
on horizontal planes of which normal meridional 
tensions are in effect σρ, σρ+∂σρ, which are 
distributed over its upper and lower verges, 
are changeable in height, and are tangential 
or circumferential σθ, which do not change along 
the circle. The element receives meridional ξρ 
and circumferential ξθ deformations. Thickness 
of the element that has been cut out is marked as tл. 
We shall consider it as small. This means 
that movable and normal in regards to surface 
tension is unavailable, while areas, on which they 
are in effect σρ, σθ, are primary. 

 

 

 

 

a) b) 

Figure 2 Components of stress-strain state: a) cut out 
element; b) elements geometrical dimensions;  - angle 
between meridional planes turned to each other 

For this case (small thickness of the element), 
contact load σk, which is in effect along the internal 
surface, is considered as pressed to element’s 

middle plane. Tangent friction tensions k will be 
in effect there, volume of which shall be defined 
by Coulomb’s law: 

  k kf  (1) 

in which f - friction coefficient. 

Conic surface, from which the element has been cut 
out, is inclined towards the axis at an angle that is 
marked as αк. Based on these assumptions we will 
reveal distribution of tensions along eyelet’s height 
depending on puncheon’s motion, which will allow 
to solve the given task [1]. 

2.3 Calculation of eyelet’s deformation effort 
with puncheon’s conic surfaces 

Solution will be obtained on the basis of differential 
equilibrium equation given in the paper [4]. It is 
as follows: 
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Solution of this equitation along with plasticity 
condition: 

     s  (3) 

in which σs - fluctuation tension at a single-axis 
trained state, gives the following correlation 
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After integration the equation is brought 
to the following: 
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Integration constant c can be defined if meridional 
tensions σρ equal 0 on eyelet’s upper edge, 
the radius of which is marked as Rk (Figure 3) [1]. 
Given this, integration constant will equal: 
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After substitution of the obtained value into 
the previous equation, we receive the following: 
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Figure 3 Generalized diagram of cylindrical workpiece 
deformation with puncheon’s conic surface 

Now, we will find value of radius Rk as puncheon’s H 
motion function: 

  0k k кR r H tg  (8) 

in which r0k is radius of conic surface in lower section. 
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Given this, (7) is as follows: 
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Resultant of these tensions Nρ will equal: 

    6,28 лN t  (10) 

Analyzing equation (9), it can be seen that the value 
of meridional tensions increases with decreasing 
radius ρ (Figure 3). In this case, they gain biggest 
values in cone’s lower part at   0kr : 
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Respective value of resultant of these tensions 
equals:  
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Given the fact that the value of this resultant 
is a projection of cone’s Nk deformation projection 
we see that deformation effort equals: 
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(13) 

The biggest deformation on the cone is gained 
at contact with the puncheon along the entire conic 
surface, i.e. at  kH h  [1]: 
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In this case, puncheon’s eyelet deformation has two 
conic surfaces with different angles of inclination and 
radiuses of lower butt (Figure 4).  

These values will be marked the following way: 
angles of inclination of lower and upper cones 
as αk1, αk2, smallest radiuses as r0k1 and r0k2. We will 
calculate these values in a specific case. For lower 
cone r0k1 = r3, while the value of angle of inclination 
in radians will be defined according to puncheon’s 
drawings k1=arctg(0.0008/hk1)=0.8 rad. By analogy, 
for the second cone r0k2=0.003+0.0022=0.0052 m, 
while angle k2=26°=0.47 rad.  

 

 

Figure 4 Diagram of eyelet deformation with puncheon’s 
conic surfaces 

Given the revealed parameters of correlation, 
(13, 14) for the first and second cone will be 
as follows. 

For the first cone: 
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while its biggest value at  1kH h  
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For the second: 
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The biggest effort on the second conic area NHk2 is 
gained at  2 2k kH h h , the value of which equals 

[1]: 
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It should be noted that the obtained correlations can 
be applied in certain limits of puncheon’s motion. 
Correlations (15, 16) within   10 kH h , while 

(17, 18) - at   1 1 2k k kh H h h . 

3 RESULTS AND DISCUSSION 

To prove validity of the obtained mathematical 
model (18) of eyelet’s N deformation total effort 
dependency on puncheon’s H motion, the process 
of eyelet’s deformation with puncheon’s conic 
surfaces has been experimentally studied. 
With the help of measuring system, diagrams 
of eyelet’s N deformation technological effort 
dependency and puncheon’s N motion have been 
taken.  

Comparison of values deformation effort obtained 
in the same way as experimental results is given 
in Figure 5. 

 

 

Figure 5 Eyelet’s deformation total effort on both conic 
parts dependency on puncheon’s motion: 1) calculation 
values; 2) experimental 

 

4 CONCLUSION 

Having analyzed the obtained results we may 
conclude that the shape of working surfaces 
and puncheon’s geometrics have significant 
influence on technological effort N. The biggest 
influence have: conicity angels αk1, αk2, radiuses 
of conic parts r0k1 and r0k2 and height of conic part H.  

The error between calculation and experimental 
values fastening N effort is around 20%, which 
is permissible. Thus, formula (18) can be used 
for approximate calculation of maximum effort 
of metal eyelets deformation with puncheon’s N 
conic surfaces [5]. 
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Abstract: The problem of combining the image system with the image types of social order for a new line 
of fashion trends has been investigated. A methodology for generating a productive model of systematic 
database selection using numerical methods for solving scaling problems has been developed. 
The mechanism of typing of similarity on the basis of compositional homogeneity of models in patterns 
of consumer demand has been investigated. An algorithm for determining the coefficients of proportionality 
of the constructions of the range of complexes has been developed, taking into account the gender, age 
and style features. It has been established that the production model of scale of control measurements 
provides technical conditions of quality control of design documentation. 

Keywords: image, product range, production model, scale, similarity types, homogeneity, proportionality 
factor, control measurements, design documentation. 

 

 

1 INTRODUCTION 

The priority area for the development of computer 
technologies in the second decade of the 21

st
 

century is the development of methods of complex 
assessment of the quality of objects based 
on the theory of "pattern recognition". One 
of the components of flexible production is to take 
into account the social status of behavior 
of the modern consumer of clothing, which 
eliminates such classification features 
as assortment, gender, age, place of residence, type 
of employment in the characteristics of preferences 
[1, 2]. The technical and economic benefits 
of automatic resizing according to the morphological 
classification of figure types include saving 
development costs in the long run [3]. The influence 
of marketing on the social dimension 
of the development of symbolic associations 
of fashion trends does not take into account 
the influence of environmental factors. The new line 
in fashion is often defined by the image types 
of social order for copyright inspiration 
in a fundamentally new combination of the image 
system, in particular, for the promotion of family 
values. A family-friendly outfit - Family Look 
is becoming a new trend, which creates a shared 
family style and shows that this family is one. 
The usefulness, reliability, benefit of using 
the tandem of paired clothing of parents and children 
is manifested in the homogeneity of the morpholo-
gical structure of products, which corresponds 
to the characteristics of the classical fixing 
unification of the main forming parts by means 
of proportional scaling. 

The relevance of the competitive equilibrium 
of the targeted demand for the functional orientation 
of the use of "exactly" in the sub-brand of Family 
Look positions the image level of motivation. This is 
confirmed by studies in the field of competitive 
advantages of targeted demand for homogeneity 
of composite decisions of the family wardrobe [4-7]. 

The use of the cost-savings method on the principle 
of "combine what already exists" involves 
the development of group design documents to 
regulate the flexibility of production design 
preparation. 

2 DISCUSSING IDEAS 

Buying clothes goes from a physical domain into 
a virtual domain, and mass customization becomes 
the only way to win and retain a buyer [8, 9]. Virtual 
fittings for 3D clothing modeling [10] provide 
the flexibility to use scanned anthropometric data 
in the automatic design of clothing at a higher level [11, 
12]. The role model of consumption, in which 
children view parents as role models, is based 
on the transition from qualitative to quantitative 
methodology [13]. Empirical studies 
of communications in the competitive advantages 
of price groups among consumers determine 
the direction of experimental design in the formation 
of a hypothetical image of models of the range [14, 
15]. A hierarchical regression of the relationship 
between fashion innovation, consumer’s behavior 
and information sources involves the use 
of a genetic algorithm to evaluate goods [16]. Fuzzy 
Clustering methods (FCM) [17] take into account 
the systematic selection of part of the database 
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by the functional orientation of the Family Look 
assortment. The methodology for identifying 
the relationship between the content of the process 
of designing clothing and its abstract description 
in the form of context diagrams, presented in [18], 
does not take into account the gender status 
in a particular range. The method of forming 
the capsule of the assortment complex [19] involves 
the application of relations of geometric similarity on 
the basis of uniformity of structural belts in the lines 
of transition of sections of the product, which will 
ensure the preservation of the compositional 
properties of the form. It is proposed to perform 
the transformation of the spatial characteristics 
of the capsule design objects by the methods 
of metric transformation. This approach positions 
in the gender and age standard set the modernized 
stylization of microstyle "Family Casual", for models 
of the product group "City Casual" on the basis 
of duplication of styles, materials, colors and 
processing. 

3 METHODS 

The trendy pattern recognition strategy for young, 
low-budget consumers is aimed at consuming     
pret-a-porter clothing in virtual domains. 
The quantitative research methodology is based on 
the method of statistical analysis of the homogeneity 
of groups of classification features of consumer 
demand patterns [20-22].  

Initial data for such developments are existing 
photos of existing in the world wide web of models 
of clothing of brand “Family Look”.  

The homogeneity of self-expression of a person 
in society is characterized by the assortment group 
"Basa" (65%), whose hypothetical image does not 
change for 3-4 years. 

The positioning of regular customers and 
the stability of production for the target audience is 
characterized by the “Basis” group (55%). It defines 
the basic range for research. The diversification 
strategy of the composition of models of the City - 
Casual product group determines the advantages 
of the Bestseller group, the types of which are 
relevant for at least 4-5 years. 

From the point of view of consumers who want 
to impress others and follow the fashion, this group 
is called "conformists" (65%). The basic values 
of novelty are the answers to the question "What did 
I buy?" Thus, the model of the hypothetical image 
of consumer preferences in the conformists group 
describes the range of the Bestseller group (80%) 
with a sufficiently high degree of homogeneity [23]. 
This corresponds to the creation of identical images 
with the same Family Look style clothing [24]. 

The social status of the consumer group 
is described by tandems: parents - children, father - 
mother, brother - sister. Gender: father - son, mother 
- daughter, brothers - sisters. Gender and age 
differences in body characteristics are subordinated 
to anthropometric features and affect 
the identification of the appearance of the product. 
The regulatory documents (Table 1) contain 
the specifications and methods of anthropometric 
measurements of the size of the human body 
for the clothing design. The degree of technical 
perfection of the product design in proportion 
determines the methods of designing clothes. 
Calculation and graphical design techniques 
that determine the contour of a typical product detail 
with different approximation accuracy are based 
on the discrete measurements of figures, increases 
and typical articulations of parts. Numerical methods 
of calculation in industrial methods, in particular, 
CRIGI (Central Research Institute of the Garment 
Industry), UMDC CMEA (unified method 
of designing clothes of the CMEA) contain analytical 
substantiation of the use of body measurements for 
determination of the main structural points 
of the contour taking into account the tectonic 
functionality of the part [18]. 

The range of modern calculation tools, combined 
with the rapidly increasing computing power of CAD, 
make it possible not only to calculate any design 
document, but also to take into account the typing 
principles of the similarity properties in the target 
portfolio of Family Look models. To recognize 
the hypothetical image of the assortment kind, 
it is advisable to apply the method of typing 
quantitative indicators of the appearance 
of the model. 

 

Table 1 Regulatory documentation for the design and manufacture of clothing 

Standard number Application 

DSTU 3321: 2003 Terms and definitions of basic concepts in the system of design documentation 
DSTU GOST 25294: 2005: 2006 Technical conditions of production of the dress-blouse assortment 
DSTU ISO/TR 10652: 2006 Standard dimensioning system 
DSTU ІSO 8559: 2006 Anthropometric measurement of human body size for clothing design 
DSTU GOST 31396: 2011 Means and methods of measurement. Classification of typical women’s figures 
DSTU ISO3635: 2004 Determination and removal of measurements by the standard method 
GOST 17522-72 Dimensional features of typical women’s figures for designing clothes 
GOST 17917-86 Dimensional features of typical boys’ figures for clothing design 
GOST 17916-86 Dimensional features of typical girls’ figures for clothing design 

DSTU - State standards of Ukraine; GOST - State standard 
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Figure 1 Classification of numerical methods for solving scaling problems 

 

The production model of the generalized 
characteristic is based on the typing rules in the form 
"If (condition) then (action)". To select typical 
compositional features, this figure is equal to more 
than 45% [23]. 

The strategy of diversifying the composition 
of models to positioning of consumer’s demand 
involves the choice of patterns of stylization 
on the basis of homogeneity. The summer wardrobe 
of the product group "City - Casual" is characterized 
by the academic stylization of elements of classical 
style on the basis of isomerization of many objects 
of the same composition, but of different structure. 
Accordingly, the Family - Casual microstyle 
is manifested in the form of a pattern of modernized 
stylization [24]. 

Therefore, design features are dominant for 
typological analysis of the homogeneity of groups 
in the matrix of the market-model capabilities 
on the basis of competitive equilibrium of target 
demand. Maintaining proportions is a prerequisite 
for sizing Family Look products which is done 
by scaling the object. 

Scaling is a special case of affine transformations, 
which in computer graphics is regarded 
as stretching/contracting along the coordinate axes 
and described by the following equation (1): 

х1=ах,    у1=dy (1) 

where, a and d are the scaling factors. 

Mathematical models of proportionality are 
represented by a set of formulas for calculating 
the coordinates of the structural points of the detail’s 
design and the scaling factors equation (2) [26]:  

�� =
∑ ��

�
���

�
;  �� =

∑ ��
�
���

�
 (2) 

where, � =
��

��
 - is the scaling factor along the X axis 

for the i-th constructive point; � =
��

��
 - is the scaling factor 

along the Y axis for the i-th construct point;                  
n(m) - is the number of design points lying in the direction 
of the scaling axis X, (Y). 

To simplify the mathematical calculations, 
a Cartesian coordinate system with a center 
at the intersection of the diagonals of a rectangle 
constructed according to the control dimensions 
of the dimensions of the structure of the parts has 
been chosen. The polar radii are drawn through 
the main design points of the contour of the detail. 
The scaling factors along the X and Y axes 
are calculated as the average of the coefficients 
of the same name. As a special case of scaling 
is a way of grading patterns. The gradation 
of the pattern implies the displacement 
of the structural points by a value that is determined 
proportionally. Auto CAD has a built-in zoom feature. 
The block is a part that is broken down into parts 
for scaling. 

The mathematical formulation of the problem 
of compliance with the requirements of homogeneity 
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of typing in the system of models of Family Look 
is provided by the condition {Зn} = С [18]. Each type 
of proportionality should include at least two 
alternatives for the transformation of the spatial 
structure by the principle of orientation 
of the proportions of the product. Numerical methods 
for solving scaling tasks using the proportional 
guidance method are shown in Figure 1. 

�� ⊇ ��� ∪ ��� ∪ ��� ∪ ��� ∪ ��� (3) 

where, ��� is the method of moments for splitting 
a contour into a finite number of elements in a polar 
coordinate system; ��� is the geometric symmetry 
method for maintaining the symmetry of the quadrants 
of the polar coordinate system of the design points 
of the detail’s contour; ��� is the finite element method for 
taking into account the variability of dimensional features; 
��� is the method of affine transformations 
for proportional contraction / stretching of coordinates 
of constructive points of a contour; ��� is a method 
of differential geometric synthesis for grading design 
documents. 

4 EXPERIMENTAL 

The process of developing a model of proportionality 
to preserve compositional homogeneity on the basis 
of "exactly the same" in group of design documents 
describes the algorithm for the study of typing 
similarity: tectonics’ form - contour details - design 
document [23]. Form tectonics is determined 
by the stage of introducing anthropometric planes 
into the scheme, which describe anthropometric 
features. The contour of the part is characterized 
by the constructed structure by empirical 
calculations of the main nodal points. A design 
document in the form of a gradation characterizes 
a drawing of parts for the required dimensions 
of the product. The model of cross-certification 
of consumer demand is based on the concept 
of typing the classification features of stylization 
patterns within the consumer's psychographic 
portrait (Table 2).  

The study of the artistic aspect of the targeting 
of Family Look models is made on the basis 

of similarity of the main basis and aesthetic 
expressiveness of composite decisions 
for the assortment complex women's dress - dress 
for girls of preschool group - shirt for a boy 
of nursery group. The three objectives of the task 
are defined by age group status, namely, 
the dominant role of the mother in the behavior 
of preschool children. 

As a general idea for a hypothetical object 
is accepted characteristic: product group - classic 
dresses and shirts, consumer type - conformist, 
shape symbol - rectangle, associative style symbol - 
"softened" academic stylization City Casual [24]. 

