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Abstract: The paper presents results of measurements of selected thermal-physiological properties 
of military clothing fabrics in simulation of climatic conditions in selected areas of the world. The aim 
of the research was to test and compare old and new sandwich structures of military clothing and provide 
description of their basic characteristics relating to selected utility properties such as heat resistance R, 
thermal conductivity λ and vapour resistance Ret. The result of the research is delivery of suitable 
sandwich structures of clothing according to real climatic conditions, under which they are used. 
The results of experimental measurement allow to verify functionality and suitability of military clothing 
used in various areas of the world by objective measurement in simulation of real climatic conditions under 
European standard EN 60721-2-1:2014 that sets the types of climate characterized by the values of air 
temperature and humidity. 

Keywords: physiological properties, thermal conductivity, heat resistance, water vapour permeability, 
textile sandwich, military clothing. 

 

 
1 INTRODUCTION 

Physiological comfort of a person is closely related 
to transport of air and liquid humidity, heat transfer 
through individual clothing layers and air flow 
in clothing. Utility properties and comfort of clothing 
influence physical processes in clothing as well as 
interactions of clothing with user's skin and with 
environment. Good thermal and physiological 
properties of military clothing are important, 
particularly if they cannot be easily replaced or 
postponed as it is common in clothing intended for 
casual wear or fitness. Suitable construction solution 
of clothing that also influences how clothing while 
being worn is adapted and allows free move is also 
important [1]. By assessing physiological properties 
we endeavour for more authentic and accurate 
presentation of actual functional value of the textile 
and clothing product [2]. We comprehensively assess 
comfort of the clothing product depending 
on the reaction of human organism, climatic 
environment and clothing system, which 
the surveyed person is wearing. The clothing system 
of military clothing consists of several layers 
of individual military clothing. The main objective 
of clothing layering is to achieve synergy during 
transport of heat, humidity in individual clothing 
layers and to avoid occurrence of unpleasant feelings 
under the conditions of hotness, cold or humidity. 

Reference [4] is primarily focused on the possibilities 
for objective assessment of selected thermo-

physiological properties and touch of the first layer 
of clothing, which is in direct contact with user's skin. 
Final assessment of comfort is based on common 
assessment according to the index of comfort 
because the first layer of clothing must not only 
transfer heat and humidity from skin to textile surface 
(or to other textile layers) but the users must also 
have good feelings when their skin touches 
the clothing. If one of the clothing layers is chosen 
incorrectly, a non-functional layer ensues and then 
the whole system does not function. Long-lasting 
state of user's discomfort, e.g. a soldier who feels 
uncomfortable, has negative effect not only on user's 
performance while executing tasks but due to 
hypothermia or hyperthermia of organism; the user's 
health can be endangered. Due to variable 
temperatures in various areas of the worlds, layering 
of individual clothing components needs to be 
adjusted. The number of clothing layers differs and 
is adopted according to given climatic conditions and 
equipment requirements and protection of the user-
soldier. Correct function of the clothing barrier layer 
is also important for correct function of the textile 
sandwich, particularly if exposed to adverse ambient 
conditions. Membrane of this layer must show not 
only good capacity to let vapour through but also 
to have sufficient resistance to pressure water effect 
[5]. 
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2 PERFORMED RESEARCH ACTIVITIES 

The research builds on previous experiment, in which 
the effect of sandwich structure of military clothing 
of the old and new types of layering on the properties 
of physiological comfort was solved. Thermal 
insulation properties were measured in individual 
samples of military clothing textiles and in layered 
sandwich were measured to verify the effect. 
Thickness and permeability of the material were 
measured too. Measurements were carried out 
in the laboratory of the Department of Clothing 
of the Textile Faculty at the Technical University 
in Liberec within processing of a partial aim 
of a diploma project when solving the issues 
of Innovation of Special Functional Clothing for Army 
[3].  

All measurements were carried out in compliance 
with ČSN EN ISO under standard conditions for 
testing of textiles at the temperatures of 20°C and 
65% relative humidity. Thermal insulation properties 
were measured by device FOX 314. Device FOX 314 
is a heat flow meter from a company TA Instruments 
which is designed for measuring thermal 
conductivity. Air permeability tester SDL M021S and 
fabric thickness tester SDL MO34A both from 
a company SDL Atlas were used for a measurement 
air permeability of samples and for measurement 
thickness according ISO standards. More details 
about devices and their characteristics could be 
find out on a website of theirs manufacturers or 
in a datasheets. 

Measurements proved that thermal insulation 
properties of the old and new types of military 
clothing layering were maintained. In the new type 
of sandwich in protective layer, utility properties such 
as waterproofing and resistance to water penetration 
were improved. These new properties affected air 
permeability of the third barrier layers of clothing and 

of the entire sandwich structure of military clothing. 
Results of the experiment implied that the jacket 
of TERMO 2010 type can be worn without protective 
layer, without the sandwich structure consisting 
of individual layers losing its function. The above 
stated ascertained facts prove that each individual 
material has its unique functional properties.  

Such particular characteristics of individual clothing 
layers need to be known exactly and they need to be 
composed into the correct system of textile sandwich 
structure by layering according to the users'/soldiers' 
needs for given environment, where they will 
function. There are many other factors that influence 
thermal insulation properties of clothing. Besides 
already mentioned permeability of the textile, it is 
occurrence of humidity, particularly liquid humidity 
in the textile and in layers. Textile structure, 
its compressibility, filling and other parameters 
of the textile are also important. For correct function 
of the clothing, it is equally important to know and 
follow correct maintenance of special clothing so that 
the clothing keeps its utility properties. 

3 MATERIALS AND METHODS 

3.1 Methodology 

The following experiment was proposed to verify 
ascertained material properties and assumption for 
achieving optimum comfort of military clothing 
in simulation under real climatic conditions at various 
areas of the world. Assessment of clothing focuses 
on the most important thermal-physiological 
properties of clothing, i.e. its thermal insulation 
properties and vapour resistance. Testing samples 
of new military clothing that are used under field 
conditions by Czech Army (hereinafter AČR) were 
used for the experiment. In Table 1, there is 
an overview of military clothing that were used and 
their material composition. 

Table 1 Overview of used military clothing and their material composition and origin 

Marking Material name Material composition Producer 

1 Light thermo 2012 
85% functional polyester with silver ions content,  
9% antistatic fibre,  
6% polyamide 

Monitex Czech s.r.o., Tabor 

2 Hard thermo 2012 
91 %  functional polyester with silver ions content,  
9% antistatic fibre 

Monitex Czech s.r.o., Tabor 

3 Undershirt, short sleeve 100% cotton Sintex a.s. 

4 Undershirt, long sleeve 
82% cotton,  
18% polyamide 

Sintex a.s. 

5 Shirt 2000 50% polyester, 50% cotton Marlway, s.r.o. 
6 Blouse 95 50% polyester, 50% cotton Koutny spol. s r.o., Prostejov 
7 Blouse ripstop 50% polyester, 50% cotton Koutny spol. s r.o., Prostejov 
8 Sweater 95 30% wool, 70% polyacrylonitrile Blazek Praha a.s. 
9 Insert thermo 100% polyester Jitex Comfort s.r.o.,  Pisek 
10 Jacket thermo 2010 45% polyester, 45% polyamide, 10% elastane Goldeck Textil GmbH, Austria 
11 Coat 95 51% polyester, 49% cotton Otavan Trebon, a.s. 
12 Coat insert 100% polyester Otavan Trebon, a.s. 

13 Jacket ECWCS 2000 
Top layer 100% polyamide, climatic membrane 100% 
PTFE (polytetrafluorethylene), under layer is laminate with 
a layer of lining knit of 100 % polyamide 

Vyvoj, odevni druzstvo v Tresti 

14 
Jacket 
ECWCS 2012 

Top layer 100% polyamide, climatic membrane 100% 
PTFE (polytetrafluorethylene), under layer is irregular 
polymeric coating of 100% polyamide 

Goldeck Textil GmbH, Austria 



Textile Technologies  Textilné technológie 

Fibres and Textiles (4) 2017 5 

If we think of possible deployment of the AČR troops 
in all areas of the world except Arctic areas, we will 
work with four climatic types in compliance with ČSN 
EN 60721-2-1 (038900) [6]. The standard sets 
the types of climate characterized by the values of air 
temperature and humidity. In Table 2, there are 
the input values of environment simulation for 
measurements of thermal insulation properties 
according to the type of selected climate listed.  

Table 2 Input values of environment simulation for 
measurement of thermal insulation properties according 
to the type of selected climate 

Type of climate 
Temperature  

of lower board [°C] 
Temperature of 

upper board [°C] 

Cold 35 -20 
Temperate 35 5 
Arid 35 10 
Tropical 35 20 

 

Thermal conductivity of the material represents 
capability of the material to conduct heat under given 
conditions. Heat resistance is capability 
of the material to resist to heat transmission. So 
a good thermal insulation material has low thermal 
conductivity and high heat resistance. On Figure 1, 
there is device FOX 314 used for measuring 
of thermal conductivity of the samples of sandwich 
materials. 

 

 

Figure 1 Machine FOX 314 for measurement the thermal 
properties of materials 

 

Temperature of lower board of the FOX device 
simulates temperature of human skin and 
temperature of upper board simulated temperature 
of the environment according to selected climate. For 
calculation of thermal insulation properties of textile 
sandwich it is necessary to know thickness 
of the material. Thickness of material t [mm] was 
ascertained using digital thickness gauge SDL 
MO34A according to ČSN EN ISO 5084 (800844) - 
determination of thickness of textiles and textile 
products. Contact pressure was set at 70 Pa 

in accordance with the standard [7]. To measure 
the values of thermal flux the values of thermal 
conductivity λ [W/(m.K)] and heat resistance R 
[(m

2
.K)/W] were counted. In Table 3, there are 

formulas for calculations of thermal conductivity and 
thermal resistance. The resulting value of thermal 
insulation of clothing is set using the calculation 
of heat resistance of textile sandwich (see Table 3) 
and it is expressed in the unit called ‘CLO’, where 
1 clo equals to 0.155 [(m

2
.K)/W]. In the thermal 

comfort standards it is recommended to use clothing 
with 1 clo in winter conditions and 0.5 in summer 
conditions under standard conditions at 
the temperature of 21°C, air flow of 0.1 [m/s] and 
relative humidity < 50%. 