A mathematical description of the morphological 
changes of the range in patterns of consumer’s 
demand is represented by the operations 
of combining and crossing sets of personal and 
social factors of consumer’s behavior to form 
a generalizing idea: 

Zone A Basis  Т  К2 ∩ К3 ∪ C2 ∪ М1 ∪ В3 ∩ В5 

(4) Zone В Fashion  М ∩ С  К4 ∪ C1 ∩ C5 ∪ М4 ∪ В2 

Zone С Bestseller Т∩ С  К5 ∪ C1 ∩ C4 ∪ М2 ∪ В1 

Statistical studies of descriptions of the figurative 
solution of models contain four variants 
of the psychological portrait of the consumer that 
correspond to the “4C” marketing system: 
Consumer, Cost of Expectation, Convenience, 
Communication. 

A hierarchical regression of the relationship between 
age, gender, and environmental factors confirms 
the presence of brand symbolism impact on children 
from the age of 2 years and it increases throughout 
the preschool years [25].  

Formation of profiles of structural and compositional 
characteristics of the hypothetical image 
of the Family Look product range is accomplished 
by systematization of quantitative indices 
of occurrence, in particular, typing, stylization, 
and similarities of structural modification (Figure 2, 
Table 3). 

 

Table 2 Cross stratification matrix of consumer demand patterns  

Fashion zones А - conceptual model of competitive 
properties 

B - fashionable range of trends of the 
season 

Type of marketing strategy І - cost savings for the basic range 
of the target audience Basis 

ІІ - Fashion Microstyle Diversification 

Consumer demand 
pattern 

Type of stylization Academic styling Upgraded styling 
Group novelties Typical – Т Fashionable - F, Contemporary – C 

Psychographic 
portrait 
of a consumer 

Class Pragmatist - C1; Traditionalist - C2; Materialist - C3;  

Categories of values 
Social status - V1; Material interest - V2; Career Achievements - V3;  
Personal development - V4; Image - V5 

The level of motivation Targeting - M1; Copying - M2; Limited reach - M3 Stylishness - M4 
Selection criteria Prestige - S1; Originality - S2; Conceptuality - S3; Availability - S4; Acceptability - S5 
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Figure 2 Diagram of the repeatability of typical elements in the range of models 

 

Table 3 Indexing of typical elements of structural and composite solutions of models of assortment complex 

Group index Item name Kind of element 

1 Sleeve Sewn with length transformation 
2 Longitudinal partitioning Constructive seams 
3 Cross partitioning Structural and decorative seams 
4 Clasp On-Board Buttons 
5 Neck Round with collar 
6 Pocket Attached 1 or 2 
7 Nuance Folded skirt shape 
8 Symmetry Mirror, similarity of elements 
9 Scalability Proportional metric order 

 

 

The use of a matrix of search of a systematic set 
of classification features of hypothetical images 
of an assortment complex by combination 1 (yes), 
0 (no) in the automated layout of elements allowed 
to obtain 24 variants of combinations of group 
classification features.  

The morphological characteristics of consumer 
figures for Family Look clothing take into account 
age, proportion type, body type, posture, baseline 
dimensions. The age of the mother of the family 
corresponds to the adult first period of 21-35 years, 
which is included in the younger group. The girl 
is included in the length of the 3-7 years age, 
which corresponds to the first period of childhood 
and to the group of preschool age. The boy is 
included in the length of the age period of 1-3 years, 
which corresponds to the period of early childhood 
and nursery group. 

The type of body figure which is female one by B. 
Scherley is uniform, with a moderate fat 
accumulation, the type of posture is normal 
(Pk = 6.2 ± 1.0 cm, VP = 5.9 ± 0.75 cm). 

Type of proportions according to the classification 
V. Bunaka is mesomorphic with an average ratio 
of trunk to limb lengths. 

Most children under the age of 7 are kept straight 
because the spine has not yet acquired the usual 

curvature: forward - lordosis (cervical and lumbar), 
back - kyphosis (thoracic and sacral). Lordotic type 
LIII posture is considered normal. 

Studies of basic body sizes for model development 
and clothing design have confirmed an identical 
degree of compliance with national and international 
anthropometric standards in Table 1. Female - 164-
96-104 (96 MS); girl 110-56-51 (110-56); boy 92-52 
(92-54). 

To ensure operational comfort, the tectonic integrity 
of models of the Family Look range has been 
investigated by scaling by the method of proportional 
three-dimensional clothing in the light of family-style 
fashion trends (Figure 3). 

The proportional ratio of the shape of the bodice and 
the skirt has been determined by the ratio of the 
proportional measurements of heights for the three 
specified age groups. In particular, the height of the 
waist line is 7, the height of the knee line is 9, and 
the height of the base of the neck is 10. 

For the bodice, the difference of dimensions (10-7) 
is taken into account, for the skirt (7-9), which are 
divided in pairs in the age groups of the basic size: 
woman - girl (WG), girl - boy (GB). 

The proportionality coefficients of the ratios 
of the upper and lower parts relative to the waist line 
are calculated by the equation (5): 
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��� =
��

��

 (5) 

where, �� is the projection measurement of the output 
height in pairs; �� is the projection measurement 

of the second height in a pair. 

W-G (bod) ���� = 1.5; 

W-G (skirt) ���� = 1.58; 

G-B (bod) ���� = 1.16. 

The average proportionality factor projection 
measurements for a pair of W-G is 1.54, which 
suggests that the approximation to the harmony 
of the golden section (for women, 1.6). 

Typical proportions of body measurements form 
a stable morphological structure of the body section 
in typical designs of three products. 

The study of maintaining the proportionality 
of the body in the design of the product has been 
performed on the structures constructed 
by the method of the CRIGI, which is used 
in the industrial production of clothing. 

Dimensions of typical figures of the selected group 
of consumers of clothing for the study 
of the proportions of horizontal (X) and vertical (Y) 
measurements (woman 164-96-104, girl 110-56-54, 
boy 92-52-48) are shown in Table 4.  

The proportionality factor calculations are made 
in pairs of the same numbers by the ratio of larger 
to smaller by the compression principle: W-G; G-B. 
Since the design of the bodice by the type 
of members is homogeneous for all the designs 
of the range of the Family Look complex, studies 
of the changes in the basic structures have been 
performed with the help of scaling by equation (2). 
For this purpose, the design of the parts of the body 
(back and forepart) is introduced into the system 
of cylindrical coordinates relative to the center 
of scaling O (Figure 4). The structural points 
of the contours of the parts for the three investigated 
structures are the points of intersection with polar 
radii drawn from the center of scaling and are 
the origin to determine the coordinates basic 
the structural points (Figure 5, Table 5). 

 

 

 

Figure 3 Family Style fashion trends 

 

Table 4 Anthropometric database for determining the proportionality of figures for Family Look style 

Measurement 
plane 

Ti number 
by size standard 

W 
164-96-104 

GOST 17522–72 

G 
110-56-54 

GOST 17916-86 

B 
92-52-48 

GOST 17917-86 

Cpr 
W-G 

Cpr 
G-B 

Х 13 18.5 13.3 12.2 1.39 1.09 
Х 15 50.4 29.25 26.5 1.72 1.10 
Х 18 38.0 25.5 25.0 1.49 1.02 
Х 19 52.0 31.75 28.7 1.64 1.10 
Х 45 17.3 10.9 10.8 1.59 1.01 
Y 43 43.3 28.7 26.2 1.51 1.09 
Y 40 40.3 26.3 25.0 1.63 1.052 
Y 61 44.0 27.2 26.0 1.61 1.038 
Y 39 17.9 13.1 12.1 1.37 1.08 
Y 41 43.6 28.9 26.1 1.51 1.11 
Х 47 18.3 12.5 10.3 1.47 1.19 
Х 31 13.3 9.8 7.0 1.36 1.4 
∑ - 399.6 257.2 236.4 1.56 1.088 
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            a)       b)     c) 

Figure 4 Experimental designs for back and forepart for scaling: a) for women; b) for a girl; c) for a boy 

 

 
a)   b)           c)       d)      e)       f) 

Figure 5 Polar radii of the structural points of the parts of the back and forepart to determine the coordinates X, Y:          
a) c) e) back (W, G, B); b) d) f) forepart (W, G, B) 

 

Table 5 Coordinate database for determining the proportionality of the major contour points for the Family Look trend 
[cm] 

The contour 
point number 
of the detail 

Woman Girl Boy 
back forepart back forepart back forepart 

Х Y Х Y Х Y Х Y Х Y Х Y 

1 -13.6 19.0 -8.2 4.8 -8.2 14.1 -7.6 -8.4 8.0 12.0 -8.0 -8.5 
2 -12.3 18.9 -14.6 21.9 -8.2 12.5 -5.5 -1.3 8.0 13.0 -4.0 -1.5 
3 -6.3 21 -3.9 9.4 -3.5 14.1 8.0 14.4 -4.0 13.0 -6.8 12.5 
4 -3.6 20.4 -5.7 21.3 6.8 12.1 3.0 14.5 3.6 11.0 -4.5 10.0 
5 -1.6 20.4 7.5 21.9 8.0 14.1 8.0 14.5 8.0 13.0 3.1 12.5 
6 8.3 17.7 10.8 16.3 5.2 2.2 8.0 7.8 4.5 1.3 6.9 12.5 
7 6.7 10.3 14.3 14.4 8.0 8.4 8.0 14.0 8.0 4.5 6.9 7.1 
8 6.8 6.3 14.6 -2.2 8.0 14.7 8.0 14.0 -8.0 -13.5 6.9 -13.0 
9 13.6 -1.9 5.2 -2.2 8.0 14.7 - - -8.0 -13.5 -6.9 13.0 

10 13.6 -21.0 2.8 -22.3 - - - - - - - - 
11 -13.6 -21.0 -14.6 -22.0 - - - - - - - - 

∑|Х|, ∑|Y| 100 177.9 102.2 198.3 63.9 106.9 56.1 88.9 60.1 94.3 54.0 90.6 
*Note: Absolute values ∑|Х|, ∑|Y| fixes the area bounded by the contour of the detail (see Figure 4) 

 

 

The contour point numbering captures the sequence 
of determining the main design points 
of the experimental design in the polar coordinate 
system relative to the center of the details' area. 

The symmetry of the quadrants of the rectangle 
of the part relative to the center 0 fixes 
the coordinates of the polar radii to study the scaling 
of the details (Figure 5). 

0

1

2 3 4 5

6
7

8

9

1011

12

11 10 9 8

7

65

4
2

3

0

1

0 00 0

1

1

1

1

2

2

2

2

3 3
3 3

4 4
4

4
5 5

5 5

6
66

6

7

7

7

7

8 88 89 9 9

Y Y

Ő Ő

Y Y
Y Y

Ő Ő Ő Ő

0

1
2

3 4 5

6

7

8

9

1011

12

11 10 9 8

7
6

5
42

3

0

1

0

1 2 3
4

5

6
7

89

0

1
2

3 4

5

6

78

0

1 2
3 4

5
6

7

89

0

1
2
3

4 5
6

7

89

Y

Ő

Y

Y Y Y Y

Ő Ő Ő Ő Ő



Fibres and Textiles (4) 2020 113 

Significant differences ∑|X| and ∑|Y| are explained 
by the presence of the undercuts in the designs 
of the back and forepart for women: back - points 
4.5 (shoulder recess), forepart - points 1.3 (breast 
recess), points 9.10 (thallium recess). These 
coordinates can be excluded from proportionality 
studies because they determine the shape 
of the detail’s surface in the product. 
For the backrest ∑|X| + ∑|Y| points 4.5 is equal 
to 46 cm, for the forepart ∑|X| + ∑|Y| points 1, 3, 9, 
10 is equal to 78.6 cm. 

To typify the space of control measurements 
of the assortment complex, a study 
of the proportionality of the leading dimensional 
features and the system of control measurements 
of the dimensions of the experimental structures has 
been performed. The estimated proportionality 
coefficients of the leading dimensions (height, girth) 
for the baseline sizes are as following: a woman - 
164:96 = 1.71, a girl - 110:56 = 1.96, a boy 92:52 = 
1.77, indicating the dominant vertical measurements 
for body development. For growth, 
the proportionality coefficients in the studied pairs 
are: W-G – 164 : 110 = 1.49; G-B – 110 : 92 = 1.19, 
which, within the margin of error, coincide with 
the compositional proportionality of the dimensions 
of the bodice shape. 

In the calculations of the coefficients 
of proportionality (formula 5) pairs of measurements 
X and Y are involved (Figure 6). 

For W-G: 

���Х
� = 27.2:16.8 = 1.62; ����

� = 40.9:28.7 = 1.43 

���Х
�
 = 29.2:15.2 = 1.92; ����

�
 = 43.9:27.2 = 1.62 

For G-B: 

���Х
� = 16.8:15.8 = 1.063; ����

� = 28.7:26.2 =1.095 

���Х
�
 = 15.2:14.2 = 1.07; ����

�
 = 27.2:26.0 = 1.046 

The scheme of control measurements 
of the dimensions of the experimental designs 
of the body parts in the assortment complex dress-
shirt confirms the possibility of scaling the designs 
of the girl's waist in the design of the boy's shirt, 
since the width of the product in the design differs 
by the amount of indifference interval of 2 cm. 

In addition, the calculated proportionality coefficients 
for the designs of the back and the waist of the pair 
G-B create the preconditions for scaling 
by the method of gradation by the magnitudes 
of increments ∆y, ∆х at design points. 

System of proportionality coefficients, defined 
according to Table 4 and 5, provides a description 
the uneven scaling of the details’ contours (Table 6). 

5 RESULTS 

Finding proportional ratios for the Family look range 
in variations of the design’s dimensional features 
(see Table 6) provides a qualitative assessment 
of the compositional features of product similarity. 

 

 

 
a)     b)            c) 

Figure 6 Scheme of control measurements of the dimensions of the experimental designs of the back and forepart 
of the Family Look range: a) woman; b) girl; c) boy 

 

Table 6 Anthropometric base coefficients for the designs of the Family Look assortment 

Scaling option 
Anthropometric database 

1 - dimensional features 2 - construction 3 - gradation 
W-G G-B W-G G-B W-G G-B 

The proportionality of the body 1.50 1.170 1.50 1.050 1.210 1.150 
Product dimensions 1.56 1.088 1.64 1.069 1.078 1.020 
Measurements of the basis of construction 1.61 1.072 1.59 1.060 1.098 1.020 
Design basis coordinates 1.51 1.020 1.83 1.056 1.075 1.085 
Averaged outline 1.55 1.088 1.56 1.051 1.092 1.054 
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The proportionality coefficients body and dimensions 
of the product in the pair W-G provide homogeneity 
of the typical construction of the bodice: ����

�� = 1.55, 

����
�� = 1.56 with the property of nuance. 

The proportionality coefficients averaged outline 
in the pair G-B ���

�� = 1.088, ����
�� = 1.051 confirm 

the uniformity of the structures of the bodice and 
the property of the identity of the composite means 
in the design of details. С���

�� = 1.92 та ����
�� = 1.054 

in typical schemes of grading patterns have 
a discrepancy of 2%, which confirms the reliability 
of the method of proportionality in the procedures 
of pattern's scaling. Complex drawings of the 
coordinate system of rectangles of overall 
dimensions of the back and forepart are shown 
in Figure 7. 

 

  

_____ woman 
_____ girl 
_____ boy 

a) b) 

Figure 7 Complex system of polar coordinates 
of dimensions of products of the assortment complex: 
а) back; b) forepart 

The algorithm for the method of determining 
the similarity of models of the range of Family Look 
range contains the following sequence of steps: 

 Choosing a prototype of the base structure 
on the basis of "exactly the same" (see Figure 2). 

 Division of the structure into sections in the polar 
coordinate system (see Figures 6, 7). 

 Calculation of proportionality coefficients. 
 Validation of the production scaling model. 

Comprehensive blueprints for combining the details 
of back and forepart for W-G and G-B pairs 
in the polar coordinate system are presented 
in Figure 8. 

To determine the increments in the structural points 
of the contours of the parts, a diagram of polar radii 
and angles (rads) relative to the center of scaling 
(Figure 9) has been created. 

The system of transformations in the production 
model of the use of gender-age and style features 
of the assortment complex is subject 
to the proportionality estimation according 
to the scheme: dimensional features - design - 
scaling. 

A production model for estimating the proportionality 
of control measurements is presented in Table 7. 
A graphical interpretation of the proportionality 
coefficients, depending on the stage of application 
of the control measurements, is shown in Figure 10 
(see Table 6). 