Table 3 Formulas for calculation of thermal conductivity λ 
and thermal resistance R (User Manuals FOX 314) 

Formula for calculation 
Description of the quantity 

and properties 

10L1U    

U1 – value of thermal flow through 
the sample + air [W/(m2.K)] 
λL – thermal flux of the lower  
board [W/(m2.K)] 

1UUbp

1UUbp
2U




  

Ubp ≈ 6.67 [ W/(m2.K)] 
U2 – heat permeability through 
the sample [W/(m2.K)] 

1000

t
2U   

λ – thermal conductivityof material 
[W/(m.K)] 
t – thickness of material [mm] 

2U

1
R   

R – thermal resistance of textile 
sample [m2.K/W] 

 

Water vapour resistance Ret [m
2
.Pa/W] was 

measured using Sweating Guarded Hotplate 
(hereinafter SGHP) according to ISO 11092 [8]. 
Model 8.2 is located in the laboratory 
of the Department of Clothing. It was developed 
by Measurement Technology Northwest, Seattle, 
USA (hereinafter MTNW USA) and it is designed for 
measuring of thermal insulation properties (heat 
resistance Rct) and resistance to water vapour 
(vapour resistance Ret) of textiles and other 
materials according to ČSN EN 31092, ISO 11092 [8] 
and ASTM F 1868 in their entirety [9]. Overall view 
of the SGHP device built in climate chamber Vötsch 
VC 0018 is in Figure 2 and detail of the SGHP device 
is in Figure 3. 

Measured lower Ret value indicates better utility 
properties of the material. Material has better 
capability to let vapour through, i.e. material resists 
less to water vapour penetration. So we can deem 
the measured values of textile sandwiches Ret<6 
excellent and the values of Ret<12 good and 
the values of Ret<20 sufficient. The value of Ret>20 
represents an almost non-permeable material. 

3.2 Clothing used for the experiment 

Based on comparison and analysis of used kinds 
of clothing and knowledge of the AČR members from 
previous foreign missions, 13 types of the systems 
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of layering military clothing (hereinafter 
“sandwiches”) for experimental measurement were 
identified. Two types of sandwich can be used for 
cold and temperate types of climate. 3 kinds 
of sandwiches were identified for cold type of climate, 
5 kinds of sandwiches were identified for temperate 
type of climate, 2 kinds of sandwiches were identified 
for arid type of climate and 5 kinds of sandwiches 
were identified for tropical type of climate. 
The sandwiches consist of fourteen parts of military 
clothing that are layered on each other as required 
for given climatic area. Combination of different types 
of military garments including comparison of new and 
old type of a sandwich of clothing is in Table 4. 
It is evident that the new type of clothing layering for 
a cold climate contains one layer of the clothing less 
than in the old type. 

 

 

Figure 2 The SGHP 8.2 device located in climate chamber 
Vötsch VC 0060 

 

Figure 3 Detail of the SGHP 8.2 device 

4 RESULTS AND DISCUSSION 

Based on the methodology suggested, measurement 
of thermal-physiological properties of the sandwiches 
made of the military clothing material stated in 
Table 1 was carried out. Measured results 
of the experiment in simulation of real climatic 
conditions in various areas of the world are stated 
in Table 5. Stated results of the thermal conductivity, 
water vapour resistance are the average of three 
samples and are stated with the accuracy 
of 4 decimal places. Based on the values measured 
using the FOX device, thermal resistance of textile 
sandwich samples was set and dimensionless 
quantity of clothing insulation CLO was calculated. 
Resulting values for individual textile sandwiches 
of clothing are stated in Table 5. 

 

Table 4 Type and combination of military garments used for measuring of textile sandwich divided according type 
of climate 

Type 
of climate 

Sandwich 
type 

Combination of garments (marking- name), according layers of clothing Sandwich 
thickness 

under 
load 

70 [Pa] 
t [mm] 

1st Layer 2nd Layer 3rd Layer 4rd Layer 5th Layer 

Cold 
A-Old type 4-Undershirt, long sleeve 8-Sweater 95 6-Blouse 95 12-Coat insert 11-Coat 95 17.48 
B-New type 1-Light thermo 2012 2-Hard thermo 2012 10-Jacket thermo 2010 14-Jacket ECWCS 2012 

 
4.55 

C-New type 1-Light thermo 2012 2-Hard thermo 2012 9-Insert thermo 13-Jacket ECWCS 2000 
 

6.08 

Temperate 

B 1-Light thermo 2012 2-Hard thermo 2012 10-Jacket thermo 2010 14-Jacket ECWCS 2012 
 

4.55 
C 1-Light thermo 2012 2-Hard thermo 2012 9-Insert thermo 13-Jacket ECWCS 2000 

 
6.08 

D 1-Light thermo 2012 2-Hard thermo 2012 10-Jacket thermo 2010 
  

4.1 
E 4-Undershirt, long sleeve 8-Sweater 95 6-Blouse 95 

  
6.15 

F 4-Undershirt, long sleeve 2-Hard thermo 2012 6-Blouse 95 
  

3.17 

Arid 
G 1-Light thermo 2012 2- Hard thermo 2012 7-Blouse ripstop 

  
2.32 

H 1-Light thermo 2012 2-Hard thermo 2012 6-Blouse 95 
  

2.54 

Tropical 

I 3-Undershirt, short sleeve 7-Blouse ripstop 
   

1.07 
K 1-Light thermo 2012 7-Blouse ripstop 

   
1.17 

L 5-Shirt 2000 7-Blouse ripstop 
   

0.87 
M 3-Undershirt, short sleeve 6-Blouse 95 

   
1.28 

N 1-Light thermo 2012 6-Blouse 95 
   

1.46 
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Table 5 Measured and calculated values of made textile sandwiches of military clothing for selected types of climate 

Type of climate Sandwich type 
Vapour resistance 

Ret [(m2.Pa)/W] 
Thermal conductivity 

λ [W/(m.K)] 
Thermal resistance 

R [(m2.K)/W] 
Clothing insulation 

CLO [-] 

Cold A 44.9470 0.0366 0.4782 3.09 
Cold B 28.2147 0.0256 0.1775 1.15 
Cold C 32.2843 0.0297 0.2047 1.32 

Temperate B 28.2147 0.0263 0.1730 1.12 
Temperate C 32.2843 0.0304 0.1989 1.28 
Temperate D 11.9686 0.0298 0.1375 0.89 
Temperate E 19.1776 0.0382 0.1611 1.04 
Temperate F 11.1580 0.0339 0.0934 0.60 

Arid G 9.1494 0.0293 0.0791 0.51 
Arid H 10.2198 0.0317 0.0802 0.52 

Tropical I 5.1906 0.0247 0.0432 0.28 
Tropical K 5.3310 0.0312 0.0374 0.24 
Tropical L 5.5925 0.0251 0.0346 0.22 
Tropical M 7.0702 0.0299 0.0428 0.28 
Tropical N 7.0311 0.0316 0.0462 0.30 

 

4.1 Clothing insulation 

Dimensionless quantity ‘CLO’ reaches, depending 
on the type of clothing, various values and under 
common conditions it typically ranks between 
the values of 0-2 [-]. The value of 1 clo represents 
thermal balance at ambient temperature of 21°C. 
For example the value of 0 clo is stated for naked 
body, 0.6 clo for summer clothing, 2 clo for skiing 
equipment, 3 clo for light polar equipment, 4 clo for 
hard polar equipment. Required values of clothing 
insulation clo for achieving the thermal balance and 
feeling of comfort depends not only on ambient 
conditions but also on occurrence of humidity, 
physical activity, i.e. production of heat and other 
conditions.  

Measured values of clothing insulation clo stated 
in Table 5 are only slightly different for arid type 
of sandwiches number 7, 8 that achieve insulation 
of c. 0.5 clo and for tropical type of climate 
of sandwich number 9-13 that have clothing 
insulation at the level of 0.2-0.3 clo. More significant 
differences in clothing insulation according to clo are 
shown in textile sandwiches tested for temperate 
type of climate that rank from 0.6 clo to 1.28 clo. 
The above stated clo values comply with 
the requested value of insulation according to 
the standard and with conditions and type of climate, 
in which they are commonly used. The CLO values 
of insulation for textile sandwiches number 2 and 
number 3 tested for cold type of climate are 
low/insufficient and reach only the values of 1.15 and 
1.32 clo. Only the old type of sandwich number 1 
consisting of 5 layers shows sufficient insulation 
of clo at the level of 3.09. Sandwich number 1, 
however, does not comply with regard to low vapour 
permeability. No significant difference in clo clothing 
insulation in sandwiches No. 2 and No. 3 for two 
different types of climatic conditions was recorded at 
the experiment.  

4.2 Water vapour resistance of textile 
sandwiches 

Low vapour resistance of the clothing is important 
for achieving good comfort of the user while wearing 
the clothing. So a decisive utility property for 
reaching optimum comfort while wearing the clothing 
is low value of water resistance of textile sandwich 
Ret [(m

2
.Pa)/W]. Based on this requirement, the most 

suitable type of clothing sandwich for given climatic 
conditions is clothing with as low vapour resistance 
Ret [(m

2
.Pa)/W] as possible. In subsequent Table 6, 

there are the most suitable sets of the clothing textile 
sandwiches for individual climatic conditions selected 
according to this criterion.  

Table 6 The most suitable types of the textile sandwiches 
of clothing according to thermal insulation CLO [-] and 
vapour resistance Ret [(m

2
.Pa)/W] 

Type of climate Sandwich type 
Vapour 

resistance 
Ret [(m2.Pa)/W] 

Clothing 
insulation 

CLO [-] 

Cold B 28.2147 1.15 

Temperate D 11.9686 0.89 

Temperate F 11.1580 0.60 

Arid G 9.1494 0.51 
Arid H 10.2198 0.52 

Tropical I 5.1906 0.28 
Tropical K 5.3310 0.24 

5 CONCLUSIONS 

The decisive utility property inevitable for reaching 
good comfort of the user while wearing military 
clothing under various climatic conditions is 
particularly low water vapour resistance of clothing 
Ret and, with regard to ambient conditions, sufficient 
insulation of clothing during given activity of the user. 

Particularly in the areas, where increased emphasis 
is in thermal insulation properties of clothing such as 
the areas of temperate and cold zones, good thermal 
insulation capacities of clothing are, besides low 
vapour resistance of clothing, important requirements 
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for clothing. Another requirement for clothing 
is resistance to external weather adverse effects, 
particularly water waterproofness, i.e. resistance 
to pressure water. Assuming that layers of clothing 
are selected properly, lower number of clothing 
textile layers means achieving better vapour 
permeability through clothing, i.e. lower vapour 
resistance Ret. The other way round, higher number 
of clothing layers leads to better thermal insulation 
property of clothing. However, with higher number 
of clothing layers the vapour permeability worsens 
and there is a risk of dew point origination. Vapour 
condensation in inner layers of clothing or directly on 
barrier layer of clothing subsequently causes further 
worsening of vapour permeability and overall 
decreasing of user's comfort. 

Based on comparison of selected textile sandwiches 
of military clothing and comparison of two of their 
utility properties - vapour resistance Ret [(m

2
.Pa)/W] 

and clothing insulation CLO [-], we can recommend 
the following combinations of clothing for individual 
zones: 

- For tropical zone: sandwich type I (Light thermo 
2012/ Blouse ripstop). 

- For arid zone sandwich type G (Light thermo 
2012/ Hard thermo 2012/ Blouse ripstop). 

- For temperate zone sandwich type D (Light 
thermo 2012/ Hard thermo 2012/ Jacket thermo 
2010). 