 

 
        a)                                                                                               b) 

Figure 8 Complex drawings of the main details of the bodice: a) W-G; b) G-B 

Table 7 Summary matrix of the production model of the proportionality of the control measurements of the complex 
drawing of pairs W-G, G-B 

Control measurements 
W-G G-B 

back forepart back forepart 
X Y X Y X Y X Y 

1 Dimensional features 1.46 1.53 1.59 1.59 1.21 1.052 1.01 1.01 
2 Gradation coefficients 1.0 1.0 1.4 1.0 1.0 1.0 1.5 1.3 
3 Measurements from the technical description 1.62 1.43 1.92 1.62 1.06 1.095 1.07 1.046 
4 Dimensions of the drawing 1.55 1.43 1.54 1.61 1.056 1.095 1.24 1.046 
5 Coordinates of diagonal endpoints 1.43 1.27 1.41 1.43 1.006 1.057 1.16 1.105 
6 Length of diagonal - 1.423 - 1.65 - 1.13 - 1.12 
7 Polar angle [°] 1.088 - 1.091 - 1.048 - 1.033 - 
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         a)                                                                                          b) 

Figure 9 Diagram of the polar radii of the design points of the parts of the back and the forepart: a) W-G; b) G-B 

 

 

 a) 

 b) 

Figure 10 Dependences of Cpr on control measurements from scaling stages a) W-G; b) G-B 

 

The linear regression equations averaged outline 
(Figure 10) correspond to the unified mathematical 
models of subordinate control measurements 
in stepwise quality control of design documentation 

for compliance with standards (see Table 1). 
The obtained mathematical models are adequate 
because R

2
  1. Comparative analysis 

of the proportionality coefficients of measurements 

1
2

3 4 5

6

7

8

9

1011

12

11 10 9 8

7
6

5
42

3

1

0

1
2

3
4 5

6

7

89

0

1

2
3

4
5

6

7

89

0
1

2

3
4

5

6

78

0
1

2

3 4
5

6

78

1

2 3 4

5
6

7

89

1
2 3

4 5
6

7

89

Y

Ő

Y

Ő

Y

Ő

Y

Ő

y = -0.002x + 1.408
R² = 0.8653

1

1,1

1,2

1,3

1,4

1,5

1,6

1,7

1 2 3 4 5

T
h

e
 v

a
lu

e
 o

f 
th

e
 c

o
e
ff

ic
ie

n
t 

o
f 

p
ro

p
o

rt
io

n
a
li
ty

Scaling option

dimensional features

garmet design

gradation

averaged outline

y = -0.014x + 1.1157
R² = 0.8378

1

1,05

1,1

1,15

1,2

1 2 3 4 5

T
h

e
 v

a
lu

e
 o

f 
th

e
 c

o
e
ff

ic
ie

n
t 

o
f 

p
ro

p
o

rt
io

n
a
li
ty

Scaling option

dimensional features

garmet design

gradation

averaged outline



Fibres and Textiles (4) 2020 116 

from the technical description and the experimental 
designs shows that the percentage of deviations 
for the pair of W-G is 7.3%, for the pair G-B is 2.7%. 
Such a deviation for the pair of W-G confirms 
that the scaling is performed in close compliance 
with the proportions of the golden section. Matching 
the silhouette is achieved by adjusting the waist line 
level. 

6 CONCLUSIONS 

In determining the effectiveness of the algorithm 
for calculating the proportionality of structural 
measurements, it is natural to use software products 
of graphic graphics, which follows from the levels 
of typing numerical methods for solving problems 
in simulation modeling (Figure 1). It should be noted 
that graphic editors do not provide a mechanism 
of similarity in the design of details. In this sense, 
it is advisable to use the method of control 
measurements in the scaling stages. 

To prove this statement, a method for systematically 
selecting a database for the functional orientation 
of cross stratification of consumer demand patterns 
is proposed (Table 2). This is not at odds 
with the practical data known from [21, 22], which 
characterize the structure of the parameterization 
of design patterns in the comfort of women's 
clothing. The classification of numerical methods 
for solving scaling problems (Figure 1), in contrast 
to the results of studies published [16, 26, 27], 
allows us to state the following: 

- the main regulator of the collection of scaling 
parameters in the transforms of the contour 
of the part is not so much the complexity 
of the composition of the model, but 
the proportionality of body sizes by the genetic 
algorithm of preservation of similarity; 

- for trendy assortment of complexes, using 
the example of Family Look it is expedient to use 
formalization of control measurements 
in Cartesian coordinate system. This allows you 
to balance the proportionality of the details 
in the range of proportional changes, which 
is important for recognizing the trendy image 
in the capsule of the range. 

Structuring of the outer contour through 
the heterogeneous scaling of the coordinates 
of the joints by the method of moments 
on the principle of affine transformations has 
a significant influence on the internal filling 
of a typical structure by affine transformations. 

In some polar sections of the contour of the part 
in the complex drawing (Figure 8) the principle 
of parallel transfer of lines of control measurements 
of dimensions is maintained. Such conclusions may 
be considered practical from the point of view 
of applying increments of polar radii in the form 
of a diagram to select a graphical scaling editor. 

From a theoretical point of view, using the diagram 
of the polar radii of the design points, it is possible 
to estimate the proportionality of the model 
according to the scheme: dimensional features - 
design - scaling. 

The proposed production model provides 
for the formation of a matrix of proportionality 
coefficients of the system of control measurements 
with the prediction of the assessment of composite 
features of similarity of products in pairs of gender 
and age characteristics. This greatly reduces 
the time required to process primary samples 
of clothing and ensures the uniformity of standard 
designs. 

However, it should be noted that the principle 
of similarity in the production model of data depends 
on the property of identity of the composite means 
and indicates the ambiguous influence of indicators 
of proportionality of the body. Such uncertainty 
imposes certain limitations on the use of scaling 
software modules, which may be interpreted 
as a drawback of this research. A potentially 
interesting direction for further studies may be 
focused on a critical approach to brand symbolism 
based on the unification of forms for the scaling 
design method. 
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Abstract: With the development of garment manufacturing, huge amounts of garment production in short 
time has been possible; which led to an increase in the profitability of companies and meeting customer 
expectations. But in due course, with the increase of household income, customers started to ask 
for dressing different than other individuals instead of wearing same clothes with everyone. Therefore, 
in order to maintain the variety of styles in manufacturing, the production quantities have decreased and 
the production methods have been evolved in this direction. Accordingly, due to meet these new 
expectations, customized clothing production concept has been born. The main fact which differentiates 
this production method from the old style tailoring is that; the design is also personally customized. 
The fabric, color, design, pattern details of the cloths can be customized according to customer choice. 
All of above points naturally increase the cost of the product. However in this method, the main importance 
is the customers who aspire their dream cloth instead of the product price. With this research, the systems 
which is needed to meet the new high level customer expectations have been analyzed; the production 
lead time and the effect of this method on the labour has been investigated in a facility which is making 
customized production.  

Keywords: Customized clothing design, production time, pattern placement. 

 

 

1 INTRODUCTION 

Rapid development of technology continuously 
changes the daily life course, preferences 
and expectations. For this reason, it is indispensable 
to develop different marketing strategies. One 
of them is customized production system. 
Customized production is supported by new 
technologies such as virtual merchandising, online 
shopping, three dimensional systems and body 
scanners which pioneered revolutionary innovations 
in textile industry [1, 2]. Companies that favored 
lesser model and much production strategy 
in the past have been passed to customer focused 
production model today. Thanks to possibility 
provided by digital technology, transition to 
production model according to demand has become 
much easier. Suitability of dress to the body 
is an important criterion for evaluation of a textile 
product by a customer [3]. Today it is determined 
that many customers cannot make use of ready-
made products from non-compliance of body 
measurements with the standards. A study 
in the United States revealed that 62% of consumers 
could not find fit clothes for themselves, 59% 
of them found the fitness to body has changed even 
with the same trademark, 57% of them found that 
their bodies did not fit to the standards and 85% 
of them claimed that only reason of a trademark was 
the fitness of dresses to their bodies [4]. 

A wide variety of printing methods have been 
developed for ornament purposes in the garment 
industry [5]. The increase in digital products has also 
been effective in the development of the transfer 
printing method. This method is for considering 
the demands of the customized production. 
Customers can provide specification in color and 
design. This method is applied especially for low 
quantities. Thanks to the working with transfer 
printing machine, different types of fabric structures 
and unlimited colors even the most complex colors 
can be printed at once [6-8]. Transfer printing 
technology has high printing quality and enables 
to achieve expected fabric attitude and to save time 
[9, 10]. Within the scope of this study the research 
has been conducted on customized production 
techniques which have been increasing 
in importance in recent years that are predicted 
to provide a significant competitive advantage 
to the clothing industry of our country. In the study 
concrete data about the functioning of the system 
were determined by making sample applications 
in a plant that designs personalized patterns. 
The time required for the completion of these 
processes is calculated by ensuring the customer 
pattern inside the model molds with customer 
pattern measurements. At the same time all details 
such as pattern preference, color selection 
and pattern size are determined by the customers. 
After design is completed, the mold can be printed 
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on the fabric with body sizes directly. In this study, it 
was aimed to evaluate the time spent on the design 
of the garment, taking into account the preferences 
and opinions of the customer. 

2 EXPERIMENTAL PART 

2.1 Materials 

Within the scope of the study, design prepared 
specially for customer studies were conducted 
in a plant operating according to transfer printing 
method. The molds in which patterns are placed 
were prepared in the CAD system. Design 
dimensions and pattern size magnification and 
reduction were designed by the designer using 
Photoshop program. Working in connection with 
transfer printing machine, designs prepared were 
transferred to the printing paper machine. In transfer 
printing, dyestuff is transferred to the printing paper. 
Designs first printed to paper with heat and steam 
by dyestuff, were transferred to fabric by transfer 
printing. In the fabric mixture various fabrics such as 
PES (polyester), PAC (polyacrylic), EA (elastane) 
can be printed, In this study printing was applied 
in pain weave fabric produced from 100%PES. 
Since printed fabrics were used in transfer printing, 
they did not go through any finishing process. 
If requested by customer antistatic finishing may be 
applied to prevent electrification in the fabric.  

2.2 Methods 

After the pattern work is set in the reports and colors 
requested by the customer, a printing attempt 
on the fabric is made to present it to the customer. 
At operation conditions first printing of the design is 
realized on a special printing paper at the printing 
machine. The fabric quality of the sample printed 
on the printing machine was determined on special 
printing paper in the sample transfer hand printing 
machine so that color test is carried out by providing 
the transfer of the special printing paper to the fabric 
(Figure 1). 

 

Figure 1 Fabric after color trial and transferred paper 
image 

If the color is not the same as the color tone 
suggested by the customer, a color check is made 
by printing again. If the colors on the fabric comply 

with the color references requested by the customer, 
the production phase is started. Roll-shaped pattern 
paper was printed by special printing machine is 
mounted under the machine and printing is provided 
by heat transfer. 

3 EXAMPLE OF CUSTOMIZED PATTERN 
WORK 

The steps of placing the design in the garment 
pattern are explained as below.  

Pattern preparation: The original file of the pattern 
marker layout is taken from the pattern Gerber 
Accumark v10.3 pattern program (Figure 2). 

 

 

Figure 2 Images of the pattern programme 

Pattern placement: The original version 
of the pattern is enlarged in the pattern program 
in the original mold size. The requirement 
of the customer is placed in it as in Figure 3. 

 

 
Figure 3 Pattern work placed in the mold 
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The combination of all the parts that make up 
the related size is ignored. The printing is done 
in parts in a few sizes. After the pattern work 
is completed, the original size pattern is printed 
on the digital paper machine described above and 
transferred to the fabric in the fabric quality 
requested by the customer. 

4 FINDINGS 

Images of 10 different patterns requested 
by customer are given in Figure 4. 

The time spent by the designer to place 10 different 

patterns designed specifically for customer demands 
were examined in two stages as pattern preparation 
and pattern placement. The first stage, the mold 
preparation time, gives the time to take 
the screenshots of the molds prepared in the CAD 
system, transfer them to the Photoshop program 
and bring the mold back to its original dimensions. 
The second stage, which is specified as the pattern 
placement in Table 2, shows the time spent 
in placing the designated patterns in these patterns 
brought to their original dimensions. Information 
about the times and how many parts the patterns 
consist of are given in Table 1 below. 

 

 

 

 

 

Figure 4 Customized pattern placement images 
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Table 1 Times spent on pattern creation and pattern 
placement 

Pattern 
No. 

Number 
of pieces 

that make up 
the patterns 

1. PHASE 2. PHASE 

Pattern preparation 
[min] 

Pattern placement 
[min] 

1. 11 25 90 
2. 6 10 60 
3. 6 10 70 
4. 4 10 45 
5. 4 10 45 
6. 11 31 180 
7. 7 15 60 
8. 6 15 90 
9. 9 20 150 

10. 16 35 90 
Average [min] 18 88 

 

5 CONCLUSIONS 

Some pattern reports are requested specially to be 
placed on the garment in line with customer 
demands. The most important factor in demanding 
this layout is that the pattern is easily placed 
in the designated places, saving the fabric, 
cancelling some operations in the workflow and 
making the layout more standard. When it is desired 
to place special patterns on different parts 
of the product, this process should be preferred. 
Thus, the method of placing a pattern in the mold 
in the fabric design provides an advantage 
for the patterns to be positioned at the desired place. 
Pattern 1 in Table 1 covered the entire surface 
of the mold. Due to the high number of molds, 
the durations were found to be longer. 

When the 2
nd

 and 3
rd

 pattern periods are examined, 
it is seen that the patterns and preparation times are 
the same, but the patterns applied to the sleeves are 
different. This difference was due to the placement 
of the 3

rd
 pattern being different on the arms. It took 

a little more time for pattern placement than it should 
be left with an equal spacing on the right and left 
of the arms. Also, the 4

th
 and 5

th
 patterns are very 

similar. For this reason, mold preparation and 
pattern placement times were the same. When 
pattern 7 and pattern 8 are examined, mold 
preparation times are found equal. Pattern 8 was 
placed in certain parts of the mold, pattern 
placement needed more time to position it. Although 
the 9th and 10

th
 patterns are similar, the pattern 

preparation and pattern placement times are 
different. Since the number of molds in the pattern 
10 is higher, the mold preparation time is longer. 
However, since there are no patterns on small 
molds, pattern placement time is shorter. 

Thanks to transfer and digital printing, customers' 
needs are responded quickly. These technologies 
have provided great convenience in the production 
of personalized production. Changes in the design 
and color determined by the customers can be 
answered in a short time. Developments in this 
regard are in a way to support lesser productions. 

With this method used, the possibility of designing 
the pattern on the computer and transferring it 
to the fabric provides designers with many options 
for obtaining the pattern, color and similar issues. 

With all kinds of changes can be made according 
to the customer requests, it has made the possibility 
of that the printing pattern can be created and then 
placed in the mold that the customer wants to use, 
with different variations. It has reduced the waste 
rates in the sector. Information in transfer printing 
can work with computer programs. It is suitable 
to make the print sizes based on body series. 
It is possible to adjust the pattern used in printing 
according to each body size. 

With a competitive focus; increasing product 
diversity, shortening of product life curves, 
demanding quality products with low prices, has 
made classic production models obsolete. 
Innovations made in this field can be organized 
especially in accordance with the production in low 
quantities. 
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Abstract: Polypropylene (PP) doesn't contain functional groups; therefore dyeing in the mass by pigments 
is used in the dyeing of PP fibres. Dispersants are used to improve dispergation, increasing 
the homogeneity of the masterbatches. In this work, the influence of three types of dispersants 
on the processability and processing properties of protective photoluminescent pigment of PP 
masterbatches as well as the effect of dispersants on the resulting structural and mechanical properties 
of modified PP fibres were studied. Dispersants D1 and D2 (polyethylene waxes) weren't significantly 
demonstrated in the preparation of masterbatches, while dispersant D3 (N, N-bis-stearyl ethylenediamine) 
affected the melt flow index of the resulting masterbatches. The modified PP fibres with the protective 
photoluminescent pigment were prepared from masterbatches and PP by the discontinuous process 
of the spinning and drawing associated with the false-twist texturing of the fibres. The influence 
of dispersants on the resulting properties of the fibres didn't manifest itself significantly. 

Keywords: modified PP fibres, masterbatches, properties, photoluminescent pigment, dispersants. 

 

 

1 INTRODUCTION 

The development of special, modified, mono- and 
multi-functional active fibres and textiles 
characterized by their high functionality, flexibility, 
diversity and environmentally acceptable production 
is still a topical issue [1-3]. One of the ways 
to achieve sophisticated properties of fibres 
and consequently also of textiles is the use 
of photoluminescent pigments. Photoluminescent 
pigments belong to the materials where 
the excitation is caused by light and can be: 
fluorescent - with a short light response 
or phosphorescent - with a long light response 4-6.  

Polypropylene (PP) fibres having a nonpolar 
paraffinic character are generally undyeable 
by the classical bath-dyeing method and therefore 
the substantial part of the PP fibre production 
is colored with pigments (mass dyed fibres) thereby 
obtaining a permanent functional modifications 
of fibres 7, 8. The incorporation of an additive into 
the fibre mass is almost always preceded 
by the preparation of a functional masterbatch 
containing - carrier, additive (pigment) and 
an appropriate dispersing system 9, 10. Dispersing 
system ensures a higher dispergation of the pigment 
in the fibre mass. A masterbatch is added to main 
PP stream in a pre-defined volume during 
the spinning process. The mixture is then melted, 
homogenized and spun into the form of modified 
fibres.  

This article provides results of the three types 
dispersants influence on the preparation 
and properties of photoluminescent pigment 
masterbatches as well as their influence 
on the result properties of modified PP fibres. 
The modified PP fibres with protective 
photoluminescent pigment were prepared 
by the discontinuous process of spinning 
and drawing associated with the false-twist texturing 
of the fibres. 

2 EXPERIMENTAL AND METHODS 

2.1 Materials 

Isotactic polypropylene (PP) produced by Slovnaft 
Company with MFI = 27.6 g/10 min (230°C/2.16kg), 
protective organic photoluminescent pigment (FP) 
of Radiant Color Company were used, and three 
types of dispersants: D1 - is a polyethylene wax 
having medium molecular weight, D2 - is a non-polar 
high density polyethylene with low molecular weight 
and the last D3 - is an amide wax of type N,N-bis-
stearyl ethylenediamine, all produced by Clariant 
Corporation.  

2.2 Preparation of PP masterbatches 

The preparation of PP masterbatches 
of photoluminescent pigment was carried out 
on a Werner-Pfleiderer ZDSK-28 twin-screw 
extruder with a screw diameter = 28 mm, with 
a vacuum zone and accessories for premix 
preparation process.  
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The premixes consisted of a PP carrier, 
photoluminescent pigment (FP) and a dispersants 
D1, D2 and D3 (Table 1). The ingredients of PP 
premixes were compounded, melted and 
the resulting extrudates were cooled in water 
and pelletized.  

Table 1 Composition of PP masterbatches 

Sample 
Concentration of additives [wt.%] 

PP FP 
dispersants 

D1 D2 D3 

PP/1%FP 99.0 1.0 - - - 
PP/1%FP/D1 98.7 1.0 0.3 - - 
PP/1%FP/D2 98.7 1.0 - 0.3 - 
PP/1%FP/D3 98.7 1.0 - - 0.3 

PP/3%FP 97.0 3.0 - - - 
PP/3%FP/D1 96.5 3.0 0.5 - - 
PP/3%FP/D2 96.5 3.0 - 0.5 - 
PP/3%FP/D3 96.5 3.0 - - 0.5 

 

2.3 Fibres preparation 

The modified PP fibres were prepared from 
mechanical blends of PP granulated polymer and 
PP masterbatches using the discontinued process 
of spinning and drawing associated with the false-
twist texturing of the fibres. The undrawn PP fibres 
on the laboratory spinning line with an extruder 
diameter of D = 32.0 mm and with constant 
processing conditions - the spinning temperature 
of 220°C, spinneret 2x25 holes with diameter 
0.3 mm and final process speed of 1500 m.min

-1
 

were prepared. Subsequently, drawing associated 
with false-twist texturing of fibres was performed 
on the Barmag AFK-U-HTI line under process 
conditions - drawing ratio DR = 1.69, texturing 
temperature of 225°C, mechanical speed 
of 350 m.min

-1 
and D/Y ratio of 1.77. 

2.4 Methods used 

MFR of masterbatches was evaluated using 
a Dynisco Kayness capillary rheo-viscometer 
according to EN ISO 1133-1 Plastics: Determination 
of melt flow mass index (MFR) and melt flow volume 
index (MVR) of thermoplastics. Part 1: Standard 
method.  

Filterability (filter pressure value) was evaluated 
using a filtration single-screw extruder with a screw 
diameter of 25 mm and pore density of the filtration 
sieve of 16000 pores per cm

2
.
 

The filterability 
of the dispersion (F) is expressed as ratio 
of an increment of the pressure (Dp) on the filter 
to a weight unit of the filtrate (m) at the definite 
filtration conditions.  

Fibre´s birefringence: The orientation 
of the segments of macromolecular chains in fibre 
expresses the level of anisotropy of oriented 
polymer system (fibre). The total orientation 

of prepared modified PP fibres was evaluated using 
polarization microscope DNP 714BI. The refractive 
indexes of light in the fibre axis (n) and 
in the perpendicular direction of fibre (n) were 
determined. From the difference of refractive 
indexes of light, the fibre birefringence was 
calculated. 

Crystallinity b represents the crystalline portion 
of fibres. In this work DSC-Q20 apparatus TA 
Instruments was used. The non-isothermal process 
of analysis was performed. All samples of PP fibres 
were heated at temperatures from 60 to 260°C 
at a rate of 10°C.min

-1
 under a nitrogen flow. 

From melting endotherm of 1
st
 heating of PP fibres 

the melting enthalpy (DHm) was determined. 
This value was used for the calculation 
of crystallinity in PP fibres using equation 1: 

%100
,H

H

0m

m


D

D
b

 
(1) 

where DHm,0 = 198.11 kJ.kg
-1

 is the melting enthalpy of PP 
with the 100% crystallinity. 

Mechanical properties of fibres were measured 
in accordance with the EN ISO 2062 and fineness 
was measured in accordance with the EN ISO 2060. 
The equipment of Instron 3345 tensile tester 
for the measurement of mechanical properties 
(Young´s modulus, tenacity and elongation 
at the break) was used. 

3 RESULTS AND DISCUSSION 

3.1 Preparation of masterbatches and 
determination of their properties 

The performed experimental work proved 
the possibility of preparation of PP masterbatches 
containing 1 wt.% and 3 wt.% of protective 
photoluminescent pigment using dispersants D1 - 
D3. The process of preparing masterbatches 
(Table 1) was technologically stable without 
interrupting the strings entering the pelletizer. 
The uniformity of the granules was satisfactory for all 
PP masterbatches of the pigment, without undercuts 
and without an increased proportion of dust 
particles. It follows that the selected type 
of polypropylene is a suitable polymeric carrier 
for the preparation of PP masterbatches. To prevent 
agglomeration of the pigment particles in the matrix 
under the preparation of PP masterbatches 
the dispersants D1 - D3 were used.  

In terms of technological stability of the preparation 
of PP pigment masterbatches, the following twin 
screw extruder parameters were monitored - melt 
temperature, screw speed, drive load of the twin 
screw extruder, output rate and string pelletizing 
speed (Table 2). 
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Table 2 Parameters of PP masterbatches preparation 

Sample 
Melt temperature 

[°C] 
Screw speed 

[rpm] 
Drive load 

[%] 
Output rate 

[kg/h] 
Pelletizing speed 

m.min-1 

PP/1%FP 249 270 62 4.2 12 
PP/1%FP/D1 249 270 61 4.1 12 
PP/1%FP/D2 249 270 63 4.3 12 
PP/1%FP/D3 298 270 73 4.3 12 

PP/3%FP 274 270 63 4.1 12 
PP/3%FP/D1 273 270 58 4.2 12 
PP/3%FP/D2 273 270 72 4.4 12 
PP/3%FP/D3 268 270 66 4.2 12 

 

 

It was found that due to the dispersant D3 being 
at its lower content of 0.3 wt.% in the PP/1%FP/D3 
masterbach, the melt temperature and the drive load 
of extruder increased compared to parameters 
of remaining masterbatches with a 1% FP content. 
This is probably due to the formation 
of agglomerates in the melt. On the other hand, at its 
higher content of 0.5 wt.% (PP/3%FP/D3 
masterbatch) there is a decrease in the melt 
temperature compared to the melt temperature 
of remaining 3% FP masterbatches. In this case, 
the drive load is comparable to other masterbatches. 
This is partly related to the higher MFR 
of the masterbatch PP/3%FP/D3 as well as 
to the lower filter pressure value of mentioned 
masterbatch (Table 3). The effect of dispersants D1 
and D2 did not manifest itself significantly 
in the preparation of concentrates.   

By evaluating the processing properties of PP 
masterbatches (Table 3), it was found that 
the addition of dispersant D3 (masterbatches 
PP/1%FP/D3 and PP/3%FP/D3) causes an increase 
in melt flow index and a reciprocal decrease in melt 
viscosity of PP masterbatches compared 
to masterbatches PP/1%FP and PP/3%FP without 
dispersant content. If necessary, there is therefore 
a realistic assumption of the possibility of regulating 
the melt flow index; resp. melt viscosity of PP 
concentrates by dispersant type in masterbatch. 
Dispersants D1 and D2 do not have a significant 
effect on the processing properties 
of masterbatches. Low coefficients of variation 
1.68%-2.32% demonstrate the high flow uniformity 

of PP masterbatches of the protective 
photoluminescent pigment. 

For PP masterbatches containing 3 wt.% 
of photoluminescent pigment, the filter pressure 
value is significantly lower compared to the FPV 
of 1% PP masterbatches (Table 3). This is probably 
due to the higher content of low molecular weight 
substances (pigment, dispersant) in the polymer 
matrix of 3% masterbatches, which leads to its 
dilution, as well as due to the different ratio 
of photoluminescent pigment (FP): dispersant (D). 
In the case of 1% masterbatches the FP:D content 
ratio is 3.3:1.0, while in the case of 3% 
masterbatches the FP:D ratio is 6.0:1.0, which 
means that in 1% masterbatches on the same 
amount of dispersant accounts for a smaller number 
of pigment particles. This can result in an excess 
of dispersant, which can lead to agglomeration 
of the pigment particles in the PP melt and thus 
to an increase in the filter pressure value 
of the masterbatches. From the above, it is clear that 
3% masterbatches are more suitable for fibre 
preparation because they have a low filter pressure 
value, which demonstrates a high degree of pigment 
dispersion in the PP matrix. 

PP masterbatches with 1% content 
of photoluminescent pigment will be used to prepare 
fibres containing 0.01 wt.% FP and PP 
masterbatches with 3% content of FP will be used 
to prepare fibres containing 0.1 wt.% FP pigment 
in the PP matrix. The purpose was to minimize 
the amount of once remelted polymer 
in the preparation of the fibres. 

 

Table 3 Processing properties: melt flow index (MFR), viscosity (V), filter pressure value (FPV) and associated variation 
coefficients (CVX) of prepared PP masterbatches 

Sample 
MFRa) 

[g/10 min] 
CVMFR 

[%] 
Viscosity 

[Pa.s] 
CVV 
[%] 

FPV 
[MPa/kg] 

PP/1%FP 26.05 1.68 299.5 1.7 < 398 
PP/1%FP/D1 27.10 2.31 286.6 2.3 < 401 
PP/1%FP/D2 26.88 1.85 288.7 1.8 < 415 
PP/1%FP/D3 28.25 2.27 274.7 2.3 < 433 

PP/3%FP 27.81 1.91 280.3 1.9 < 128 
PP/3%FP/D1 27.60 2.02 281.2 2.0 174 
PP/3%FP/D2 26.16 1.81 276.5 1.8 < 140 
PP/3%FP/D3 29.79 2.32 255.7 2.3 112 

a) 230°C/2.16 kg ( = 19500 Pa) 
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3.2 Preparation of modified PP fibres and 
determination of their properties 

Spinning process of the prepared PP blends was 
stable in all cases and the prepared fibres 
corresponded to the quality required for 
discontinuous shaping and drawing of the fibres. 
Fibres containing 0.01 wt.% and 0.1 wt.% 
of the protective photoluminescent pigment were 
prepared from mechanical blends of 1% and 3% PP 
masterbatches and polypropylene. The resulting 
structural parameters and mechanical properties 
of the false-twist textured PP fibres are shown 
in Figures 1-3. 

The birefringence of the modified PP fibres 
is in the range of 0.0286 - 0.0312 and remains 
practically unchanged due to the dispersants 
(Figure 1a). Crystallinity of the fibre with a dispersant 
D3 content was increased by 14% compared 
to the fibre without the dispersant at a photo-
luminescent pigment content of 0.01 wt.%, indicating 
that it could partially act as a nucleating agent. 

At higher FP contents of 0.10 wt.%, the crystallinity 
of concentrates containing dispersants D2 and D3 
is 10% higher compared to the fibre without 
dispersant content, which may be partly due to 
the effect of dispersants and partly to measurement 
error (Figure 1b). 

Fineness of the false-twist textured PP fibres with 
the content of photoluminescent pigment is 
in the range of 165 - 172 dtex, which means 
that the dispersants do not affect the fineness and 
the resulting deviations are caused by a failure 
of the bursting device (Figure 2a). 

Young's modulus of elasticity was decreased 
by dispersants (max. 20%) in the fibres containing 

0.01 wt.% of photoluminescent pigment (Figure 2b). 
In this case, the diluting effect of the dispersants 
was manifested too. Fibres with a higher pigment 

content of 0.10 wt.% did not show this effect; 
probably all of the dispersant was used to coat 
the pigment particles. 

 

 

  
a) b) 

Figure 1 Comparison of structure parameters: a) birefringence and b) crystallinity of false-twist textured PP fibres 
containing photoluminescent pigment (FP) and dispersants D1, D2 and D3 as well as fibres without dispersants 

 

  
a) b) 

Figure 2 Comparison of a) fineness and b) Young's modulus of false-twist textured PP fibres containing 
photoluminescent pigment (FP) and dispersants D1, D2 and D3 as well as fibres without dispersants 
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a) b) 

Figure 3 Comparison of mechanical properties: a) tenacity and b) elongation of false-twist textured PP fibres containing 
photoluminescent pigment (FP) and dispersants D1, D2 and D3 as well as fibres without dispersants 

 
Tenacity of the most modified fibres containing 
dispersants does not change significantly; 
the difference compared to fibres without 
dispersants does not exceed 10%. The lowest 
mechanical properties were measured for 
the PP/0.01%FP/D2 fibre (Figure 2b and Figure 3). 
The decrease in mechanical properties 
of the PP/0.01%FP/D2 fibre is probably related to 
the low molecular weight character of the dispersant.  

Small differences in the structural parameters and 
mechanical properties of the fibres are related to 
the low content of masterbatch in the spinning 
mixture and the associated low content of pigment 
and dispersants in the fibres. 

4 CONCLUSION 

In the first part, the influence of dispersants D1, D2 
and D3 on the preparation of masterbatches 
of protective photoluminescent pigment (FP) was 
studied. Masterbatches with 1.0 wt.% FP and 
0.3 wt.% dispersant and 3 wt.% FP and 0.5 wt.% 
dispersant as well as masterbatches without 
dispersants with 1.0 wt.% and 3.0 wt.% FP were 
prepared. Low coefficients of variation 1.68 - 2.32% 
of melt flow index and viscosity demonstrate high 
flow uniformity of PP masterbatches. The effect 
of dispersants D1 and D2 itself did not prove 
significantly in the preparation of masterbatches, 
while the dispersant D3 (N, N-bis-stearyl 
ethylenediamine) influenced the melt temperature 
during the preparation of the masterbatches as well 
as the melt flow index of the resulting 
masterbatches. The filter pressure value is 
significantly lower for PP masterbatches containing 
3 wt.% of photoluminescent pigment, compared 
to the filterability of 1% PP masterbatches. This is 
probably due to the higher content of low molecular 
weight substances (pigment, dispersant) 
in the polymer matrix as well as due to the different 
pigment-dispersant ratio. 

In the second part, the influence of dispersants 
on the preparation of false-twist textured fibres 
as well as their influence on the structural 
parameters and mechanical properties of the fibres 
was studied. The spinning process of the prepared 
PP blends was stable in all cases. Dispersants have 
been found not to have a significant effect 
on the structural parameters and mechanical 
properties of fibres, what it is probably related to 
the final low content of pigment and dispersants 
in the resulting fibres. 
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Abstract: The purpose of the study is determining the main characteristics of Dragon in a prototype 
and a shielded image for the formation of an inspirational perspective basis used in designing a suit. 
Analysis was performed on the following parameters: nature, outward, the division and graphics lines, colour 
gamma. A classification of application spheres of snakeskin imitation in a suit and basic technologies 
for imitation of snakeskin in a suit was created. A three models of a men’s and women’s suits were created, 
which provide a visual representation of the proposed solutions. The recommendations for designing 
a modern costume with a dragon inspiration have been developed. The series of a men’s and women’s 
costume have been developed. The research results will allow to develop a visual image’s, that can be used 
in the design of clothing and the development of a game personages, movie personages, thematic costumes, etc. 
An image of the Dragon in a movies and cartoons was analysed, and their main characteristics have been 
identified. As a result, the new costumes that reflect a modern vision of such transformation where created. 

Key words: textile materials, image, dragon, costume design, inspiration. 

 

 

1 INTRODUCTION 

Today, the use of modern design ensures 
development of anything, equipment or object. 
Modern technologies and methods of objects 
modelling of applied value allow creating them 
on a technologically new level; especially 
considering the possibility of 3D printing and 
modelling. However, there is a problem of matching 
clothing design with materials and design methods. 
Very often when designing clothes, designers do not 
take into account the material of clothes with its 
general concept. This leads to deterioration 
of the visual component of the finished product and 
its imbalance with the surrounding space. For this 
reason, it is necessary to take into account 
the specific parameters of future product 
at the stage of product design, one of which is 
complex image design. That is applied design. 
It provides not only correct selection of the image, 
but also material coordination with manufacturing 
technology and finished product. This principle 
is used for most industries. Actual is appeal 
to the cultural roots and territorial features 
in the design of interiors, as well as in the process 
of creating costumes. Applied design in this context 
is a complex and lengthy process that requires 
a detailed study of the necessary image in original. 