- For cold zone sandwich type B (Light thermo 
2012/ Hard thermo 2012/ Jacket thermo 2010/ 
ECWCS 2012). However this type has relatively 
low thermal insulation, which is given by its small 
thickness of only 4.55 [mm]. 

Selection of suitable (optimal) parameters, i.e. 
the ratio of utility properties ‘Ret’ and ‘CLO’, is very 
individual and it depends on other conditions such 
as, e.g. planned application of clothing and period for 
using clothing, and so each of the types 
of sandwiches mentioned herein has its alternative 
stated in Table 6 or 5 allowing suitable selection 
of clothing according to specific requirements and 
preferences. Water vapour permeability, i.e. low 
vapour resistance ‘Ret’, is the most important utility 
property for highly functional clothing and that is why 
it determines suitability of selection of individual 
layers of clothing.  
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Abstract: Smart clothing containing electroconductive fibres, integrated into construction of textile 
material, are an alternative for continuous long-term monitoring of human biomedical signals. Operational 
elements located in the smart clothing are interconnected by conductive paths enabling transmission 
of data gained via textile sensors to a control and communication unit from where they are transferred 
to mobile or PC using wireless technology. Method of interconnection of the conductive paths with 
operational elements of the clothing depends mainly on character of materials used (electroconductive 
fibre – metal/plastic/textile material). Emphasis is placed on establishment of a stable connection with 
required transmission characteristics. The paper present results of measuring transmission characteristics 
of the conductive paths, embroidered with electroconductive thread on a non-conductive textile material, 
terminated with metal press fasteners. Electrical resistance of the conductive paths for the whole 
uninterrupted conductive path length, specific segments (right and left) of the conductive path with 
the metal press fastener and the both segments connected with the metal press fastener was evaluated. 
Transmission characteristics of harmonic signal (sin) and non-harmonic rectangular signal for frequency 
ranging from 1 Hz up to 300 kHz with input voltage of 1 V and 3 V were evaluated on a solid joint made by 
closure of the metal press fasteners. Results of the measurement confirmed trouble-free transmission 
of the harmonic and non-harmonic signal using proposed conductive paths and satisfactory quality 
of the output signal without any deformations. 

Keywords: smart clothing, electroconductive sewing thread, conductive path, metal press fasteners, 
electric resistance, harmonic signal, non-harmonic signal  

 

1 INTRODUCTION 

Monitoring of human physiological signals using 
intelligent clothing is based on a concept of so-called 
Body Sensor Networks (BNS) with an emphasis 
placed on sensing systems, autonomous primary 
data processing, miniaturization and last but not 
least also on reliable interconnection of specific BNS 
components [1-4]. The sensors have analog outputs, 
representing physiological parameters, from which 
a picture about health condition of a patient is 
established. Conductive paths (Wired Body Area 
Network) or wireless interconnections (Wireless 
Body Area Network) are used in the system for 
power supply, signal transmission to the sensors 
and data transmission to a data bus. Analog 
data are converted to digital form in the data bus 
and they are transmitted to a local central unit e.g. 
smartphone (PDA). They can be further wirelessly 
transmitted from the local central unit e.g. 
to a healthcare system (Remote System) [5, 6]. 

Major task of the conductive paths is transmission 
of electrical biosignals, sensed from textile 
electrodes (e.g. ECG sensors [7, 8]), which are 
manifestation of electrical activity in a living 
organism. The biosignals are based on electrical 

properties of muscle and neural tissue. 
Electrocardiography (ECG), using electrodes placed 
on the human body, measures difference of voltage 
as manifestation of propagation of action potential 
in myocardium. The active electrodes act as 
sensors, detecting electrical signals, generated by 
the heart and conducted through the heart tissue. 
Electrocardiography (ECG) is a process of recording 
electrical activity of the heart in a form 
of electrocardiogram, i.e. recording time change 
of electrical potential caused by heart's electrical 
activity in a form of ECG curves 9. 

Quality of the output electrical biosignals transmitted 
by means of conductive paths is influenced by 
properties of materials used to prepare 
the conductive paths, by way of incorporation 
of the conductive paths into the structure of textile 
material and by stability of interconnection 
of the conductive paths with functional components 
of the intelligent clothing. Basically, the conductive 
paths consist of electroconductive fibres made from 
100% metal (e.g. copper, silver) or polymer 
containing conductive particles (e.g. carbon) and/or 
fibres with conductive surface treatment (core/shell 
structured bicomponent fibres – e.g. 
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polyamide/silver). A possibility how to create 
conductive paths is embroidering electrical circuit on 
a textile substrate with an electroconductive sewing 
thread incorporating electroconductive fibres, 
enabling electrical signal transmission. This 
embroidering technology substitutes 
an uncomfortable system of cables common on 
traditional ECG monitoring methods. Special 
attention should be given to the method 
of interconnection of the conductive paths with 
functional components of the clothing. Emphasis 
should be placed on establishment of a stable 
interconnection with required transmission 
characteristics. A necessary condition is to ensure 
resistance of the connection to mechanical stress 
and propose an appropriate configuration 
responding to the required application. 

Quality of the output biosignal can be characterized 
and evaluated by transmission characteristics such 
as e.g. harmonic and square signal for specific heart 
rate at particular input voltage. Periodic, indefinite, 
cyclic signals serving as a medium for information 
transfer are involved. Graphical evaluation 
of the transmission characteristics is a way how 
to confirm functionality of the electrical circuit 
in a form of conductive paths and biosignal 
transmission.  

2 EXPERIMENTAL 

Technology of conductive paths prepared from 
electroconductive sewing thread with metal 
accessories attached at the end of the conductive 
path for stable interconnection of the conductive 
paths and functional components of the intelligent 
clothing is described in the experimental part. 
Besides, method for measurement of transmission 

characteristics of the conductive paths used for 
evaluation of quality of the output signal is described 
as well.  

2.1 Materials 

The conductive paths were prepared from 
electroconductive sewing thread containing Elitex®, 
commercially available conductive multifilament 
fibre, using embroidering technology. Core 
of the Elitex® conductive fibre is polyamide covered 
by a thin layer of pure silver. Electrical resistance 
of the sewing thread was on a level of cca 17 Ω/m. 

The embroidering technology was used to achieve 
flexible interconnection of the functional 
modules/components of the electronic circuit. 
The conductive path consisted of a series of stitches 
created by interlocking upper and bottom 
electroconductive sewing thread. Each conductive 
path consisted of two independent segments (right 
and left segment) with a length of 10 cm. A system 
of metal textile accessories was proposed to 
connect two segments into one conductive path. 
Respective part of the metal textile accessories 
(metal button and/or metal snap fastener) was 
attached at one end of each segment. Strong bond 
and electrical contact was established by 
interlocking the conductive segments. A conductive 
path unbroken by metal accessories with a length 
of 20 cm was prepared as well. It was used to 
evaluate influence of interconnection 
of the conductive paths (fibres) with metal 
accessories on transmission characteristics 
of the electrical signal. Preparation of the conductive 
paths is described in Table 1 and 
photodocumentation of the conductive paths is 
shown in Figure 1a-1d. 

 

Table 1 Characteristics of the prepared conductive paths 

Designation 
of the conductive 

path 
Description of preparation of the conductive path 

VC1 Conductive path with a length of 20 cm 

VC2 

Conductive path consists of two independent segments of conductive paths with a length of 10 cm. At one end 
of the conductive path of each segment there is a conductive area with dimensions of  0.5 x 0.5 cm, created by 
irregular stitching with conductive sewing thread, to which respective part of a metal button was attached 
mechanically by riveting. The other end of the conductive path of each segment is finished by free end 
of the electroconductive sewing thread. A strong bond and interconnection of the both segments to one 
conductive path is established by interlocking the both parts of the metal button 

VC3 

Conductive path consists of two independent segments of conductive paths with a length of 10 cm. At one end 
of the conductive path of each segment there is respective part of a metal snap fastener (spring socket and 
stud) sewn by free end of the electroconductive sewing thread used to prepare the conductive path. The other 
end of each segment is finished by free end of the electroconductive sewing thread. A strong bond and 
interconnection of the both segments to one conductive path is established by interlocking the both parts 
of the metal snap fastener 

VC4 

Conductive path consists of two independent segments of conductive paths with a length of 10 cm. At one end 
of the conductive path of each segment there is a conductive area with dimensions of 0.5 x 0.5 cm, created by 
manual stitching with conductive sewing thread, on which respective part of metal snap fastener (spring socket 
and stud) was sewn. The other end of conductive part of each segment is finished by free end 
of the electroconductive sewing thread. A strong bond and interconnection of the both segments to one 
conductive path is established by interlocking the both parts of the metal snap fastener 
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a) VC1 

 
b) VC2 

 
c) VC3 

 
d) VC4 

Figure 1 Conductive paths 

Electrical resistance and transmission 
characteristics were evaluated on samples prepared 
this way. 

2.2 Measurements and evaluation methodology 

The transmission characteristics of the conductive 
threads and interconnection of left and right 
segments (sample VC2, VC3 and VC4) were 
evaluated by measuring the electrical resistance [Ω] 
and quality of signal transmission (amplitude 
measurements and visual inspection of the wave 
form).  

The first phase included a simple evaluation 
of the electrical resistance measured using 
the Agilent 34404A laboratory precision multimeter 
from defined points of measurement. The average 
value from three measurements was calculated and 
is listed in the corresponding table of results - left 
segment, right segment and interconnected 
segments, from which we calculated the resistance 
of the snap fastener interconnection itself. Sample 
VC1 only includes the total impedance of the electro 
conductive thread since no snap fastener 
interconnection is present. 

The second phase included the testing of harmonic 
signal transmission. The harmonic signal was 

generated using the Rigol DG4162 signal generator 
within the 1Hz to 300 kHz range, with a peak-to-
peak amplitude of 1 V and transmitted over 
the electro conductive threads. 

The third phase of measurements included 
the testing of square signal transmission - to mimic 
the 3 V transistor-transistor logic (TTL) used 
in subsequent application of the electro conductive 
threads in our intelligent clothing prototype. Square 
signal with frequencies from 1 Hz to 300 kHz was 
evaluated and transmitted over the electro 
conductive threads. 

For phase 2 and phase 3 we evaluated 
the amplitude of the transmitted signal and also 
visually inspected the waveforms - comparing 
the original and transmitted signal using 
the KEYSIGHT MSO-X 3012A oscilloscope.  

3 RESULTS AND DISCUSSION 

Phase one results are listed in Tables 2 - 4. They 
include the measured impedance of individual left 
and right segments (VC2, VC3, VC4), the total 
impedance of both connected segments and 
the calculated impedance of the snap fastener 
interconnection.. 

Table 2 Measured impedance values for VC2 - mechanically pressed snap fastener 

 Meas. n.1 Meas. n.2 Meas. n.3 Average Snap fastener 

Left segment impedance 8.1 Ω 8.0 Ω 8.3 Ω 8.1 Ω - 
Right segment impedance 7.0 Ω 7.3 Ω 7.1 Ω 7.1 Ω - 

Total impedance 24.2 Ω 23.8 Ω 22.5 Ω 23.5 Ω 8.3 Ω 

 

Table 3 Measured impedance values for VC3 – 4 point sewed snap fastener 

 Meas. n.1 Meas. n.2 Meas. n.3 Average Snap fastener 

Left segment impedance 3.6 Ω 3.5 Ω 3.6 Ω 3.6 Ω - 
Right segment impedance 3.7 Ω 3.8 Ω 3.4 Ω 3.6 Ω - 

Total impedance 8.2 Ω 9.1 Ω 8.1 Ω 8.5 Ω 1.3 Ω 

 

Table 4 Measured impedance values for VC4 – area sewed under snap fastener 

 Meas. n.1 Meas. n.2 Meas. n.3 Average Snap fastener 

Left segment impedance 5.5 Ω 5.7 Ω 6.1 Ω 5.8 Ω - 
Right segment impedance 12.0 Ω 11.8 Ω 12.3 Ω 12.0 Ω - 

Total impedance 18.1 Ω 19.6 Ω 19.8 Ω 19.2 Ω 1.4 Ω 
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The lowest impedance was obtained from VC3 
wherein the snap fastener was sewed in 4 positions 
(see Figure 1c) - thus we opted to use this method 
of connecting the electro conductive threads with 
snap fasteners in all future designs instead 
of mechanical pressing method (Figure 1b, VC2). 
The additional area created under the snap fastener 
by sewing the electro conductive thread also 
increased the impedance of the interconnection 
(Figure 1d, VC4) and significantly increased 
the impedance of the right segment 

Phase two results have confirmed excellent 
transmission of the harmonic signal in all samples; 
see Figure 2 for amplitude plot results using VC1 
and Figure 3 for amplitude plot results using VC2. 
The input waveform is transmitted undistorted with 
appropriate amplitude for all tested samples, 
regardless of the presence of the snap fastener 
interconnection. 

 

 

Figure 2 Transfer characteristic of textile without snap 
fastener (VC1) - sine wave - input amplitude 1V 

 

Figure 3 Transfer characteristic of textile with snap 
fastener (VC2) - sine wave - input amplitude 1V 

Phase three results are more interesting. Due to 
the nature of the square signal a transient effect is 
visible at the rise and fall slopes of the waveform, 
especially for higher frequencies (beyond 20 kHz) – 
see Figure 4. However, the average amplitude is 
well within the expected TTL levels and 
the transmitted signal can be processed without any 
errors. We verified this by transmission of a real 
digital signal over the I

2
C (Inter-Integrated Circuit) 

bus – see Figure 5. The TMP275 IC from Texas 
Instruments [10] was powered by a pair of electro 
conductive threads and the digital temperature 
output was transmitted using another pair. The PCB 
with the electric components (pictured left, 
disconnected for more detail) was connected with 
the electro conductive fibres using four snap 
fasteners, as was the receiving side connector 
(pictured right, connected). 

 

 

 

 

Figure 4 Visible transient effects beyond 20 kHz, rise and fall slopes of square signal, 3V TTL 
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Figure 5 Sample I
2
C bus digital signal transmission – PCB with TMP275 IC, snap fasteners, electro conductive threads 

Figures 6 and 7 show the average amplitudes 
of the transmitted square signal, confirming our 
above findings. 

 

 

Figure 6 Transfer characteristic of textile without snap 
fastener (VC1) – square signal - input amplitude 3V 

 

Figure 7 Transfer characteristic of textile with snap 
fastener (VC2) – square signal - input amplitude 3V 

Similar transfer characteristics were obtained for 
VC3 and VC4 samples and are thus not pictured 
in this article. 

4 CONCLUSION 

Electro conductive threads are an important 
component of so-called intelligent textiles. Instead 
of using traditional wires which can be bulky and 
uncomfortable, all electrical connections are created 
using electro conductive threads which are sewn 
within the clothing itself. These are then used not 
only to power the necessary electronic components 
but also for signal harnessing and transmission 
thereof within the body signal network system. 

Based on our results from phase 1 we can conclude 
that the interconnection of conductive threads using 
snap fasteners is possible and feasible. The lowest 
impedance was observed when the snap fasteners 
were sewed using the electro conductive thread in 4 
locations. This method of attaching also lowered and 
equalized the right and left segment impedance 
values – especially when comparing samples VC3 
and VC4. Additionally, phase 2 and phase 3 results 
have confirmed proper signal transmission over 
the electro conductive threads – both for harmonic 
and non-harmonic signals in a wide frequency 
range. The transient effects present in non-harmonic 
signal transmission do not influence signal quality 
when using 3V TTL logic as was verified 
by transferring a real-life digital signal over the I

2
C 

bus.  

The obtained results and methods have been further 
employed in the development of a wearable 
intelligent clothing prototype pictured in Figure 8 and 
will be subject to further testing of not only electrical 
but also mechanical properties in order to assure 
a functional unit.  

 

 

Figure 8 Developed intelligent clothing prototype with 
processing unit (white box) attached using snap fasteners 
connected by sewed electro conductive threads 
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Abstract: Utilization of the space warp knitted fabric and their combination with different non-textile 
materials increases in many areas of life nowadays. These materials are highly porous with excellent 
thermal properties. This paper presents an experimental investigation on the thermal behaviour and 
porosity of the sandwich structures defined for the production of protective rubber boots. The coefficient 
of the thermal conductivity was measured by the heat flow meter and togmeter. The porosity was detected 
by the using non-destructive method by the microtomography. The paper also describes the influence 
of porosity on the thermal conductivity of the sandwich structures defined for the production of protective 
boots. The results show significant effect of sandwich structure porosity on their thermal conductivity. 
Finally the paper describes the sandwich structures by the using special software for analysis the porosity 
of structures, their connectivity and the pores size distribution inside structures. The results of this study 
indicate that the sandwich structure containing 3D knit show better thermal properties. 

Keywords: thermal conductivity, porosity, pores size distribution, protective rubber boots, space warp 
knitted fabric. 

 

1 INTRODUCTION 

It is well know that the porosity is important 
parameter for thermal properties. Thermal properties 
of the specific footwear have influence on the choice 
of material for their construction. Generally, low 
thermal conductivity of material is characterized by 
beneficial thermal properties [1]. The insulation 
characteristics of the specific footwear depend on 
the structure, material thickness, number of layers, 
humidity of the environment, etc. For this special 
protective footwear are required good porous and 
thermal properties. During summer, the thermal 
conductivity of materials should be low to resist heat 
transfer from outside to inside and in winter it is 
reverse (to protect heat transfer from inside to out). 
The porosity of the fabric is a key parameter for 
evaluating the permeability of the material. 
Air permeability is important factor influences 
the comfort of a textile product and is actually 
a function of the porosity of the material [4]. There 
are several methods to determine the porosity 
of the material [2]. One of the latest methods is 
the detection of this parameter using X-ray 

microtomography. There is a non-destructive 
analysis of any textile and non-textile structure. 
There are many methods and devices for 
measurement of thermal insulating properties 
of fabrics [3]. They differ in principle and 
applicability. For each device we have to evaluate 
the influences of various factors (different sample 
sizes, dissimilar pressure for testing samples, 
different types of sensors, measurement errors, 
etc.). For detecting the porosity of the textile 
structures exist methods (image analysis, bubble 
sort, ...) which are different methodology and 
applicability [10]. 

2 EXPERIMENTAL 

2.1 Materials 

In the present study four sandwich structures 
defined for the production of protective rubber boots 
are used for testing (Table 1). Material thickness 
measurement was performed as per ČSN EN ISO 
5084. 

 

Table 1 The tested materials and their characteristics 

Sample 
No. 

Fiber composition Thickness 
[mm] 

Mass per unit 
area [g/m2] rubber 3D knitted PU foam brush. velour adhez. layer rubber foam tricot 

C1     - - - 8.79 2680 
C2     - - - 10.72 2660 
C3  - - -    7.20 3640 
C4   -    - 9.98 3690 
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2.2 Methods 

The paper shows 3D analysis of the sandwich 
structures. The resolution is porosity, connectivity, 
pore size distribution and 3D visualization 
of the samples. This study indicates experimental 
investigation of the effect of porosity on the thermal 
properties which are most frequently evaluated by 
the coefficient of thermal conductivity. Material 
properties were measured according to standards - 
EN ISO 5084 (800844) Textiles - Determination 
of thickness of textiles and textile products and EN 
ISO 12127 (800849) Textiles - Determination 
of mass per unit area using small samples. Thermal 
and porous properties of sandwich structures were 
experimentally verified by heat flow meter 
(Instrument was designed according to ASTM C518-
04 - Standard Test Method for Steady - State 
Thermal Transmission Properties by Means 
of the Heat flow Meter Apparatus. Resulting values 
of thermal conductivity are calculated in accordance 
with ASTM C1045-01 - Standard Practise for 
Calculating Thermal Transmission Properties Under 
Steady - State Conditions.), togmeter (according to 
ISO 5085 - Determination of thermal resistance - 
Part 1: Low thermal resistance, Part 2: High thermal 
resistance) and microtomography (according to 
producer´s standards are not standardized). Finally 
an attempt has been made in this study to find 
the correlation between thermal conductivity and 
porous characteristics of the test samples. 

Coefficient of the thermal conductivity 

The measurement of the ability of a material to 
transfer heat [5]. Given two surfaces on either side 
of the material with a temperature difference 
between them, the thermal conductivity is the heat 
energy transported per unit time and per unit surface 
area, divided by the temperature difference. 
It is measured in watts per degree Kelvin [3].  

The instruments to measure coefficient of thermal 
conductivity  

The general principle of the heat flow meter 
instruments is based on one dimensional Fourier 
law. If a flat sample is placed between two flat 
isothermal plates maintained at two different 
temperatures, and a uniform one-dimensional 
temperature field has been stabilized, 
the temperature field in the sample should be 
uniform within all the sample’s volume [4]. 
The temperature gradient can be determined by 
measurements of the difference between 
temperatures of the hot and cold plates and 
thickness of the sample. The lower plate was set 
at 35°C and the upper plate been continuously 
adjusted to temperatures -20, -10, 0, 10 and 20°C. 

The instrument to measure thermal resistance  

The principle of the device is that, so conductors 
in series with respect to the direction of heat flow, 
the ratio of the temperature drop across 

the conductors is equal to the ratio of their thermal 
resistance. Thus, if the temperature drop across 
a material of known thermal resistance and that 
across a test specimen in series with it are 
measured, the thermal resistance of the test 
specimen can be calculated. The specimen is tested 
in the horizontal plane [5]. The instrument is 
equipped temperature sensors. The heating element 
is controlled by a digital temperature controller. 
The device is placed in the casing where is 
controlled air flow. The samples of a circle are 
inserted on one plate of the unit or between the two 
plates of the device. Then turn on heating element 
and temperatures are read in each of the three 
thermoelectric points after steady state.  