In general, modern designers in search of inspiration 
often turn to folk traditions, epics, tales or myths. 
However, in designing costumes for tourism this fact 
is alone. Although this approach allows to provide 
a measure of authenticity and originality, stand out 
among the rest, to offer visitors an additional 
attraction element. 

The result of designer’s works who seek for 
inspiration to folk art is the transformation of folk 
costume. It should be noted, that when choosing 
an inspirational image, first of all, be guided by the 
concept of establishment. It is also advisable to take 
into account modern fashion trends of the world. 
So, one of trends that periodically appear 
in the collections of fashion designer is a Dragon 
motive. As a rule, this image is used by Asian 
countries, but European countries also use this 
image. An actual is combining national-mythological 
conceptual roots and modern fashion trends. 
Therefore, development of a modern costume using 
elements of applied design is actual task that solved 
in this work. 

The inspirational power of art effects on creativity 
of artists to create beautiful works [1]. In this case, 
the images displayed in the cinema provide 
appearance of new ideas and impressions from 
the viewer. 

mailto:starcon84@gmail.com
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Today received distribution a new forms of cinema 
representation of images, aimed at expanding 
understanding of the effects, operating at present 
time [2]. The description of new figures of subject 
knowledge emphasizes the viewer’s ability 
to represent themselves and others as art subjects. 
Clothes in the era of its technological reproducibility 
are based on modern technologies which interfere 
with the everyday life of man [3]. The screen area 
separates the distance between the viewer and 
the objects, which perceived. 

Considering the two-tier analysis [4] can represent, 
as a cinematic form serves as an indirect expression 
of faith. In this case to understand the significance 
of the described experiences and psychology it is 
need to be complemented by research at the level 
which can be called spiritual. With the passage 
of the time technical cinematic devices transformed 
the perception of the visual world [5]. The concept 
of alienation in poetic language became 
a manifestation of aesthetic experience. An effective 
associative project of cinematographic realization 
[6], symbolizes the economic, symbolic and 
historical imbalances that are characteristic 
of certain countries. In this case, there are some 
specific stresses that cover the relationship between 
cinema and literature as a tandem of imaginative 
thinking. The film has strongly changed 
the perception of creative images [7]. The discovery 
of the art of mechanical recording through 
the reproduction of motion and images provokes 
a peculiar “miracle” where the viewer gets new 
impressions from viewing. 

It is known that folk personages such as Grandfather 
Frost, Snow Maiden, Baba Yaha, Dragon and 
Koshchiy Bezsmertnyi do not have prototypes 
that resemble them [8]. This judgment according to 
the authors is questionable and requires a more 
detailed examination of the study subject. 
The origins of the image of Dragon appropriate 
to trace the mythology of the Eastern Slavs. 
Therefore, there is a need to consider all 
the mentioned Dragons in this area. It was 
investigated in work [9] that the synthesized typing 
of the image of the fairy-tale Dragon was studied 
using the results of the predecessors: dragon-
kidnapper, dragon-assassin, dragon-guard 
of the boundaries, dragon-squirrel and dragon-
tempter. Sometimes Dragon belongs to the category 
of thieves / pseudo thieves in the aspect 
of the development of image toys of cartoons 
characters [10]. It is known [11], that in the domestic 
animated cartoons, Dragon belongs to the category 
of characters, who are endowed with great magic 
and negative qualities, but they do not interfere 
in the story of the tale and do not interfere with 
the protagonist. Recently, this fact has undergone 
transformation and requires more detailed research. 
Studies have shown that the majority 
of respondent’s attribute Dragon to negative (evil) 

tale characters. In addition, the main direct 
associations with him were determined: three-
headed, breath-taking, green, big [12]. From 
the tale’s texts it is determined that the Dragon has 
the ability to turn around to a good guy or household 
items such as the broom, etc. [13]. 
It was investigated that in the representation 
of respondents about Dragon there is shift 
of emphasis in the direction of external 
characteristics. 

It is noted in [14] that in Slavic tales there is 
no specific description of Dragon. From the contents 
of some tales it follows that the Dragon is multi-
headed (preferably having three, six, nine or twelve 
heads, less than five or seven heads). Sometimes 
it is mentioned that he breathes fire. An assumption 
was made in the article [14] that he is some way 
connected with the mountains or “one, who lives 
on top”, “forest”, because “mountain” according to 
the old Slavic means “top” or “forest”. It is noted that 
the Dragon is associated with fire or lightning [15-
17]. His appearance is a mechanical combination 
of two animals: a bird (image of a distant kingdom) 
and a dragon (the image of the underground 
kingdom). Therefore, Dragon is associated with 
the abduction of souls and is a negative character 
in traditional Slavic tales. 

Considered works exploring the Dragon 
in mythology and old Slavic tales do not determine 
the transformational changes of his image 
in contemporary culture and art. Therefore, they 
do not take into account the perception 
of the modern audience stereotype, compiled 
in cartoons and movies. The study of this question is 
very relevant in the formation of stereotypical 
inspiratory characteristics for further use in design 
of the costume. 

The purpose of the study is determining the main 
characteristics of Dragon in a prototype and 
a shielded image for the formation of an inspirational 
perspective basis used in designing a costume. 
The image, that combines both of these elements 
(national-mythological conceptual roots and fashion 
trends) can be Slavic dragons. For today 
is absolutely new for creation of clothes in post-
Slavic and world countries. So it is particular for 
designing a costume. Therefore, studying the image 
of Dragon in this context is actual task. 
Conceptualization of the recreation sphere with each 
passing day is grows and becomes one of the trend 
directions. Costume as an element of the decision 
of interiors and the integral visual image 
of the institution becomes the simplest means of its 
adaptation to the new realities of the development 
of the industry of recreation and tourism. Today it is 
advisable to speak not just about the costume 
service staff which in the classical version must 
correspond to a certain dress code. But about 
the artistic images of the characters who interact 
with the rest and immerse it in a new alternative 
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atmosphere. In this key, at the first stage of research 
it was decided to analyse the characteristics 
of the images of dragons regarding their original 
source in the Slavic culture. Dragon image belong to 
the class of chimeric creatures, which are 
distinguished in Slavic mythology among other 
deities and spirits. There are seven such creatures: 
Aspid, Yusha, Vasilisk, Dragon, Smiulan, Tsmok, 
Fire dragon (Table 1). The study of external 
characteristics of chimeric dragon species has 
identified the following identical features: presence 
of many heads: Dragon, Tsmok; absence of wings: 
Smiulan, Fire dragon; eruption of a fire (hot heat) 
or fire image: Aspid, Vasilisk, Dragon, Fire dragon. 
Analyzing of their characters (Aspid, Vasilisk, 

Dragon, Fire dragon) can be attributed to a negative 
images. Thus, the Dragon can be considered 
as a complex image of the chimeric beings of Slavic 
mythology. This confirms its relevance as one 
of the inspirational prototypes in costume design 
in recreational and tourist sector. Today, the Dragon 
popularity in modern Slavic culture and television art 
is growing. This image inspiration can be translated 
into other areas of the economy, for example, 
the costume of workers as a popular character 
conceptual vector. Therefore, there is a need 
to study the artistic image of Dragon with 
an emphasis on its visual component for the further 
development of recommendations for designing 
costumes of workers. 

 

Table 1 Analysis of chimeric creatures (dragon images) of Slavic mythology 

№ Character Region Abilities Image in mythology Look Image 

1 Aspid 
East, 
west, 
south 

Able to throw a fire 
Evil demon, 

devastates the earth 
Winged dragon 
with bird's beak 

 

2 Yusha 
East, 
west, 
south 

When he yawns 
or turns over, 

the earth shakes 

World dragons, 
holding ground 

Huge dragon 

 

3 Vasilisk 
East, 
west, 
south 

Able to kill with a sight or breath 
- from his breath the grass dries, 

rocks break down 

Demonic character, 
unclean spirit 

in a bird-dragon 
manner, 

serpent king 

May have a head 
of a cock, 

a torso frog, 
a dragon's tail 

 

4 Dragon 
East, 
west, 
south 

Breathes fire, 
can turn into a person 

Representative 
of the evil beginnings, 
kidnaps young girls 

Dragon with 3, 6, 9 
or 12 heads 

(sometimes 5 or 7 
heads) 

 

5 Smiulan East 

Becomes a marital union 
with a human woman, 

brings in the house 
of wealth from those 
hidden in the earth 

The patron saint 
of dark clouds inhabits 

the hollow 
of an ancient oak 

Dragon-like demonic 
creature 

 

6 Tsmok East 
Brings to his master 

money, welfare, 
makes the fields fertile 

The spirit that protects 
the house and 
the economy 

of people 

A huge dragon, 
with 3, 6  

or 12 heads, 
wings and claws 

 

7 
Fire 

dragon 

East, 
west, 
south 

Transforms into humans and animals, 
flies to the fireplace and visits women, 

who mourn by men 

Incarnation of fire 
and cunning 

Demon in the form 
of a fireball 

– 
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2 EXPERIMENTAL 

To study the screened image of Dragon fourteen 
cartoons and films were chosen. The collected 
graphic material of the filmed image of Dragon was 
arranged in chronological order (Table 2). 

As a result of the analysis the basic features 
of the visual component of Dragon were established: 
he always has three heads, in most cases large, and 
in individual ones – low, sometimes Dragon meets 

with a beak, often has wings and four paws, in rare 
cases it meets with hair; colour scheme consists 
of bright colours: red, green, orange, yellow, violet; 
division and graphic lines are horizontal 
(on the neck, abdomen, tails) and diagonal 
(on the wings). With regard to behaviour, in almost 
all screenplays, he has the role of an evil antagonist, 
in addition to films of recent years (from 2006 
to today), where there is a shift in emphasis from 
antagonistic to a positive character. 

 

Table 2 Analysis of the filmed image of Dragon 

№ Source Nature Outward 
The division and 

graphics lines 
Colour 
gamma 

Image 

1 
Film 

“Vasilisa is beautiful” 
1939 

Angry, 
fighter 

Great, three heads, 
a beak, an eagle, 

a dragon body 

Vertical lines on the neck 
on the abdomen, horizontal 

on the neck, 
abdomen and back 

– 

 

2 

Film 
“About an evil 
stepmother” 

1966 

Not disclosed 

Three heads, 
a long neck, 

a mane around the 
neck, 

four paws 

– 
Green, 
grey 

 

3 
Cartoon movie 

“The fairy tale affects” 
1970 

Angry, 
antagonist 

Three heads, beak, 
hair, wings, 
four paws 

Diagonal 
on the wings 

Dark 
green, 
purple, 
black 

 

4 
Cartoon movie 

“Baba Yaha against!” 
1980 

Angry, 
harmful 

Little, three heads, 
wings, dragon tail, 

four paws 

Diagonal 
on the wings, 

vertical on the back 

Yellow, 
orange 

 

5 

Cartoon movie 
“Ivashka from 
the Palace of 

Pioneers” 
1981 

Angry, 
antagonist 

Three heads, 
small wings, 
dragon tail, 
two paws 

Horizontal 
on the head 

Grey, 
blue 

 

6 

Cartoon movie 
“Fantasers from 

the village of Ugry” 
1994 

Angry, 
antagonist 

Big, three heads, 
small wings, 
dragon tail, 
four paws 

Horizontal 
on the neck, 

tails, 
diagonal  

on the back 

Yellow, 
orange 

 

7 

Cartoon movie 
“Babka Yezhka 

and others” 
2006 

Angry, 
greedy 

Big, thick, 
three heads, 

beak, dragon tail 

Horizontal  
on the stomach 

Salad, 
pink, 

blue-green 
and violet 
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8 

Cartoon movie 
“Dobrynia Nikitich 

and Dragon” 
2006 

Good 

Big, thick, three 
heads, 

long neck, small 
wings, 

four paws, claws 

Diagonal 
on the wings 

Red 

 

9 

Cartoon movie 
“Ivan Tsarevich and 

the Grey Wolf” 
2011 

First angry, 
then good 

Big, three heads, 
long neck, 

middle wings, 
dragon tail, 

four paws, claws 

Horizontal  
on the tail, 
diagonal  

on the wings 

Light 
green 

and green 

 

10 

Cartoon movie 
“Three heroes 

on the far shores”  
2012 

Good 

Big, thick, three 
heads, 

long neck, small 
wings, 

four paws, claws 

Diagonal 
on the wings 

Red 

 

11 

Cartoon movie 
“Three heroes 
and sea king” 

2016 

Good 

Big, thick, three 
heads, 

long neck, small 
wings, 

four paws, claws 

Diagonal 
on the wings 

Red 

 

12 
Cartoon movie 
“The Heroine” 

2016 

First angry, then 
good 

Big, three heads, 
a long neck, large 

wings, 
a dragon long tail, 
four paws, claws 

Diagonal 
on the wings, 
vertical lines 
on the back 

Light 
green 

and green 

 

13 

Cartoon movie 
“Three heroes and 
princess of Egypt” 

2017 

Good 

Big, thick, three 
heads, 

long neck, small 
wings, 

four paws, claws 

Diagonal 
on the wings 

Red 

 

14 
Film 

“The last knight” 
2017 

Good 

Small, three heads, 
beak, fangs, 
dragon body, 

long tail, 
large wings 

Diagonal 
on the wings 

Brown, 
dark green 

 
 

 

Snakeskin was in fashion at all times. Now this is 
one of the most popular trends that finds its 
application in various spheres of design (design 
of fashion and shoes, manicure and makeup, 
interior, cars, etc.). Despite this popularity, few 
people know how to get snake skins and how many 
snakes are used every year in order for fashionistas 
from all over the world to buy a new handbag or 
shoes. 

Snakeskin production has its own technology, which 
consist of different parts. Usually it is a handmade 
work (Figure 1). 

The best snake skins are obtained in Indonesia, 
where the special snake slaughterhouses and 
factories are. Every day hundreds meters 
of snakeskin are sold from such a factory. Snakes 
are kept alive in slaughterhouses and used in such 
a way not to damage the skin (a stick is inserted 
in the snake’s mouth). 

Next technology can have two vectors: getting 
an unfolded snakeskin; getting an unbroken 
snakeskin. To get the unfolded skin, a snake’s body 

is cut with scissors. Then it is washed and separated 
from the skin. The meat of snake is sold to local 
restaurants. Skins are twisted and sent to the oven 
for heat treatment. In this way it is dried. There is 
a variant of getting an unbroken snakeskin without 
cutting when it is stripped. In this case, it is not 
twisted and dried in the sun, putting on a stick. 

After drying, the snake skins in both versions are 
transferred to factories for the production of products 
of snake skin. There they are painted, dried and 
then clothes, bags and shoes are sewed from them. 
From unfolded snake skins you can get any product 
in a constructive way. The unbroken snake skins are 
used to manufacture the belts, straps and for 
accessories and shoes. 

Regarding the economic aspect, snakeskin goods 
are quite cheap at the factories (for example, bags 
cost from 15 to 31 dollars), and in fashion stores, 
they are tens or hundreds of times more expensive. 
Such rapid use of snakes is harmful 
to the environment. An alternative to snakeskin 
is its imitation, obtained artificially (Figure 2). 

http://www.bucwar.ru/film-try-bogatyrya-na-dalnih-beregah-2012-recenziya/
http://www.bucwar.ru/film-try-bogatyrya-na-dalnih-beregah-2012-recenziya/
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Figure 1 Producing technology of natural snakeskin 

 

Modern technologies make it possible to copy snake 
ornament and texture in the smallest details. 
In addition, this can be done not only on fabric, but 
on absolutely any surfaces. Nowadays, imitation 
of snakeskin is used in the interior (furniture, various 
surfaces, accessories: photo frames, boxes, pillows, 
etc.), costumes (clothing, shoes, accessories, 
manicure and makeup, cars, etc.). Due to the large 

number of applications, there are many ways 
to simulate snakeskin. Polymer decorative plaster is 
used to simulate snakeskin on various surfaces 
in the interior, wood carvings, decoupage, painting 
and imitation with the help of various texture 
matrices are used to decorate various small interior 
items and decorations. 
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Figure 2 Spheres of application of snakeskin imitation in a suit 

 

 

Vinyl film, aqua print (immersion printing is 
a technology for transferring a printed image 
to volumetric objects with complex surface relief) 
or the technology of 3D decoration of goods with 
the water-soluble film are used for car decoration. 
To create an imitation of snakeskin on shoes, 
designers use perforation, embossing, printing, 
embroidery, decoration with stones and rhinestones, 
applications. Today, snake motifs are also popular in 
the art of make-up and nail art. To create a "snake" 
manicure, manicurists use craquelure varnish, 
stencils made of fabric or paper, and slough. 
Temporary lip tattoos, painting with cosmetics are 
used for "snake" makeup. 