Porosity, connectivity and pores distribution 

Microtomography can be used to visualization 
the internal structure of the materials by non-
destructive way [8, 9]. There is important 2D or 3D 
analysis to obtain quantitative parameters 
of scanned dataset. Special software performs 
a picture analysis on selected pixels (white pixels = 
object and black pixels = pores). Connectivity 
determines which pixels are connected to other 
pixels (2D)/voxels (3D), it characterized mass and 
pores. A precondition for such an analysis is 
different X-ray absorption material components [8]. 

The microtomography to 3D analysis of the structures  

Microtomography scans the object in the form of 2D 
images, which can be converted with the help 
of special reconstruction software to 3D object. 
The resolution of the device is up to 0.5 micron, 
the maximum size of a tested material 70 mm in 
diameter and in length [6]. 

3 RESULTS AND DISCUSSION 

3.1 Measurements of thermal conductivity λ by 
using heat flow meter 

The influence of temperature of the upper plate 
device on the coefficient of thermal conductivity 
of the sandwich materials is shown in Figure 1. 
There is evident that the coefficient of thermal 
conductivity increases with increasing temperature 
of the upper plate unit from the Figure 1. All tested 
sandwich structure exhibit very acceptable thermal 
insulation properties for different temperature 
gradients. The graph shows the average value 
(5 measurements). The coefficient of variation has 
a very low mutual variety. The curve of sample C3 
shows different dependence than other structures. 
This sample consists from rubber foam and does not 
contain spacer warp knitted fabric.  
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Figure 1 The influence of temperature on the coefficient of the thermal conductivity 

 

3.2 Measurements of thermal resistance by 
using togmeter 

There was used method of measuring single-plate. 
The sample remained uncovered and after steady 
state temperatures were read in each of the three 
thermoelectric points. The result of measurement 
is shown in Figure 2.  

The measurement the coefficient of thermal 
conductivity by this device shows a low value of this 

parameter. As in the previous experiment, 
the thermal insulating properties of the sandwich 
structures defined for the production of protective 
boots are very favourable. The sample C3 has 
higher coefficient of thermal conductivity. The graph 
shows the average value (5 measurements). 
The coefficient of variation has a very low mutual 
variety. 

 

 

 

Figure 2 The measurement of coefficient of the thermal conductivity by togmeter 
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Figure 3 The comparison of results of coefficient of the thermal conductivity 

  

3.3 The comparison of results of coefficient 
of thermal conductivity by two units 

The comparison of measurement results 
of coefficient the thermal conductivity for sandwich 
structure by using two devices is shown in Figure 3. 

The values obtained of the two devices are 
equivalent and the percent deviation is very small.  

3.4 Analysis of sandwich structures using 
microtomography  

Sandwich structures were scanned by 
microtomography with the same scanning 
parameters (Table 2).  

Table 2 Scanning parameters 

Source Voltage [kV] 50 
Source Current [µA] 200 
Image Pixel size [µm] 4 
Exposure [ms] 531 
Rotation Step [deg] 0.2 
Scan duration [min] 53 

 

The obtained datasets were reconstructed and then 
were made visualization of these structures (Figure 
4). Finally the 3D analysis of samples was 
performed using specific software (Table 3). 

 

 

Table 3 The results of 3D analysis by using CT-
microtomography  

Characteristics 
of sandwich structures 

C1 C2 C3 C4 

Total VOI volume [mm3] 121 168 93 130 
Total porosity [%] 77 86 61 61 
Connectivity 99 921 73 568 291 874 399 903 

Note: The total porosity of the each samples corresponds to 
the total VOI volume of the test material shown in table. 

3.5 The influence of the porosity on the thermal 
properties of sandwich structures  

Also, pore size distribution was analyzed for each 
sample. The pore size was distributed at 
the following ranges: 0 – 0.21 mm, 0.22 – 0.40 mm, 
0.41 – 0.60 mm, 0.61 – 0.80 mm, 0.81 – 1.00 mm 
and 1.00 – 1.44 mm. Percent volume in range for 
each material is shown in Figure 6. 
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Sample C1 Sample C2 

 

Sample C3 Sample C4 

 

Figure 4 The visualization of sandwich structures by specific software CTVox 

 

 

Figure 5 The influence porosity on the coefficient of thermal conductivity  
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Figure 6 Percent volume in range of each tested sample 

 

4 CONCLUSION 

In this paper were tested thermal insulating and 
porous properties of the sandwich structures defined 
for production of the protective footwear (Table 4). 
The coefficient of thermal conductivity was tested 
by two devices including a comparison 
of the measurement results. Porous properties were 
investigated by X-ray non-destructive analysis 
including pore size distribution for the studied 
samples.  

Table 4 Detected values of tested samples 

Samples 
Coefficient of thermal 
conductivity [W/mK] 

Connectivity 
Porosity 

[%] 

C1 0.044 99 921 77 
C2 0.049 73 568 86 
C3 0.063 291 874 61 
C4 0.056 3 993 61 

 

1. By testing of the coefficient thermal conductivity 
by the heat flow meter was found that 
a sandwich structure containing a spacer warp 
knitted fabric (especially the samples C1 and 
C2) show better thermal insulation properties i.e. 
lower coefficient of thermal conductivity. 
Compared to that the sandwich with 
predominant component of foam rubber present 
worse thermal insulation properties (C3). 
Samples C1 and C2 have identical composition 
and they differ only in the material thickness. 
It causes the differential coefficient of thermal 
conductivity. Sample C4 is a structure similar to 
the sample C3 containing also a thin layer 
of the spacer warp knitted fabric. 

2. The results of experimental measurement 
of the coefficient thermal conductivity by 
the togmeter showed a very similar measured 
value as in the point 1. Comparison of these 
results of the coefficient of thermal conductivity 
by the two devices is comparable though 
the methodology is different for each device. 

3. The spacer warp knitted fabrics have big amount 
of air in the pores and therefore the coefficient 
of thermal conductivity of sandwich structures 
containing spacer warp knitted fabric decreases. 
Samples C1 and C2 due to the content of these 
spacer warp knitted fabric have higher porosity. 
It indicates good permeability and it leads 
to improved thermal insulation properties. 
Conversely connectivity of these structures is 
increased in materials without the 3D knitted 
(samples C3 and C4). The pores size 
distribution for tested sandwich structures 
is follows: 

 Sample C3 contains about 96% pores in 
range to 0.21 mm. Other samples contain less 
- C1 (16%), C2 (28%) and C4 (41%).  

 In the range from 0.22 – 0.40 mm, the sample 
C1 contains 44%, sample C2 34% and C4 
contains 13% of pores. Sample C3 contain 
these pores size only 4%. 

 In the biggest pores size in the range 1.10 – 
1.44 are included samples C1 (about 10%). 
Samples C2 a C3 does not content these 
pores. 

The sandwich structures defined for the production 
of specific protective footwear are good insulators 
with high-porous characteristics especially 
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containing spacer warp knitted fabric. Their wide use 
is also applied in the production of specific protective 
footwear and it contributes to increase the thermal 
insulating and porous properties of the whole 
sandwich structure. Further research will be focused 
on quality rubber and subjective testing of heat-
insulating properties. Comfort is important and 
depends on the individual feeling of the user. 
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Abstract: The article presents the results of the experimental researches on determination of dependency 
of the breaking stress and the elongation at the moment of abruption on the number of washing cycles and 
the temperature for heat-resistant textile materials. Results, obtained after the experiments, provided 
the opportunity to predict the behavior of the selected materials, depending on the operating loads. 

Keywords: heat-resistant materials, breaking stress, elongation at the moment of abruption, washing. 

 

 

1 INTRODUCTION 

Manufacturing of modern ergonomic and reliable 
protective clothing primarily depends on 
the materials used. The range of modern heat-
resistant textile materials is quite wide. Nowadays 
they are distinguished by raw materials composition, 
type of processing, interweaving and so on. Natural 
fabrics are used preferably, but the share 
of synthetic and mixed fabrics increases annually. 

Among the natural fabrics cotton is used most often 
for making emergency-rescue clothing. Also linen 
is well known, which is used mainly in manufacturing 
of suits for welders in lower economic segment 
of the market. The main reason for the rejection from 
linen is its high surface density and rigidity, so its 
use in working conditions is ergonomically 
inadvisable because of the dynamic discrepancy 
of the clothes. The advantage of the synthetic 
fabrics for manufacturing of heat-resistant clothing 

is their durability. Reduced hygienic characteristics 
can be considered as a main disadvantage.  

We analyzed the existing market materials and 
proposed their classification based on the method 
of provision of heat resistance (Figure 1). So, we 
can underline several ways of heat resistance 
provision, namely: 

- application of substances on the fabric, which 
break up at burning with bleeding of incombustible 
gases (impregnation of fabrics); 

- formation of incombustible film (membrane) 
on the fabric that protects the fiber from the contact 
with air during the combustion (fabric covering); 

- chemical transformation of functional groups 
of fibers to increase the stability of macromolecular 
chains to thermal splitting (heat-resistant fibers); 

- combination of two or more of the abovementioned 
methods [1]. 

 

 

 

Figure 1 Types of heat-resistant materials by means of provision of heat resistance 
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Among the fabrics with special processing 
the Proban® technology is the most popular. It is 
fireproof chemical processing, developed 
in the 1950s, by which fabrics and knitted cotton or 
mixed with cotton fabrics are impregnated 
at the final stages of their production. Proban is 
a polymer chemical substance with a low molecular 
weight used for impregnation of fabrics. The fabric 
is dried in an environment with specified moisture 
content, then in the high concentration of gaseous 
ammonia, is oxidized by hydrogen peroxide, 
washed, dried and soften again by polyethylene 
fabric softener. The heaviness of the fabric ignition is 
achieved through the inert polymer, which is located 
in fiber and isn`t washed out from the fabric during 
the washing. When heating, fire retardant 
(antipyrene) breaks down to form acids in the fabric 
and catalyzes the formation of carbon. Carbon 
prevents the oxidation of potassium. That is, when 
the fabric, processed by the Proban, is exposed 
to the flame, the localized area is formed, which acts 
as an insulating layer. So, Proban provides 
comfortable, reliable and economically efficient 
solution for the fire safety at the workplace. Fabric 
with Proban does not “support” the combustion and 
smolder processes, does not affect the original 
properties of cotton and does not washed away 
during the washings and dry cleanings (up to 50 
cycles).  

Famous Pyrovatex is a fire-resistant material with 
processing, which is applied on the cotton fabric or 
on the fabric containing synthetic fibers 
in the amount no more than 25%. The attention is on 
keeping fabric soft and breathable while keeping 
a high level of protection after several washing 
cycles. Pyrovatex is a chemical product that 
contains organic compounds of phosphorus. Cotton 
fabrics are processed with this substance on 
a molecular level. Fireproof properties remain stable 
after repeated washing or dry cleaning in case if all 
recommendations on care are the subject 
to compliance. Under the action of the flame 
“carbonic scaffold” of dehydrated cellulose is 
produced, which stops the flame spreading and its 
penetration into the fabric. Thus there is no risk 
of melting and after removal of flame source 
the fabric does not burn or smolder. The relative 
simplicity of creation of such a fabric makes it one 
of the most economical heat-protective solutions. 
Unlike the Proban technology, Pyrovatex is not 
washed off from the fabric that does not limit 
the time of its use. 

Nomex fabric is a synthetic polyamide, developed 
in the early 1960s by DuPont Company. Nomex fiber 
is the aramid polymer (class of heat-resistant fibers), 
which has a chemical added aromatic base that has 
a man-made chemical formula that provides the fiber 
with additional rigidity and strength. This 
combination of the unique elements creates a fiber 
with high thermal, chemical and radiation resistance 

and is used for environments with a high level 
of risk. Nomex can be manufactured in the form 
of fiber or sheet, which further increases its use. 
Suits, helmets, gloves, pads, underwear etc. are 
made from the Nomex fibers [2]. 

The question about the change of characteristics 
specified by the manufacturer as a result 
of operating loads remains poorly known. Such 
operating loads for heat-resistant clothing primarily 
include the impact of the increased temperature. 
Also these clothes are the subjects to washing from 
time to time, which could affect negatively on their 
protective properties. That is why we conducted 
the experimental researches on determination 
of dependency of the breaking stress and 
the elongation at the moment of abruption on 
the temperature of the heat chamber and 
the number of washing cycles. The temperature 
of the heat chamber varied from 0 to 150°С. The full 
washing cycle was made using standard detergents 
at the temperature 60±5°С. 

2 EXPERIMENT PLANNING 

A number of experimental researches of heat-
resistant textile materials were made 
in an accredited analytical and experimental testing 
laboratory “Textiles – TEST” of KNUTD with the aim 
of determination and prediction of reliability indexes. 
As the object of the experimental researches, 
the following fabrics of foreign production with 
different ways of heat resistance provision were 
selected, namely:  

- suiting fabric Nomex BV-120 (100% metaaramid 
Nomex fibers) with a surface density of 265 g/m

2
, 

production of “Ten Cate Protect”, The Netherlands; 

- suiting fabric XB 9340 (75% cotton, 25% Kevlar, 
Proban impregnation, anti-static) with a surface 
density of 340 g/m

2
, production of “Ten Cate 

Protect”, The Netherlands;  

- suiting fabric FlameStat Lite (100% cotton, 
Proban impregnation, anti-static) with a surface 
density of 250 g/m

2
, production of “Carrington”, 

The United Kingdom; 

- suiting fabric RigChief (100% cotton, Pyrovatex 
impregnation, anti-static) with a surface density 
of 370 g/m

2
, production of “Daletec”, Norway. 

During the study of the processes and systems with 
two factors the plan of regular hexagon type was 
chosen as a rational one, namely noncomposite 
rototable plan of second order [3], which provides for 
10 tests, six of which are performed at levels 
of factors, indicated at the tops of hexagon, and four 
tests - at levels of factors that correspond to 
the center of the plan. The advantage of the chosen 
plan is that for the factor x1 it requires the use of five 
levels (+1; +0.5; 0; -0.5; -1), and for the factor x2 - 
just the use of three levels (+0.866; 0; -0.866). 
The matrix of the plan presented in the Table 1. 
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Table 1 The matrix of experiment planning 

No. of experiment x0 x1 x2 x1x2 x12 x22 у 

1 +1 +1 0 0 +1 0 y1 
2 +1 -1 0 0 +1 0 y2 
3 +1 +0.5 +0.866 +0.433 +0.25 +0.75 y3 
4 +1 +0.5 -0.866 -0.433 +0.25 +0.75 y4 

5 +1 -0.5 +0.866 -0.433 +0.25 +0.75 y5 
6 +1 -0.5 -0.866 +0.433 +0.25 +0.75 y6 
7 +1 0 0 0 0 0 y7 
8 +1 0 0 0 0 0 y8 
9 +1 0 0 0 0 0 y9 

10 +1 0 0 0 0 0 y10 

 

Table 2 The values of the factors at levels of variation 

Name of the factor 
No. of experiment 

1 2 3 4 5 6 7 8 9 10 

Number of washings n 12 0 9 9 3 3 6 6 6 6 
Temperature of the heat chamber t [С] 75.0 75.0 139.95 10.05 139.95 10.05 75.0 75.0 75.0 75.0 

 

 

In order to ensure the reliability of the obtained 
results, during the realization of the experiment 
plan in every experiment and during the test 
of reproducibility of the process by Cochran criterion 
it was found that the number of repeats 
(duplications) of every experiment should be not less 
than six. 

The values of the factors at appropriate levels 
of variation according to the matrix of experiment 
planning are presented in the Table 2. 

3 RESULTS AND DISCUSSION 

It was determined the regression dependencies 
of breaking stress Р [N] in warp → Y1 and in weft → 
Y2, elongation at the moment of abruption L [mm] 
in warp → Y3 and in weft → Y4, on the number 
of washings n → X1 and on the temperature 
of the heat chamber t [°С] → X2. 

For two factors the equation of regression will be 
the following one: 

2

222

2

111211222110 xbxbxxbxbxbby   (1) 
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where y0u - the value of the response function 
in the u-th experiment at the center of the plan; x1j, 
x2j – coded values of the factors in the j-th 
experiment; yj – the value of the response function 
in the j-th experiment.  

The obtained values of the regression coefficients 
are presented in the Tables 3 - 6. 

As a result of the check it was found that for 
the equations of regression coefficients are 
insignificant; such coefficients are marked with gray 
in Tables 3 - 6. 

Using the obtained equation of regression (1) 
the graphic dependencies were built, which are 
presented on the Figures 2 - 17. 
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Table 3 Coefficients of the equation of regression, obtained as a result of data processing after tests of suiting fabrics 
Nomex BV-120  

Coefficient 
Breaking stress Р [N] Elongation at the moment of abruption L [mm] 

in warp
 

in weft in warp
 

in weft 

b0 1670.0 1465.0 44.5 41.0 
b1 -10.5 -3.150 0.525 1.042 
b2 31.465 46.793 -0.488 0.038 
b12 0.577 -0.520 -1.576 -2.327 
b11 -12.525 -1.022 4.999 2.899 
b22 7.613 22.438 2.444 1.644 

 

 

 
 

Figure 2 The diagram of dependency of the breaking 
stress P for the Nomex BV-120 material in warp on 
the number of washings n and on the temperature 
of the heat chamber t 

Figure 3 The diagram of dependency of the breaking stress 
P for the Nomex BV-120 material in weft on the number 
of washings n and on the temperature of the heat chamber t 

  

  

Figure 4 The diagram of dependency of the elongation at 
the moment of abruption L for the Nomex BV-120 material 
in warp on the number of washings n and on 
the temperature of the heat chamber t 

Figure 5 The diagram of dependency of the elongation at 
the moment of abruption L for the Nomex BV-120 material 
in weft on the number of washings n and on 
the temperature of the heat chamber t 
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Table 4 Coefficients of the equation of regression, obtained as a result of data processing after tests of suiting fabrics XB 
9340 

Coefficient 
Breaking stress Р [N] Elongation at the moment of abruption L [mm] 

in warp
 

in weft in warp
 

in weft 

b0 1360.0 1732.5 8.5 14.5 
b1 -46.083 -42.25 0.290 -0.867 
b2 -2.627 11.633 -1.340 -1.201 
b12 -26.269 17.262 0.727 3.002 
b11 122.229 42.226 2.70 4.10 
b22 27.231 -141.133 5.152 5.564 

 

 

 

  

Figure 6 The diagram of dependency of the breaking 
stress P for the XB 9340  material in warp on the number 
of washings n and on the temperature of the heat 
chamber t 

Figure 7 The diagram of dependency of the breaking 
stress P for the XB 9340  material in weft on the number 
of washings n and on the temperature of the heat 
chamber t 

 

 

 

  

Figure 8 The diagram of dependency of the elongation 
at the moment of abruption L for the XB 9340 material 
in warp on the number of washings n and on 
the temperature of the heat chamber t 

Figure 9 The diagram of dependency of the elongation at 
the moment of abruption L for the XB 9340 material 
in weft on the number of washings n and on 
the temperature of the heat chamber t 
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Table 5 Coefficients of the equation of regression, obtained as a result of data processing after tests of suiting fabrics 
FlameStat Lite 

Coefficient 
Breaking stress Р [N] Elongation at the moment of abruption L [mm] 

in warp
 

in weft in warp
 

in weft 

b0 1350.0 630.0 10.0 10.5 
b1 -3.333 11.50 0.565 -0.467 
b2 -30.021 -7.505 -1.602 -0.548 
b12 33.024 33.023 1.403 0.30 
b11 30.980 -13.759 3.550 1.850 
b22 30.151 -59.493 5.218 2.375 

 

 

 

 

 

 

Figure 10 The diagram of dependency of the breaking 
stress P for the FlameStat Lite  material in warp on 
the number of washings n and on the temperature 
of the heat chamber t  

Figure 11 The diagram of dependency of the breaking 
stress P for the FlameStat Lite  material in weft on 
the number of washings n and on the temperature 
of the heat chamber t 

 

 

 

  

Figure 12 The diagram of dependency of the elongation 
at the moment of abruption L for the FlameStat Lite 
material in warp on the number of washings n and on 
the temperature of the heat chamber t  

Figure 13 The diagram of dependency of the elongation 
at the moment of abruption L for the FlameStat Lite 
material in weft on the number of washings n and on 
the temperature of the heat chamber t 
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Table 6 Coefficients of the equation of regression, obtained as a result of data processing after tests of suiting fabrics 
RigChief 

Coefficient 
Breaking stress Р [N] Elongation at the moment of abruption L [mm] 

in warp
 

in weft in warp
 

in weft
 

b0 1320.0 797.5 10.5 16.0 
b1 -19.783 37.417 0.90 -0.20 
b2 -39.403 -61.168 -1.501 -1.201 
b12 9.757 113.330 0.60 1.201 
b11 -16.019 -4.261 2.650 4.20 
b22 0.060 -66.515 5.115 6.730 

 

 

 

  

Figure 14 The diagram of dependency of the breaking 
stress P for the RigChief  material in warp on the number 
of washings n and on the temperature of the heat 
chamber t  

Figure 15 The diagram of dependency of the breaking 
stress P for the RigChief material in weft on the number 
of washings n and on the temperature of the heat 
chamber t 

 

 

 

  

Figure 16 The diagram of dependency of the elongation at 
the moment of abruption L for the RigChief material 
in warp on the number of washings n and on 
the temperature of the heat chamber t  

Figure 17 The diagram of dependency of the elongation at 
the moment of abruption L for the RigChief material in weft 
on the number of washings n and on the temperature 
of the heat chamber t 
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The significance of the factors was tested using 
the Student criterion and the adequacy of equations 
of regression during the experiment – using 
the Fisher criterion [4]. 