The more spheres of snakeskin application, 
the more ways to imitate it. Imitation technologies 
of snakeskin in a suit can be divided into several 
types. 

Print on fabric is the most popular for imitation 
in clothing, as at minimal cost we can produce large 
volumes of fabric and create the most incredible 
prints. There are several types of printing on fabric: 
transfer, silk screen printing or silk stencil, 
sublimation printing. Sublimation printing is the most 
popular in mass production, because it does not 
change the properties of the fabric and is the most 
resistant. Modern fabric printers allow making a 3D 
print and creating the illusion of texture. Batik 
painting is used not so often and mainly for small 
productions or individual orders. We can create 
a real texture using various embroideries and 
sequins, beads, rhinestones, and decorated ribbons. 
The perforation of the fabric is no less popular 
(slitted ajour burning out). 

To create an imitation of snakeskin in jewellery, 
besides mentioned printing, perforation and painting, 
jewellers use polymer clay, decoupage, a weaving 

of beads, threads, ribbons, and painting. It is also 
possible to use natural stones. For example, opals, 
which sometimes have a natural snakeskin effect. 
Tailors use printing, applique, perforation, 
embossing to imitate a snakeskin on the bags. 

Every year technologies are improved and the cost 
of production is significantly reduced without losing 
the quality or appearance of the product. Therefore, 
the use of snakeskin imitation can not only reduce 
the harm to the ecosystem, but also make goods 
available to a wide range of consumers. 

3 RESULTS AND DISCUSSION 

As a result of the analysis of seven dragon images 
it is determined that Dragon can be considered as 
a complex image of the chimeric creatures of Slavic 
mythology. Since he is multi-headed (like Tsmok), 
has wings (like Aspid, Yusha, Vasilisk, Dragon, 
Tsmok), extinguishes the fire (like Aspid, Vasilisk, 
Dragon, Fire dragon) and refers to negative 
characters (like Aspid, Vasilisk, Fire dragon). 

It is established that the stereotypical filmed image 
of Dragon differs from dragon images of the Slavic 
mythology by constant presence of three heads and 
tendency to change character in positive direction, 
which apriority contradicts the nature of this image. 

An inspirational basis for designing costumes 
in the form of Dragon was developed, which 
includes recommendations on coloristic, geometry, 
plastics, mass and form factor, decorative elements 
and ornamental textures accents. 

Taking into account the results of the study dragon 
images of Slavic mythology and the filmed image 
of Dragon, it is possible to recommend the following 
basic inspirational principles for designing a costume 
that reflect the image of Dragon (Table 3, Figure 3).  
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Table 3 The inspirational basis for designing the costume of Dragon 

Coloristic Geometry and form plastic 
Decorative elements 

and facture 

Yellow, red, orange, green, 
light green, brown, grey, blue, 

purple, blue-green 

The silhouette of the costume is curvilinear with smooth and rounded lines. 
Main mass shifted to the center of gravity with the output thin details 

3, 6, 9, 12, 5 or 7 heads 
claws, eagles, wings, 

beak, tail 

In front of the suit 
in light tones 

The interior of the plastic details of costume is more straightforward 
or broken aggressive 

Ornamental-factures accents: 
fire motives, scales 

The back of the suit 
in dark tones 

Plastic division of costume details: horizontal (head, waist, limbs), 
vertical (on the middle line of the back), diagonal, radial (side parts) 

– 

 

 

M1             M2                  M3              M4                M5              M6                  M7              M8               M9             M10 

M11            M12        M13           M14                M15                     M16                 M17            M18            M19             M20 

Figure 3 Developed series of costumes (М - model): M1-M10 - men’s costumes; M11-M20 - women’s costumes 

 

Therefore, conducted researches of dragon images 
of Slavic mythology and filmed image of Dragon 
allowed to develop basic inspirational principles for 
designing a costume. This allowed to develop 
models of men’s and women’s costumes of different 
series (Figure 3). 

Model M6 from men’s costumes series and models 
M12, M15 from women’s costumes series were 
made in material. Model constructions were used 
in their design, which are shown in the Figure 4.  

As a practical result were executed a three models 
in the material (Figure 5). 

Thus, taking into account the conducted research, 
three models of men's and women's suits were 
created, which provide a visual representation 
of the proposed solutions. Developed models can be 
used as everyday clothing. It’s aimed young 
consumers, who leads an active lifestyle, wants 
to show his individuality and expresses it through 
the visual component of his image. These models 
are synthesizing sports and classic styles of clothing 
and provide originality through the use of ornamental 
compositions. The presence of a pockets and pants 
in most models indicates their utilitarian functionality. 
Such clothes are optimal for citizens with a fast pace 
of life. 
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Figure 4 Drawings of basic details of model constructions of designed suits 
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Figure 5 Developed costumes in material (models M6, 
M12, M15) 

4 CONCLUSIONS 

The article is devoted to determining the main 
characteristics of Dragon in a prototype and 
a shielded image for the formation of an inspirational 
perspective basis used in designing a suit. 
A classification of application spheres of snakeskin 
imitation in a suit and basic technologies for imitation 
of snakeskin in a suit was created. 
A three models of a men’s and women’s suits were 
created, which provide a visual representation 
of the proposed solutions. 
The recommendations for designing a modern 
costume with a Dragon inspiration have been 
developed. The series of a men’s and women’s 
costume have been developed. 
The research results will allow to develop a visual 
image’s, that can be used in the design of clothing 
and the development of a game personages, movie 
personages, thematic costumes etc. 
A new costumes that reflect a modern vision of such 
transformation where created. 
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Abstract: This paper describes the results of multilayer thermal insulation material performance 
investigation with using of discrete heat transfer model. The material presented can be used in special 
clothing for high temperature protection. The thermal insulation efficiency is estimated by the analysis 
of temperature dependencies at the outer and inner surfaces of the presented material. The analysis 
is performed with using the technique on the base of heat transfer equations discretization. The proposed 
technique is realized with numerical differentiation error estimation procedure which allows a significant 
decrease of thermal insulation behavior prediction error 
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1 INTRODUCTION 

Under high temperature conditions the safety 
of human life strongly depends on the performance 
of thermal insulation materials [1, 2]. The modern 
thermal insulation material must meet high 
requirements to heat transfer characteristics 
for efficient practical application [3-5]. The known 
thermal protection problems are described in [1, 6-
10] for different heat transfer conditions. The main 
requirements to thermal insulation materials are 
formulated in [1-4]. In [9, 11-13] the data about heat 
impact on human health is presented in dependence 
with parameters of heat transfer processes. 

The modern thermal protective clothing is designed 
on the base of different types of heat insulation 
materials [1]. The use of different fibers and fabrics 
in heat protection applications is described in [1, 8, 
14, 15]. The thermal insulation properties of ceramic 
materials are described in [1, 9]. Composites and 
some other kinds  of thermal insulation materials 
are considered in [1, 16, 17].  

Most of the modern thermal insulation materials have 
multilayer structure [1, 5, 6]. The separate layers 
of materials with different physical and chemical 
properties allow the optimization of thermal insulation 
characteristics by varying the layers' thickness and 
order. 

Therefore the modeling of heat transfer processes 
is one of the most important problems in thermal 
insulation material design. The minimization of heat 
transfer model approximation errors allows avoiding 
material destruction and people injury during material 
exploitation and laboratory testing [7, 18, 19].  

The known thermal protective materials' models are 
based on continuous [20-23], discrete [20, 24, 25] 
and mixed [26, 27] processing of heat transfer 
characteristics. The advantage of discrete heat 
transfer models is the absence of errors caused 
by fitting of experimental data by analytical functions 
[25, 28, 29]. But, it should be noted that 
the discretization of heat transfer equations can 
cause a significant numerical differentiation errors 
[30-32]. These errors can be minimized with using 
of discrete processing such as filtering, smoothing, 
interpolation and selecting the correct discretization 
steps [25, 33-38].  

This article presents the experimental results 
of thermal insulation material performance 
investigation with using of discrete heat transfer 
model. The discretization error estimation technique 
is presented for different discretization frequencies.  

Margins, column widths, line spacing, and type styles 
are built-in; examples of the type styles are provided 
throughout this document and are identified in italic 
type, within parentheses, following the example. 
Some components, such as multi-leveled equations, 
graphics, and tables are not prescribed, although the 
various table text styles are provided. The formatter 
will need to create these components, incorporating 
the applicable criteria that follow. 

2 MATERIALS AND METHODS 

2.1 The experiment setup  

The purpose of presented work is the design of heat 
insulation material which includes thermal protective 
layers with different properties. The minimization 

mailto:izasornova@gmail.com
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of thermal conductivity can be achieved 
by combination of screening materials and heat 
insulation materials. For obtaining an efficient 
multilayer thermal protective material the thickness 
and order of its layers must be defined with using 
of accurate heat transfer processes' analysis. 
The most useful methods of thermal insulation 
material performance estimation are based 
on the analysis of heat transfer from outer surface 
to inner surface of the material [7, 20, 23]. 
The investigation of dependencies between outer 
and inner surfaces' temperatures allows to meet 
necessary conditions of multilayer thermal insulation 
material design. 

This article presents the results of experimental 
investigation of heat transfer processes which were 
performed with the laboratory equipment shown 
in Figure 1. 

 

 

Figure 1 Experiment setup: 1 - material sample;            
2 - temperature measurement on inner surface;             
3 - temperature measurement on outer surface;             
4 - heater; 5 - bracket; 6 - clamping ring; 7 - clamps;       
8 - fastening screw 

The equipment consists of console 5, clamping ring 6 
and clamps 7 that are used for fixing of thermal 
insulation material sample under the heater 4. 
The sizes of console and clamping ring are chosen 
so that the bag materials do not shrink at the points 
of taking temperature measurement. The material 
sample 1 is heated and the temperatures 
are measured on the outer surface (measurement 1) 
and inner surface (measurement 2). The temperature 
decreases from outer layer to inner layer of thermal 
insulation material. For each layer the temperature 
decrease curve depends on the parameters 
and characteristics of its material. 

2.2 The heat transfer modelling methods 

At the present time the known methods of heat 
transfer modeling could be divided into two main 
groups. The first group includes the methods which 
use approximation of heat transfer characteristics 
by analytical functions [21, 39-42]. The advantage 
of such methods is the expression and analysis 
of heat transfer characteristics in the form 
of analytical functions. If the approximating functions 

are selected correctly, then analytical form of heat 
transfer characteristics allows to perform 
interpolation and extrapolation of heat transfer 
characteristics with fairly low errors [21]. But if 
the experimental data is distorted and does not give 
enough information, then heat transfer characteristics 
can be approximated with analytical functions which 
do not correspond to real heat transfer process 
dynamics. Such approximation can be characterized 
by significant interpolation and extrapolation errors 
caused by the difference between the forms 
of physical processes and approximating functions 
outside of the time range and space region 
of the experimental data [21, 41, 42]. 

The second group includes methods which are built 
on the base of numerical heat transfer modeling [22-
24]. Such models use the information which is given 
by the experimental data without distortions caused 
by analytical approximation [20, 33, 34]. 
The numerical interpolation and extrapolation of heat 
transfer characteristics are based on experimental 
data and the laws of discrete mathematics. 
The accuracy of numerical heat transfer modeling 
is limited by the discretization and round-off errors 
[30, 34, 43]. Thus, if the discretization steps are 
selected correctly, then error of numerical 
approximation can be acceptably low [31, 35, 38, 44]. 
The advantage of numerical heat transfer modeling 
methods is the absence of analytical approximation 
errors. Also, it should be noted that the complexity 
of discrete model is defined mainly by 
the discretization process for different material 
sample shapes and time-domain characteristics. 
With regarding to the described advantages, 
the numerical heat transfer modeling methods were 
selected for the estimation of thermal insulation 
material efficiency. The use of discrete heat transfer 
models gives a relatively simple way to obtain a high 
reliability of thermal protective clothing performance 
estimation. 

3 THEORY AND CALCULATION 

The mathematical model of the process of heat 
transfer from outer surface to inner surface 
of the material is based on the heat transfer 
equations expressed by (1) [20, 21, 43]: 

2

2

T T
a

t x

 


 
 (1) 

where t is the time, x is the spatial coordinate,                    

T is the absolute temperature, a is the coefficient 
of temperature conductivity.  

The discretized form of equation (1) is given by (2) 
[20, 25, 28]: 

, 1 , 1, 1 , 1 1, 12i k i k i k i k i k

i 2

T T (T T +T )
= a

Δt Δx

      
 (2) 

where k is the index in time domain; i is the index in spatial 

domain; ai is the coefficient of temperature conductivity: 
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where i is the thermal conductivity; ci is the mass specific 

heat capacity; i is the volumetric density. 

Therefore the discrete model of heat transfer through 
multilayer material is expressed by the system (4): 
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where the first and the last equations are define the margin 
conditions. 

The measured temperature can be represented as 

the sum of true temperature value T0i,k and error i,k: 

, 0 , ,i k i k i kT T    (5) 

The heat transfer model (4) includes discrete 
differentiation operations. Thus if condition (6) 
is satisfied, then the discrete differentiation error 
reach great values.  

, 1 , , 1 ,i k i k i k i kT T      (6) 

For minimization of such error the difference between 
measured temperature values must be much greater 
than the difference between the corresponding 
errors: 

, 1 , , 1 ,i k i k i k i kT T       (7) 

A robust estimation of absolute discretization error 
is given by (8) for time domain in accordance with 
[30, 38]. 
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The relative error in time domain is given by (9): 
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where ₸i is the discrete approximation of temperature 
integral given by (10) for time domain: 
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The coefficient q is used for normalization of relative 
error in (9) and in the next formulae. 

In spatial domain the absolute and relative errors are 
defined by expressions (11) and (12) respectively: 
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where ₸k is the discrete approximation of temperature 
integral given by (13) for spatial domain: 
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The absolute error of second-order differentiation 
in spatial domain is defined by (14):  
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The corresponding relative error is given by (15): 
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where i kT  is the discrete approximation of integral 
of temperature derivative absolute value given by (16) 
for spatial domain: 
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For an example, the discretization error estimation 
with the described technique is presented below 
for time-domain temperature dependence shown 
in Figure 2. 

 

 

Figure 2 A sample temperature dependence of material 
layer 

The temperature dependence (Figure 2) has 
the error range within 0.01°C. But Figure 3 shows 
that at different discretization frequencies such error 
can cause significant distortions of discrete 
derivative. 
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Figure 3 Discrete derivatives of the temperature 
dependence (Figure 2) at different discretization 
frequencies 

The distortion of approximated temperature 
derivative curve at low discretization frequencies 
(first green line) is caused by great value of time step 
which leads to missing of many significant 
temperature values. At higher frequencies the error is 
caused mostly by discrete differentiation operations 
in accordance with the expression (6). Figure 4 
shows the estimation (8) of time-domain absolute 
error Ai for the temperature dependence shown 
in Figure 2 at different discretization frequencies. 
The discrete differentiation error increases almost 
linearly with the discretization frequency. 
In accordance with the estimation, discretization error 
has a minimum near 1.76 Hz. This minimum 
corresponds to the red curve in Figure 3, which 
demonstrates the best accuracy of discrete 
temperature derivative fitting. 

 

 

Figure 4 Estimation of discretization error 

4 RESULTS 

The estimation of thermal protection performance 
was performed for multilayer material with 
parameters presented in Table 1. The structure of 
presented multilayer material is shown in Figure 5 in 
accordance with Table 1. 

 

 

Figure 5 The structure of investigated multilayer material 

In the modeling procedure the first temperature array 
is the experimental data obtained from 
measurement. The next dependencies are obtained 
due to the material layer properties with using of 
discrete model (4) for different temperatures of the 
outer surface. The proposed package of materials 
can be used to protect firefighters. 

As the results of modeling, the temperature 
dependencies for outer and inner surfaces of the 
investigated material are shown in Figure 6.  

 

 

Figure 6 Temperatures at outer and inner surfaces 
under 800°С heat source temperature:                      
black line - experimental data, red line - modeling results 

 

Table 1 The parameters of thermal protective material layers 

Layer Material Thickness [mm]  [W/m.K] c [kJ/kg.K] ρ [g/m2] 

1 Stainless steel wire mesh 0.5 204 0.921 1248 
2 Metallized phenylon fabric 0.5 0.094 2.21 285 
3 Non-woven carbon material 28 0.032 0.63 235 
4 Woolen batting 4 0.061 2.42 495 
5 Tarpaulin canvas 1 0.089 1.8 610 
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The model temperature values match with 
the experimental values. The maximum deviation 
of modeling results from experimental data is 4.73% 
due to small oscillations of measured temperature 
values shown in Figure 6. The slope of the inner 
surface temperature curve (Figure 6) from 100 s to 
260 s is caused by moisture evaporation processes. 

The heat transfer modeling results for all layers 
of material is shown in Figure 7 as a 3D graph. 

 

 

Figure 7 The heat transfer model for all layers 

In accordance with the experiments' and modeling 
results the presented multilayer material has thermal 
protective properties shown in Table 2. 

5 DISCUSSION 

The described results show that presented multilayer 
material which consists of stainless steel wire mesh, 
metallized phenylon fabric, non-woven carbon 
material, woolen batting and tarpaulin canvas can be 
used for thermal protective clothing design.  

The experiments' and modeling results show that 
in time domain heat transfer process can be divided 
into two periods. The first period corresponds 
to short-time thermal insulation capability and 
the second period shows the long-time thermal 
insulation capability of the proposed multilayer 
material.  

As shown in Table 1, the short-time heat protection 
strongly depends on the heat source temperature. 
For 800°C heat source temperature this period 

is 32.8 s and for 500°C it increases to 60.4 s. 
The short-time heat protection depends on the speed 
of multilayer material response to the increase 
of outer surface temperature.  

The long-time heat protection depends 
on the temperature of outer surface and provides 
slow temperature increase during a long time 
interval. If the outer surface temperature is less than 
400°C then heat protection will be effective during 
more than 10 minutes.  

Also it should be noted that the inner surface 
temperature increase curve has a slope from 100 s 
to 260 s (Figure 6) that is caused by moisture 
evaporation processes.  

The presented modeling technique can be used 
in nondestructive testing of multilayer thermal 
insulation materials. The heat transfer modeling 
technique with discrete differentiation error 
estimation allows to avoid high discretization errors 
and errors which are caused by continuous function 
approximation operations.  

The direction of future works is connected 
to development of discrete multilayer material 
modeling algorithms with automated minimization 
of errors that are caused by discretization 
of temperature data.  

The other important purpose is the development 
of heat transfer modeling techniques which allow 
to describe the moisture evaporation and 
condensation processes at different material layers. 

6 CONCLUSION 

In this article we present the investigation 
of multilayer thermal protective material performance 
with using of discrete heat transfer model which is 
improved by discretization error estimation 
technique. The proposed model can be used 
in nondestructive testing of multilayer thermal 
protective materials. 

The thermal protective properties of the presented 
multilayer material were obtained by laboratory 
experiments and confirmed by modeling on the base 
of discrete temperature dependencies' processing. 
In accordance with the obtained results the described 
multilayer material can be used for thermal protective 
clothing design. The proposed package of materials 
can be used to protect firefighters. 

 

Table 2 Thermal protective material properties 

Thermal protective properties 
Heat source temperature [°C] 

400 500 600 700 800 

Time to reach 37°C temperature at the inner surface (seconds). - 60.4 40.3 34.3 32.8 
Time to reach 40°C temperature at the inner surface (seconds) - 351.5 60.4 50.2 45.4 
Difference between time to reach 37°C and time to reach 50°C temperature 
at the inner surface (seconds ) 

- 291.1 20.1 15.9 12.6 

Inner surface temperature after 10 seconds heating time (°C) 20.6 20.9 21.6 22.5 24.1 
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Abstract: The algorithm of critical speeds calculation of the winding mechanism with the account of three-
cone packing was presented in the work. Computer simulation of the bobbin holder critical speeds 
of the winding mechanism in the process of packing is carried out. Dependences of change of critical 
speeds on the thickness of the packing and the angles of the generators inclination were obtained. 
Recommendations for designing new designs of winding mechanisms are given. The practical importance 
of the work is to determine the working speed of the equipment for rewinding threads, improving 
productivity, product quality. The use of the results obtained in the design and dynamic study accelerate 
the design process of rewinding equipment. The results are aimed at intensifying the rewinding 
and winding processes in the light industry. 

Keywords: bobbin, critical winding speeds, bobbin holder, resonance, winding mechanism. 

 

 

1 INTRODUCTION 

In today's realities, for the rapid pace of development 
of textile goods industrial production, there is a need 
to carry out on a large-scale research, design and 
practical work on the creation of new and improved 
equipment. 

Textile processing plays a major role in the rewinding 
of yarns at the packaging level. Bobbin holders 
are intended for placement, alignment, retention 
of the thread carrier and transfer to it of rotation, 
which are applied on molding, reeling-exhausting, 
winding machines, rewinding machines, machines 
for receiving textured threads. 

The rewinding process is one of the main stages 
of preparing the yarn, or yarn, for further processing. 
During rewinding, the quality of the thread obtained 
is monitored, different levels and densities 
of the packing length are developed, which requires 
increasing a number of requirements, especially with 
the introduction of new high-speed methods and 
mechanisms for producing the filaments. Therefore, 
a large number of light industry enterprises are 
equipped with cross-winding machines and 
automatic machines [1-3]. Along with rewinding 
machines, a similar design of the winding mechanism 
is used in winding machines [3]. Rewinders are very 
widely used in the weaving industry, in knitwear, 
ribbon. During operation of the winding mechanisms, 
there are a number of problems; the main is to limit 

the speed of rewinding, which leads to a decrease 
in equipment performance. 

Increasing the speed of rewinding threads requires 
an increase in the spindle speed, which makes it 
necessary to calculate and analyze its critical 
speeds. Increasing the spindle speed 
is accompanied by an increase in the mechanism's 
vibration activity, which is important to take into 
account when upgrading the equipment and 
developing a new one [4], which also helps to reduce 
costs at the design stage. In this regard, there is 
a need to perform the simulation of winding 
processes on rewinding machines in order to analyze 
the critical spindle speeds. In [5, 6] the authors 
considered the dynamics of the movement 
of the thread and the winding drum, but did not pay 
attention to the oscillations of the winding 
mechanism. The conditions of thread movement 
are considered in detail. However, the critical speeds 
of the winding mechanism that affect 
the performance of the rewinding machine have not 
been determined. 

Setting objectives. The purpose of the study is 
to develop an algorithm for calculating the critical 
and operating speeds of winding mechanisms 
of rewinding machines. Also, providing 
recommendations for improving the operating speed 
of equipment and the ability to use the results 
obtained in the design and dynamic study 
of rewinding equipment. 
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Objects and methods of research. The object 
of the study is the process of rewinding the bobbin 
thread. The subject of the study is the critical speed 
of the winding mechanisms. The known methods 
of analysis of natural frequencies of oscillations 
of spindles are applied in the work. The semi-rigid 
spindle method is based on the assumption that only 
the bobbin holder shaft is resilient, and the bobbin 
holder itself is considered to be absolutely rigid.  

2 THEORETICAL SUBSTANTIATION 

When designing high-speed winding mechanisms 
for winding textile threads on a bobbin, the values 
of the oscillation frequency and critical speed 
parameters that limit the range of working speeds 
of the rotors of the mechanisms are required. 

One of the technical solutions is the use of a flexible 
shaft and the use of elastic supports in rewinding 
machines [4], which provides the necessary position 
of the range of operating speeds of equipment 
relative to critical speeds. 

When calculating the critical velocities of bobbin 
holders, which have non-cylindrical elements in their 
composition, leads to significant errors 
in the calculation of the inertial parameters 
of the moving masses [4].  

For practical calculations of the critical speeds 
of the winding mechanisms of textile machines, 
the method of "Semi-rigid spindle" is most widely 
used, which makes it possible to obtain two critical 
speeds of the winding rotor with an error 
not exceeding 10% [4, 7]. 

To determine the inertial parameters of the mandrel 
of the bobbin holder, it is divided into a number 
of simple elements Мi (cylindrical and conical 
shape). Thereby, the bobbin holder of the winding 
mechanism is formed by two conical elements 
(the bobbin locking mechanism, a conical thread 
carrier and a three-conical packing). 

To simplify the calculation process and uniquely 
designate geometric parameters, all elements are 
considered conical. The appearance of the conical 
element and the designation of its main dimensions 
are shown in Figure 1.  

The element on the plane is determined 
by the coordinates of the beginning and end 
of the element from the front support of the bobbin 
holder, hсі - the coordinate of the position 
of the center of mass of the i-th element; ri, rvi, Ri, Rvi 
- the radii of a conic and i-th element. 

In order to determine the effect of packing mass 
in the process of its accumulation on the critical 
velocity values, it is necessary to determine 
the mass-inertial parameters of the packing 
as a function of the thickness of the packing body. 

 

 
Figure 1 Geometric parameters of the packing section: 
Rno, Rn1, Rn2, Rn3 - the inner radii of cones;  
Rkо, Rk1, Rk2, Rk3 - the outer radii of the cones;  
α - the angle of the cone of packing; β - the winding angle;  
t - is the thickness of the winding body; Lr - length of layout; 
Hv, Hc, Hn - the lengths of the upper, middle and lower 
sections of the packing respectively. 

The relationship between the geometric dimensions 
of the package and the thickness of the winding body 
is determined by the ratios: 

- length of packing areas [m]: 
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- distance from the support to the items received 
[m]: 
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(3) 

Taking into account the parameters of the elements 
and dependencies (2, 3), the inertial parameters 
of the bobbin holder and the packing are determined 
from [8, 9]: 
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- is the volume of the i-th element of the bobbin 
holder Vi [m

3
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- mass of the bobbin holder Mо [kg]: 
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where ρi - the density of the material of the element. 

- the coordinate of the position of the center 
of mass of the i-th element of the bobbin holder 
hci support [m]: 
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- the coordinate of the position of the center 
of mass of the i-th element relative to the Xci 
support [m]: 

cikici hXX 
 (7) 

- polar moment of inertia of the coil holder Co 
[kg.m

2
]: 

 
 

  




































 

22

44

22

)()(

)(

)()(

)()(

)(

)(

10

vivi

vivivi

vii

ii

iii

i i

niki
io

rR

rRR

rr

rR

rRR

V

XX
MC

  
(8) 

where - Mi is the mass of the i-th element of the bobbin 
holder. 

- moment of inertia of the element of the bobbin 
holder Ac [kg.m

2
]: 
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- coordinate position of the mass center 
of the bobbin holder Hст [m]: 
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- the equatorial moment of inertia of the bobbin 
holder Ao [kg.m

2
]: 
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Impact coefficients are determined similarly [2, 4, 10]: 
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where l1 - the length between the supports [m];                
Hcm – the length from the front support to the center 
of mass [m]; l3 - the distance from the front support 
to the rear cone [m]; l5 - the distance between the front and 
rear cones [m]; E - modulus of elasticity (for Steel 45          
E = 2 × 1011 N/m

2
); a - the distance between the rear cone 

of the bobbin holder and its center of mass. 

3lHa cm 
 (13) 

The mathematical model of free oscillations 
of the bobbin holder with supports has the following 
form [4, 7, 11, 12]: 
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where - M, A, C- inertial parameters of the bobbin holder; 

ᵠ, η, ζ,  - generalized coordinates [4]; m1η, m2η, m3η , 
m1ζ , m2ζ , m3ζ - coefficients of rigidity of the mechanical 
system in the horizontal and vertical directions. 

3 THE SOLVING OF THE PROBLEM 

The critical velocities based on the expressions given 
in [4] are determined from the problem on the natural 
vibrational frequencies with the matrix: 

xKxiCM  )(  (15) 

where =1/2
, M - the matrix of inertial coefficients;           

C - the matrix of gyroscopic coefficients; K - the stiffness 
matrix. 

Finding the values of the self-oscillations leads 
to the solution of the standard problem: 
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Matrix of inertial coefficients: 

),,,( 0000 AAMMdiagM 
 (17) 

 

 



Fibres and Textiles (4) 2020 148 

The stiffness and gyroscopic coefficient matrices 
have the following form: 
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Substituting the input parameters and taking [13] into 
the program, the values of the critical velocities 
are given, which are given in Table 1. 

Table 1 The values of the critical velocities 

Marking 
Critical speed values 

[rad/s] 

During the start  
of the winding process 

ω1 [s -1] 683 
ω2 [s -1] 7064 

During the winding process 
ω1 [s -1] 334 
ω2 [s -1] 5116 

 

The value of the reduction of the first critical velocity 
in the packing process ranges from 683 rad/s to 
334 rad/s. The value of the reduction of the second 
critical speed in the packing process is from 
7064 rad/s to 5116 rad/s and is of no practical 
importance. The area of the working range 
of the winding speed of the filament must be up to 
the first critical speed, which ensures the receipt 
of quality packaging, uninterrupted operation 
of the winding mechanism. 

The upper limit of the first operating angular velocity 
of the bobbin holder ωp is defined by the following 
expression [10]: 

17.0  p  

p=0.7·683=478 s-1 
(19) 

The maximum speed of the rewinding speed 
of the thread V [m/s]: 

RncV  1  (20) 

where - Rnc is the average radius of conical packing [m] 
(for the machine BP-340 Rnc = 0.031 m). 

V = 478·0.031 = 14.8 m/s. 

The results of modeling the dependence of the first 
critical velocity on the thickness of the winding body 
are presented graphically in Figure 2. Figure 3 shows 
the dependence of the first critical speed 
on the thickness of the winding body at different 
winding angles. 

 

 

Figure 2 Dependence of the first critical velocity 
on the thickness of the winding body 

 

 

Figure 3 Dependence of the first critical velocity 
on the thickness of the winding body at different winding 
angles, 1 - 45°; 2 - 40°; 3 - 35° 

The maximum speed of rewinding of threads for 
nylon fibers, achieved at the production, is 10.6 m/s 
[14]. 

The calculation shows that the working area 
of the bobbin holder is limited to the top angular 
speed of 478 rad/s. According to Figure 3, the value 
of the critical velocity changes with the change 
in the winding angle. This is due primarily 
to the change in the mass-inertia parameters 
of the packing and the design of the bobbin holder 
in general. 

In order to facilitate the transition from the critical 
region to the working area of the speed of the bobbin 
holder, it is confirmed the expediency of using elastic 
supports of fastening of the spindle of the bobbin 
holder, which allows to increase the value of critical 
speeds, as well as to facilitate the transition through 
the critical speeds of rotation [10]. It is advisable 
to use an elastic shaft when designing winding 
mechanisms. 

4 CONCLUSIONS 

The method of calculation of the critical speeds 
of the winding mechanism with three-conical packing 
is presented in the work, the critical speeds 
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of the process of winding the thread on the example 
of the BP-340 machine are determined. The analysis 
of the obtained results showed the possibility 
of increasing the operating speed of the equipment 
by 28%. The above calculation method allows 
to obtain the necessary results of critical velocity 
values by varying the materials of individual parts 
at the design stage, which facilitates the design 
stages of typical equipment. 
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Abstract: The article deals with the development of a mathematical description of the distribution of pills 
on the surface of textile material, which will predict the change in aesthetic performance of the product 
during wearing by visualizing its appearance taking into account the surface characteristics of the fabric 
used. This, in turn, will facilitate the process of confection of materials in the manufacture of products 
that will not lose their appearance for a long time, and will encourage consumers to comply with 
the requirements of conscious fashion. The research has been conducted on the fabrics of the coat group, 
the raw materials of which are: lavsan, kapron; lavsan, nitron; wool, lavsan, nitron. In the process 
of research, it has been found out that under the action of wear factors for a short time the most probable 
is the formation of a cluster structure of the hierarchical tree of pills, which have a high branching. 
With the increasing time of the influence of factors formation of a weakly branched structure a pills’ tree 
is again likely to occur. 

Keywords: fabric, hierarchical structure, pilling, pills. 

 

 

1 INTRODUCTION 
In the conditions of the growing public interest 
in sustainable development technologies, and 
as a consequence - the desire to extend the life 
of garments, a necessary condition for their design 
is the durability of materials and their appearance 
preservation over a long period of time. 
One of the characteristics of textile materials that 
can significantly spoil the general look of the product 
is pilling [1]. Pilling is the tendency of the fabric 
to form on its surface loose balls of tangled fibers 
(pills), as a result of the product wearing. Therefore, 
this property is especially important for materials 
used for the manufacture of products with extended 
service life, namely: products-transformers, modular 
clothing (clothing-designer), which are developed 
within the concept of slow (conscious) fashion. 