The insignificant coefficient b2 of the equation 
of regression, obtained as a result 
of data processing after tests of suiting fabrics 
Nomex BV-120 in weft, since its absolute value is 
less than the value of the confidence interval, that is, 
b2 = 0.038 < Δbі = 0.4652. Also, the insignificant 
coefficient b22 of the equation of regression, 
obtained as a result of data processing after tests 
of suiting fabrics RigChief in warp, since 
b22 = 0.060 < Δbі = 0.5442. Estimated value 
of the Fischer criterion Frozr of the obtained test 
model of suiting fabrics Nomex BV-120 in warp – 
3.1762, in weft - 3.1134; suiting fabrics XB 9340 
in warp - 3.0263, in weft - 3.1074; suiting fabrics 
FlameStat Lite in warp - 2.9874, in weft - 2.9713; 
suiting fabrics RigChief in warp - 3.2571, in weft - 
3.2144. Table value of Fisher's criterion Ftabl is 4.03. 
Since Frozr < Ftabl has no reason to reject 
the hypothesis of the adequacy of models. 

Some graphic dependencies show that breaking 
stress (Figures 6, 7, 11) and elongation at 
the moment of abruption (Figures 4, 8, 9, 12, 13, 16, 
17) have pronounced extreme character because 
of the number of washings and the temperature 
of the heat chamber. We can talk about 
the existence of optimal number of washings and 
temperature of the heat chamber. 

The limits of variation of the factors of full-scale 
experiment are technologically grounded because 
they cover a wide range of operational 
characteristics of heat-resistant textile materials.  

Results of the obtained graphical dependencies 
provide us with opportunity to make a conclusion 
about the existence of points that correspond to 
the rational choice of parameters, which can be 
found by the way of determination of the function 
extremum, differentiating the equation of regression 
(1) for each of the varied factors.  

4 CONCLUSIONS 

As a result of the experimental researches, 
the dependencies of changes in reliability indexes 
were determined. Experimentally obtained equations 
of regression provide with the opportunity to predict 
the behavior of the materials as a result of operating 
loads, such as the breaking stress and 
the elongation at the moment of abruption on 
the number of washings and the temperature 
of the heat chamber. 

Experiments proved that selected materials change 
their properties after 12 washing cycles 
within acceptable limits. Conducted experimental 
researches on determination of dependencies 
of changes in the breaking stress and the elongation 
at the moment of abruption after the wet processing 

(washings) allow to state that all selected materials 
can be used in manufacturing of protective clothing 
for rescue operations. It was found that that material 
Nomex BV-120 met all the requirements the best. 
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Abstract: The up-to-date numerous clinical and physiological studies show that ultraviolet radiation (UVR) 
has a negative impact on human organisms and provoke the dangerous diseases, such as cardiovascular, 
allergic, blood diseases, skin cancer, decreasing of immunity and so on. Nowadays the task 
of human protection against UVR has become very important and very urgent. That is why the development 
of new and effective methods and means for the human organism protection against UVR to acceptable 
levels persists to be one of the pressing challenges for people society and for researchers. Just the textiles 
and textile articles with especial protective properties may play the significant role in decision of this task. 
The aim of our work is investigation and elaboration of new reliable effective and rather simple method 
of textile modification with nano-metal particle. We propose to use the method of hydrometallurgy, namely, 
using textile impregnation in solution of soluble metal salts with following reduction of metal-ions in textile 
structure. We have done our work with Cu-sulfate solution and following Cu-ions reduction in porous structure 
of polyester textile and on surface of each fiber. The proposed method is simple, accessible and effective 
(cheap and accessible reagents, processing is possible on the equipment for dyeing); may be used for 
porous substrates of any chemical nature. It may be realized for soluble metal-salts.  

Keywords:  UV-shielding; textile modification; using of water soluble metal-compound. 

 

 

1 INTRODUCTION 

The up-to-date numerous clinical and physiological 
studies show that UVR has a very negative impact 
on human organisms and provoke the different 
dangerous diseases (cardiovascular, allergic, blood 
diseases, skin cancer etc.). Also it may cause genetic 
changes, decreasing of immunity and so on [1-5]. 
So, nowadays the task of human protection against 
UVR is very important and urgent. That is why 
the development of modern effective methods and 
means for the human organism protection against UVR 
to acceptable level is one of the very pressing tasks for 
people society and for researchers. Just the especial 
protective textiles and textile articles are playing 
a significant role in decision of this task. The textiles 
used must be modified by suitable methods to have 
the sufficient protective properties against UV radiation. 
They must be conductive and have especially specific 
construction. Some methods are well known to provide 
UV-shielding by using of textile materials [6-9]. 

Treatment with UV absorbers, able to convert 
electronic excitation energy into thermal energy, 
acting as radical scavengers and singlet oxygen 
quenchers. To be effective UV absorbers have to 
absorb throughout the spectrum, to remain stable 
against UV radiation and to dissipate the absorbed 
energy to avoid degradation or loss in color. 

The main UV absorbers for modification of textile 
products are derivatives of o-hydroxy 
benzophenones, o-hydroxy phenyl triazines,            
o-hydroxy phenyl hydrazines and thus are rather 
toxic substances [10, 11]. It is known also 
combinations of UV absorbers with antioxidants and 
inorganic pigments (for example, with titanium 
dioxide, zinc oxide and ceramic materials) [12-14]. 
Metal oxide nano particles of TiO2, ZnO and Fe3O4 
that included into fibers structure or using for textiles 
as finishing agents have not sufficient effect on UV 
rays absorption; used in large quantities impair 
the textile properties and act as photocatalysts and 
degrade textiles. They are rather toxic for humans 
even if they are incorporated into fibers. 

Dyeing with different types of dyes or pigments that 
absorb in UV range is increasing the Ultraviolet 
Protection Factor (UPF) of textiles [15]. The main 
problem in this case is that only darker colors (black, 
navy, dark red) absorb UVR much more strongly 
than the light pastel colors in general. But for 
the summer the pastel colors of fabrics are preferred. 
Moreover, the UPF could be low, if dark colors are 
applied on loosely textile structures. All these factors 
must be taken into account during elaboration of new 
processes of textiles modification. 
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The aim of our work is the investigation of the new, 
rather simple method of textile nano-modification. 
The proposed method involves the use of soluble 
metal salts. This method consists in impregnating 
of textile material in a solution of the soluble metal 
salt (in our work Cu-sulphate), followed 
by the reduction of metal ions in the structure and 
on the surface of the textile material. Technique 
and technology modification by this method can be 
carried out on modern equipment for dyeing and 
finishing. 

2 EXPERIMENTAL PART 

2.1 Setting the task 

It is known that the processes of modification 
of textiles by nano-sized metal particles are time-
consuming and expensive. At the same time, using 
the methods of hydrometallurgy, involving 
the reduction of metal ions in salt solutions, metal 
particles could be produced. So, it is possible 
to produce nano-metal-modified textiles by treating 
them in solutions of metal salts and reduction 
reaction of metal ions in textile structure. 
This technique can be used to obtain metals nano-
particles from soluble salts metals of the first group, 
some salts of the second group metals (chlorides, 
bromides, iodides, nitrates and some others). 
This process is known as “hydrometallurgy” [16]. 

In our opinion, this technique can be used not only 
for textile materials, but also for any porous bodies. 
It is important that the chemical nature of the textiles 
and other materials in this case has not matter. 

2.2 Samples preparation 

Modification of the polyethylene terephthalate (PET) 
textile material with Cu nano-sized particles was 
carried out directly in the CuSO4 solution. 
The essence of this method consists in textile sample 
impregnating in a solution of CuSO4, followed 
by the chemical recovery of copper ions in the textile 
structure and on the surface of textile. As reducing 
agents polyhydric alcohols, carbohydrates, ascorbic 
acid, etc. may be used. 

Copper sulphate was dissolved in glucose solution at 
a temperature of 30-50°C. The textile sample was 
impregnated in this solution and was constantly 
mixed. After a certain time the sample was immerse 
in glucose reducing solution, to complete the copper 
sulphate reduction process.  

Transactions copper ions recovery process with 
using of glucose to copper nano-powder is carried 
out in air and atmospheric pressure. To maintain 
the pH between 8-9 sodium hydroxide was added 
gradually (in 5, 15, 25, 40 minutes). 

The sequence of stages of copper ion recovery 
process in glucose solution may be represented 
by the scheme:  

CuSO4 + (C6H12O6+NaOH) → Cu2O 

Cu2O+NaOH → Cu 

Under these conditions the reduction of copper oxide 
Cu2O to copper Cu was ended after 60-70 minutes. 
Then the textile samples were dried in air without 
pressing. 

2.3 Investigation technique 

Optical microscopy shows that impregnation 
of textile materials in a metal salt solution with 
subsequent reduction of metal ions provides 
the formation of metal nanoparticles in the structure 
of the textile material and on its surface (see 
Figure 1). We can see Cu particles on fiber sized 
about 100 nm. 

 

  a) 

  b) 

Figure 1 Optical image of cotton fabric bleached, modified 
by Cu: a) fabric; b) separate fiber 

Testing the efficiency of copper nanoparticles coated 
materials for UV-light absorption was carried out in 
the Test-Laboratory of our University on the device 
FADOMETR mark LE-1 (model KT7035). 
The source of UV radiation is arc Xenon Lamp 
OSRAM XENON SHORT ARC DISPLAY/OPTIC 
LAMP XBO

®
 XTREME LIFE; filter - a triangular 

prism, in the middle of which there is an arc Xenon 
Lamp. The radiation intensity is measured by 
the UV-Radiometer “Tenzor-71”. 
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Table 1 The degree of ultraviolet light absorption by Cu modified textile at wavelengths A (315-400 nm) and B (315-
280 nm) 

№ 
specimen 

Characteristics 
of the sample 

Power light, [W/m2] 
(range A) 

The degree 
of absorption 

in the range A [%] 

Power light [W/m2] 
(range B) 

The degree 
of absorption 

in the range B [%] 
before 
sample 

behind 
sample 

before 
sample 

behind 
sample 

1.1 
PET fabric 
unmodified 

51.1 
4.2 91.8 

8.9 
0.5 94.4 

1.2 
PET fabric 

modified by Cu 
0.2 99.6 0.3 96.6 

2.1 
Cotton fabric 
unmodified 

51.1 
7.5 85.3 

8.9 
5.1 42.7 

2.2 
Cotton fabric 

modified by Cu 
3.4 93.3 0.7 92.1 

 

 

 

Figure 2 Scheme of FADOMETR: 1 - frame for placing 
of textile samples; 2 - arc Xenon Lamp type; 3 - triangular 
prism - filter in which a Xenon Lamp is placed; 4 - sample 
of textile material; 5 - UV-radiometer "Tensor-71";             
6 - the electronic block with the screen of the UV-radiometer 

3 RESULTS OF RESEARCH 

The results of UV-light absorption testing are 
summarized in Table 1. As we can see 
the modification by nano Cu-particles enhanced 
the protection properties both in A and in B range 
of UVR. 