2 DISCUSSІON OF IDEAS 
The interest of world textile manufacturers 
in the problem of pilling is confirmed by a large 
number of studies of the process of pills formation 
[2, 3, 6-15], especially on the surface of knitted 
fabrics [1, 2, 9, 12, 14], as well as the development 
of special coatings and specific treatments of yarn 
and canvases that suspend the process of pilling 
on the surface of the canvas [7]. Laboratory tests 
only partially reproduce the processes of material 

wear from abrasion, which are observed during 
exploitation of the product [2]. Therefore, 
a significant amount of research is devoted 
to the development of new and improved methods 
for determining and estimation of pilling, which are 
mostly based on standard methods [4] and/or based 
on the use of computer technology applying 
photographic images of samples of materials after 
testing [8, 10, 11]. 
The essence of the standard method for determining 
pilling is the formation of hairiness on the fabric, and 
then pills, followed by counting the maximum 
number of pills on a certain area of the fabric. 
The test is carried out in two stages: the first 
is the formation of hairiness; the second is 
the formation of pills. Using a dissecting needle, 
the number of pills is counted. In this case, the test 
surface of the fabric is illuminated with a beam 
of light obliquely directed from the illuminator. It is 
possible to count pills under normal laboratory 
lighting. 
However, in the world practice of textile materials 
science there are no examples of practical 
application of computer models of fabric behavior 
during exploitation due to a large number of factors 
influencing this process and the unknown nature 
of pills placement on the fabric surface during pilling. 
In this case, the "placement of pills" does not mean 
the general topography of the product pilling, and 

mailto:t.zhylenko@phe.sumdu.edu.ua
mailto:zbir_vuklada%D1%81h@ukr.net
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the direct placement of individual pills relating 
to each other. The presence of a mathematical 
description of this distribution will predict the change 
in the aesthetic features of the product during wear 
by visualizing of its look, taking into account 
the surface characteristics of the fabric used. This, 
in turn, will facilitate the process of materials 
confection when manufacturing the products that will 
not lose their look for a long time, and will encourage 
consumers to comply with the requirements 
of conscious fashion. Besides, these results will 
support the development of the expert systems for 
selecting fabrics to make transformable garments 
that are meant to be used during very long time and 
in different conditions [16]. 

3 MATERIALS AND METHODS 
The research has been carried out according 
to the method of GOST 3810-72 on the device DIT-
M, which has two heads and replaceable hoops. 
The experiments have been performed on fabrics 
of the coat group, the raw materials of which are: 
lavsan, kapron; lavsan, nitron; wool, lavsan, nitron. 
Before the experiment fabric samples and abrasive 
material have been held in atmospheric conditions 
for at least 24 hours according to GOST 10681-75. 
Fabric samples have been filled face out. 

Experiments on fabrics have been done at a specific 
pressure of 1 kgf/sm2 and a head rotation speed 
of 100 rpm. 
In order to track the formation of pills on the surface 
of the material, every 100-500 cycles have been 
photographed using a digital microscope 
SigetaForward LCD (10-500x) (65503) (Figure 1). 
Studies have been performed during nearly 5000 
cycles, as this is the maximum allowable limit 
for coat fabrics [16]. 
To process the obtained microscopic images, we will 
use numerical methods, representing pilling clusters 
as complex nets, in the study of which significant 
progress has recently been made [18]. For this 
purpose, we cover the images shown in Figure 1 
by circles of the same size and we connect with ribs 
those ones that are in direct contact. As a result, 
we receive the nets (links, schemes) shown 
in Figure 2. 
To develop a picture of the hierarchical structure 
of pills, we will compare each pill’s nucleus with 
a node of a hierarchical tree, and we will represent 
the clustering process as the movement 
of a configuration point from lower (the most 
branched) levels to the top of the tree. There are 
many distributions of nodes according 
to the hierarchical levels of various trees [19-20]. 

 
 

a) b) c) 

Figure 1 Photo of a material sample (coat fabric) after 100, 500 and 5000 cycles of friction (a, b, c, respectively) 

 
 

a) b) c) 

Figure 2 The pills’ nets on fabric surface after 100, 500 and 5000 cycles (a, b, c respectively) 
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Let us suppose that the maximum number of nodes 
D is located at the lower level and correspond 
to the distance in the ultra-metric space k=0. 
This level is correlated with a complete ensemble 
of individual nuclei, the number of which coincides 
with the number of nodes. The upper level 
of the hierarchical tree contains a single node that 
corresponds to a complete cluster of pills’ nuclei and 
is determined by the maximum distance k=K. 
The task is reduced to determining the dependence 
D(k), which defines the distribution of the number 
of tree nodes by hierarchical levels. 
The main object of our consideration is a random 
tree. Let letter h - numbers the hierarchical levels 
in such a way that the minimum value corresponds 
to the top of the tree, and the maximum h=K 
corresponds to the lower level. Then the variable (1) 
determines the distance in the ultra-metric space, 
the points of which correspond to the nodes 
of the Cayley tree type. Moreover, the distance (1) 
between the nodes of this level is determined 
by the number of steps to their common ancestor, 
and the transition to continuous space is provided 
by the limits ,r K → ∞  [21]. 

k K h= −  (1) 
For a random tree type we assume a graded 
distribution: 

, 0hD hε ε= >  (2) 
It is an intermediate case between exponential and 
linear correlations, which correspond to the limited 
distributions. Technically, a function D(x) is 
homogeneous, that is, meets the condition

( ) ( ).D hx h D xε=  Depending on the distance (1), 

this means ( ) 1 ,kD k D
K

ε
 = − 
 

 where 

, 1.D K ε ε≡ >  

Let us consider the statistical distribution of the pills’ 
nuclei by the absolute values ( )hΨ  of their 
formation, depending on the level number which is 
indicated by letter h. The flow of probability 
of transition between levels h and h+1 and 
in the limit h>>1 is expressed by the generalized 
correlation: 

( )h
dj
dh

µ Ψ
= Ψ ⋅  (3) 

Features of the type of fabric and its relation 
to the fiber defects are characterized 
by the presence of internal structural shift, 
the coefficient of effective mobility: 

( ) λµ Ψ = ΜΨ  (4) 

which is determined by a constant 0M >  and 
an indicator λ  [22-23]. In steady-state conditions: 

k kj D J=  (5) 

substitution of equalities (2-4) into (5) gives 
the correlation: 

/

( ) ( )Dh h
h

α ε

ε ψΨ =  (6) 

with indicator: 
1 0

1
εα

λ
−

= >
+

 (7) 

and a factor ( )hψ  is determined by the equation: 

dx
dt x

∂ϒ
=

∂
 (8) 

in which time, coordinate and scale are given 
by the next correlations respectively: 

/( 1)

0
0

( ) 1ln , ,h Jt h x
D M

ε εψα ψ
ψ α

−
 = = =  
 

 (9) 

Part of the density of the generating functional 
reaches the maximum value at a point 0x = , and 
when 1x >  monotonically the value decreases. 

( )
max

0,5 1
1

λ
λ
+

=
−

ϒ  (11) 

The above analysis shows that the process 
of hierarchical pilling starts with fluctuation 
overcoming the barrier (11) by subcritical nuclei 
of the lower level. This process is described 
by the equation:  

dx
dt x

ξ∂ϒ
= − +

∂
 (12) 

with external additive interference ( )tξ ξ= , 
determined by the conditions: 

( )( ) 0, ( ) ( ) 2t t t t tξ ξ ξ δ′ ′= = −  (13) 

where angle brackets mean averaging. In a formal 
point of view, equation (12) has a set {x(t)} 
of statistically distributed solutions, the probable 
density of which is given by a function

[ ]( , ) ( )t x x x tϖ δ= − . This function is determined 
by next equation [24-25]: 

0,i i
t x x x

ϖ ϖϖ∂ ∂ ∂ϒ ∂
+ = = − −

∂ ∂ ∂ ∂
 (14) 

When the probability flow i is equal to zero, 
the distribution function is reduced to the form: 

( )

0 ( )
xex

S
ϖ

−ϒ

=  (15) 

determined by formula (10). The statistical sum Z 
is set by the normalization, according to which: 

2 1
1

2 1
0

 
x x

S e dx
λ

λ

−
−

−= ∫  (16) 

In accordance with distribution (15), the saddle-point 

method leads to a value  S ~ e−ϒ . 
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As it can be seen from Figure 3, an increase 
in the indicator λ leads to a monotonic decrease 
in the statistical sum from the value of S≈0.7 at λ=0 
to S=0 at λ=1. So, we can conclude that 
the behavior of the system acquires an anomalous 
character with an increase in the effective mobility 
index (4) to values λ→1. 
 

 
Figure 3 The dependence of the statistical sum (16) on 
the indicator of effective mobility (4) determined by formula 
(16) and correlation  S ~ maxe−ϒ  (curves 1, 2 respectively) 

When the probable stream takes a constant value 
. According to the equation (14), the steady-

state ( )ϖ ψ  and equilibrium ( )0ϖ ψ distribution 
functions are conected by the equality [26]: 

max

0
0 0/

( ) ,
( ) ( )

dxi
xψ ψ

ϖ ψ
ϖ ψ ϖ

∞

= ∫  (17) 

where 0ϖ → , when ψ → ∞ . 

In the general case, the flow is inversely proportional 
to the statistical sum (16). Taking into consideration 
the correlation  S ~ e−ϒ , one can imply the value 0 i ~
e−ϒ , according to which the stationary probable flow 
increases exponentially with the height (11) 
of the effective potential (10). 
The stationary distribution function ( )ϖ ψ  is 
determined by equation (17), according to which 

0( ) ( )ϖ ψ ϖ ψ≈  for and ( )ϖ ψ << 0 ( )ϖ ψ when ψ >>
maxψ . Using equalities (17), (15) and (10) leads 

to the equation 

a

2 1

m

2

x

1

2 1 1 2
0( ) e e .

x x

i
λ λψ ψ

ψ
ψ

λ λϖ ψ

− − 
−  −∞ −  −= ∫  (18) 

When λ=0 this equation is simplified to the form: 
2

2 max
0

max

( ) e erfc .
2 2

e i
ψ ψ ψ ψπϖ ψ

ψ

 
−  

 
 −

=   
 

 (19) 

4 EXPERIMENTAL 
Since the ensemble of hierarchically subordinate 
pills’ nuclei is a self-similar set, the probability 
density distribution ( , )HPP kφ is a homogeneous 
function of distance k in ultra-metric space [27]: 

( ) ( )( , ) .HPP k K k αφ ϖ ψ= −  (20) 

The index of the hierarchical level l is omitted; 
the dependence ( )ϖ ψ  represents the stationary 
distribution. Equation (20) follows from correlations 
(6), (1). On the other hand, a decrease in probability 
density (20) with distance k in ultra-metric space 
reflects the hierarchical nature of the pilling process. 

First, we will find the probability ( )HP tΡ  that at 
the moment of time t there will not be the emergence 
of pills. For this purpose, at each moment of time t 
we should carry out the integration over 

the distances s of the Debye’s exponent ( )
t

t ke
−

 with 
the relaxation time ( )

0( ) kt k t eφ≡ , the value of which 
is set by the height of the barrier: 

( ) ( )
( )

k
k

K k
ψ

φ =
−

 (21) 

which follows from equalities (6), (1) (  is 
the microscopic time scale). Since the indicated 
Debye’s process [20] is realized with a probability 
density (20), it should be used as a weight function 
for integration over k. As a result, the desired 
probability takes the form: 

( )
1
( )

0

0

e ,
kt e

t
H HP

K

PP P k dk
φ

φ
 

− ⋅  
 = ⋅∫  (22) 

The correlation (1) allows us to proceed with 
integration over the numbers of hierarchical levels h, 
after which the use of equalities (20-22) leading 
to the formula: 

( )

( )( )0
e

0

e
hhK t

t
HPP h dhh

ψα

α ϖ ψ
−− 

− ⋅  
 ⋅= ⋅∫  (23) 

When λ=0 equation (8) lead to the formula: 

m(1 ) ,hαψ ψ= +  (24) 

where: 

max 1
0m e

ε
εψ ψ

ϒ ⋅
−=  (25) 

As a result, probability (23) takes the form: 

( )0
e

e d ,

m
m

m

t
t

P
m

H
m

P

ψ ψ
ψ ψ

ψ

ψ ψ
ϖ ψ ψ

ψ

−
−∞ − ⋅−

= ⋅ ⋅∫  (26) 

where the distribution ( )ϖ ψ  is set by formula (19).  
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The characteristic time scale  𝑡𝑡𝑒𝑒𝑒𝑒 ≫ 𝑡𝑡0  cannot be 
found within the framework of the approximation 
used. 
The above calculations show that in the later stages 
𝑡𝑡 ≫ 𝑡𝑡𝑒𝑒𝑒𝑒 the probability ( ) 1 ( )HP HPP t P t= −  
of hierarchical pilling is set by the asymptotic 
equation (27): 

( )HPP t ≈ [ ]
2 3

1/ 2
0

21 lnm T
α

α α
π ψ

α

+
−−  (27) 

where 0
ef

tT
t

= . 

Dependence (27) takes place under the following 
conditions: 
- the inequality mψ ψ− << mψ must be satisfied; 

on the other hand the maximum distance K is 
so large (K>>1) that the continuum approximation 
can be used; 

- the probability density function ( )ϖ ψ  
in distribution (20) is approximated by a step 

function taking a value of 
1

m

ϖ
ψ

=  in the range 

from  to mψ . 
 

 
Figure 4 Temporal dependences of hierarchical pilling 
probability at λ=0 and branching indices such as α=1.25, 
1.5, 1.75 (curves 1-3, respectively) obtained according 
to equality (27) 

Dependence (27) is shown in Figure 4, from which 
it is seen that with increasing time, the probability 
of the formation of a hierarchical structure 
monotonically increases to a maximum value 
of PHP=1. With decreasing branching 
of the hierarchical tree, when the exponential 
dependence index (2) takes on falling values ε→1, 

and the critical value (25) increases rapidly, 
the dependence PHP(t) shifts toward longer time. 
This means that a decrease in the branching 
of the hierarchical structure leads to a decrease 
in the probability of its formation. 
The received time dependences of the probability 
of hierarchical pilling are shown in Figure 4. It can be 
seen from it that this clarification narrows down 
to a shift of the indicated dependences toward 
longer times, which is equivalent to a decrease 
in the time scale tef. Since the nature of the obtained 
dependences does not change, it can be concluded 
that method give qualitatively results. 

5 RESULTS 
The theoretical scheme presented above shows 
that the pills’ nuclei create an ensemble 
of hierarchically subordinate objects distributed 
according to the values (6) of the transformation 
effect and distances in the ultra-metric space (1) 
that determine the cluster sizes. The stationary 
distribution of the pilling effect and 
the corresponding probability flow are determined 
by equalities (17). The behavior of the ensemble 
of pills’ nuclei, defined by a homogeneous function 
(20), is determined by the effective potential (10), 
reaching the maximum value (11) at a critical value 
(25). 
Regarding the experimental situation, it should be 
noted that the microscopic photographs shown 
in Figure 1c are characterized by not very large 
values of the branching index ε in correlation (2). 
On the other hand, there is no physical reason 
to assume that the effective mobility index λ (4) 
should take large values. Thus, we can assume that 
the conditions ε-1<<1 and  λ=0 are satisfied. 
As a result, the critical value (25) of the specific 
pilling effect reaches exponentially large values mψ
>>1 for weakly branching structures, where 
the exponent (7) takes small values α<<1. 
According to the proposed scenario, the pilling 
process begins with overcoming the barrier (11) 
of the effective potential (10), which ensures 
the condition mψ ψ>  in time 

0
m

mt t eϒ≈  (28) 
With the further time passing, the phase formation 
is ensured by the propagation of the pills’ nuclei, 
the process of which is reduced to the growth 
of the pilling effect (24), which proceeds in ultra-
metric space. As a result, the long-term asymptotic 
behavior of the likelihood of forming a net structure 
of pills is determined by equation (27). 
According to Figure 4 the probability of forming a net 
structure of pills monotonously increases over time, 
shifting toward longer times with decreasing 
branching structure. This allows us to explain 
the behavior of fabrics’ pilling, which is observed 
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in the photographs shown in Figure 1. Indeed, 
the figures show that, for short periods of the time 
of wearing clothing, the formation of a cluster 
structure with increased branching is most likely to 
occur. It is this behavior that Figure 1a demonstrates 
on which compact pills clusters are present. 
According to Figure 1b, with an increase in the time 
of wearing the clothes, the probability 
of the formation of a weakly branching structure 
becomes noticeable. In Figure 1c, this is confirmed 
by the formation of a well-developed net structure. 

6 CONCLUSIONS 
Thus, the main goal of the paper has been achieved 
and a mathematical description of the distribution 
of pills on the surface of textile material has been 
developed. 
Such a description allows predicting the change in 
aesthetic performance of the product during 
operation by visualizing its appearance taking into 
account the surface characteristics of the fabric 
used. 
This, in turn, will facilitate the process of confection 
of materials in the products’ manufacture, which will 
not lose their look for a long time, and will encourage 
consumers to comply with the requirements 
of conscious fashion. The research has been 
conducted on the fabrics of the coat group, the raw 
materials of which are: lavsan, kapron; lavsan, 
nitron; wool, lavsan, nitron. In the process 
of research, it has been found out that under 
the action of wear factors for a short time the most 
probable is the formation of a cluster structure 
of the hierarchical tree of pills, which have a high 
branching. With the increasing time of the influence 
of factors formation of a weakly branched structure 
a pills’ tree is again likely to occur. 
The next step of the current research is to examine 
these results on the other groups of fabrics. 
Another direction of research is to experiment 
on the correlation between fabric properties and 
parameters of the hierarchical structure of the tree 
of pills emergence during the pilling formation 
on textile materials. As a result, we aim to develop 
the simulation model of pilling formation. 
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