4 CONCLUSION 

It was investigated the new method of nano-metal 
textile modification by impregnation in the metal-salt 
solution and subsequent reduction of metal ions in 
structure and on surface of textile material (by 
the example of a solution of Cu-salt). 

This technique, in principle, can be used to obtain 
metals nano-particles from soluble salts metals 
of the first group; some salts of the second group 
metals (chlorides, bromides, iodides, nitrates) and 
some others. 

The proposed method is simple, accessible and 
effective (cheap and accessible reagents, processing 

is possible on the equipment for dyeing); may be 
used for porous substrates of any chemical nature. 

UV-shielding by using of textile materials modification 
by nano Cu-particles with using of CuSo4 solution 
enhanced the protection properties both in A and in B 
range of UVR. 
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Abstract: In the paper a method of non-uniform scaling was applied to scale separate horizontal sections 
of the virtual mannequin and to scale garments patterns of the bodice blocks. A connection between 
features of the garments forms and eases was determined as regressions between body measurements, 
amount of ease and scale factors. It was proposed to calculate the scale factors by using values of eases, 
which were obtained with formulas based on measured projection parameters by using specified 
conditional units. It allows recreating and studying any form of garment with its geometrical symbol only. 
Several algorithms of calculating the scale factors in different processes of design and study of virtual 
garments forms were the basis for the computer program “Scale factor”. “Shape scale” is the part 
of the program which includes all cases of the scale factors calculation for the 3D-scaling. “Pattern scale” 
is the part that is recommended for different processes of 2D garment design. User can choose 
the method of the calculation according to the available input data. 

Keywords: non-uniform scaling, virtual model, scale factor, amount of ease, patterns. 

 

 

1 INTRODUCTION 

Nowadays the garment industry is quickly becoming 
a high-tech industry, which uses 2D and 3D CAD 
tools. If designers use 2D CAD tools, they often need 
the instructions for the basic blocks. Instructions are 
given for a wide range of basic garments 
(for example, in [1] author represents women’s 
outerwear, in [2] and [3] women’s and men’s 
garments designs were described). The instructions 
must be used in every given circumstances in order 
to obtain the garment blocks with different values 
of eases. Furthermore, even if designers use pattern 
design system (PSD), it takes relatively a long time 
nonetheless. That is why many researchers try to 
find new methods to obtain the garments blocks and 
make it faster with the same level of quality. 

Method of silhouette transformation of the garment’s 
parts was proposed in [4]. Transformation 
of the base design of the skirt into the base design 
of trousers that was described in [5] is the logical 
extension of the method of silhouette transformation. 
Both methods are similar to the grading process. 
A method of grading patterns by scaling was 
advanced in [6]. Hence, that provides the ability 
to accomplish the silhouette transformation 
of the garment parts by scaling their patterns. 

Some of the PSD have specific tools to scale 
patterns (for example, PSD “Julivi” has a tool “Scale”, 
and another PSD “Gracia” has a tool “Stretch”, which 
is corresponded to the scale process). However, 
these tools are supposed to be used only for making 
experimental garments samples or for taking into 

account the fabric properties. At present there is 
no enough knowledge about the scaling process 
in garment industry, especially about a determination 
the scale factors in specific design situation. 

Besides that, scaling is one of many methods that 
are used in order to obtain a virtual garment. Group 
of authors proposed to apply a uniform scaling 
to scale separate horizontal sections of the virtual 
mannequin [7]. However, a garment form is not 
the same as the human body form. Flat bodice 
blocks mostly take into account this fact by using 
different eases for the different garment parts. 
Obviously, a ratio of values of the eases in scaled 
garment form must be the same as in the flat bodice 
blocks, which were obtained by classic instructions. 
Probably it could be achieved by non-uniform scaling 
with a separate scale factor for each axis direction. 
Such method was proposed in [8] where non-uniform 
scaling was applied to scaling the horizontal sections 
of the virtual mannequin. Authors described 
the regression relationships between body 
measurements, amount of ease (on bust line, 
waistline, and hipline) and the scale factors. 
The regressions ensure that the ratio of different 
parts of eases in the virtual garment form will be 
the same as in a standard form of the real garment. 
Therefore, they can be used to calculate the scale 
factors in order to create the virtual form 
of the garment. 

The main purpose of current work is to develop 
a computer program for calculating the scale factors 
to be used in processes of apparel design. In order 
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to achieve such a goal we need to obtain detailed 
information about determining the scale factor for each 
axis direction in any possible case of 2D and 3D 
garment design. 

2 SCALING PATTERNS OF BODICE BLOCKS 

2.1 Determination of scaling center for 
the experiment 

Usually the scaling is performed with basic point that 
called a center of scaling. Until now, we have no 
information about scale factors for each axis direction 
in the case of scaling patterns of bodice blocks. 
Therefore if the scale factors are different for both 
directions of the same axis then the location 
of the scaling center must be clearly defined. 

 

 

Figure 1 Variants of scaling with various scaling centers 

The center of scaling was determined as the result 
of the follows operations. Few separate cases 
of scaling the bodice blocks of women’s garments 
were performed with various centers of scaling 
(Figure 1). 

Constructions of the woman’s suit jacket and coat 
were designed within two pattern design systems: 
“Gracia” and “Julivi”. Constructions were designed for 
the same body size and with the same instructions 
of the design that were described in [3]. For the suit 
jacket an amount of ease on the bust line 
is a minimal value of the recommended range in 
the selected instruction, and for the coat the amount 
of ease is a maximal value. Coordinates of constructive 
points were measured with PDS options. The scale 
factors were obtained for each axis as a ratio 
of coordinates of the corresponding points (Table 1). 

According to the data in the Table 1 Fisher test 
confirmed that any of constructive points could be 
used as a center of scaling. However, as a result 
of visual observations of the scaled constructions 
on the Figure 1 the point on the top of the side line 
was selected as recommended center of scaling. 
The areas of the garments parts, which were 
designed by various instructions, and the areas 
of the scaled garments parts were compared 
(Table 2). 

The analysis confirmed that non-uniform scaling with 
the selected center of scaling could be used to obtain 
the bodice blocks of various garments types. 

 

Table 1 Scale factors and Fisher test results 

Parameter Scaling center 

name symbol 
top of the side line bottom of the side line center of the dart 

coat → 
suit jacket 

suit jacket → 
coat 

coat → 
suit jacket 

suit jacket → 
coat 

coat → 
suit jacket 

suit jacket → 
coat 

Scale 
factors 

kх1 0.934 1.071 0.934 1.071 0.956 1.046 
kх2 – – – – 0.906 1.111 
kу1 0.912 1.098 0.995 1.005 0.907 1.105 
kу2 1.020 0.980 – – 1.021 0.969 

Unexplained 
variance 

DХ 0.132 0.099 0.091 0.099 0.099 0.140 
DY 0.225 0.275 0.746 0.579 0.216 0.301 

Explained 
variance 

DaХ 0.141 0.206 0.101 0.206 0.110 0.237 
DaY 0.227 0.284 0.748 0.589 0.218 0.309 

Fisher test 
(experimental) 

FХ 1.069 2.077 1.099 2.077 1.106 1.692 
FY 1.011 1.031 1.003 1.016 1.011 1.026 

Fisher test Ft 3.020 3.020 3.020 3.020 3.020 3.020 

 

Table 2 Comparing the areas of the garments parts 

Parameter 
Areas of the garment parts [cm2] 

suit jacket coat 
front back front back 

draft in “Julivi” 1513.84 1638.05 1631.33 1739.45 
draft in “Gracia” 1508.22 1639.80 1615.08 1761.18 

average value for drafts in PSD 1511.03 1638.93 1623.21 1750.31 
scaled construction 1500.44 1653.54 1623.54 1717.39 

difference 10.59 14.61 0.33 32.92 
relative difference [%] 0.70 0.89 0.02 1.88 
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2.2 Experimental part 

Theoretical scale factors for the scaling patterns 
were obtained by mathematical model of calculating 
scale factors. Each scale factor is an average value 
of the results of division the length between two 
points of the garment block by the length between 
the same points of the basic block of other garment 
type. The lengths were computed according to 
the instructions which have been proposed by few 
different authors (Figure 2). Thus, the list includes 
three instructions: I – described in [2], II – described 
in [1], and III – in [3]. The lengths depend on 
the body measurements, on the eases, and on 
features of the selected instructions. 
 

 

Figure 2 Bodice blocks for the research 

Each instruction includes different number 
of the constructive points, different names of points, 
and different graphic methods. Thus, coordinates 
of each constructive point can be calculated by few 
various formulas accordingly to each instruction. 
In order to be able to compare the coordinates 
the same points in the various constructions were 
named identically (Table 3). 

Table 3 Corresponding constructive points in various 
instructions 

Part of bodice 
blocks 

Point 
Point in the instruction 
I II III 

Front 

1f 31 19 17 
2f 13 14 371 
3f 37 15 47 
4f 47 16 57 
5f 44a 31 541 
6f 43a 30 441 
7f 11a 29 341 
8f 27 28 14 
9f 32 22 - 
10f 26 25 36 
11f 25 21 - 
12f 30 18 16 

Back 

1b 1 1 11 
2b 9 5 31 
3b 6 2 41 
4b 7 4 51 
5b 44 31 541 
6b 43 30 441 
7b 11 29 341 
8b 19 13 14” 
9b 16 12 121 

 

Thus, the formulas of the calculation the coordinates 
were obtained for each point in the Table 3. 
For example, for the point 2f the formulas are follows: 

Х2fI =0.5 (SgIII–SgII+SgI–B–F+Pg–Pf+0.9) (1) 

where X2fI – abscissa of the constructive point 2f, 
computed according to [1]; SgIII, B, F, SgI, SgII – 
measurements of the body [cm]; Pg, Pf – amount 
of eases [cm]. 

Х2fII=0.25(ОgІІ+10.25–B+F+0.25Wa) (2) 

where X2fII – abscissa of the constructive point 2f, 
computed according to [2]; OgII, B, F – 
measurements of the body [cm]; Wa – width 
of the armhole [cm]. 

X2fIII= –0.24(Т57+P35)+0.5(Т45+Т15–1.2–Т14)+P37–а17 (3) 

where X2fIII – abscissa of the constructive point 2f, 
calculated according to [3]; Т57, Т45, Т15, Т14 – 
measurements of the body [cm]; P35, P37 – amount 
of eases [cm]; а17 – constant. 

Each scale factor is average value of the results 
of division the coordinates of the corresponded 
points, which were calculated by the same formulas 
but with the different amount of eases. The scale 
factors were calculated according to 
the plan of the experiment (Table 4). 

The results of calculation were used as a basis 
to obtain the regression relationships between 
the body measurements, amount of ease and 
the scale factors for the patterns scaling (Table 5). 

Similar experiments were conducted for the bodice 
blocks of the four woman’s garments types (a suit 
jacket, a jacket, a coat, and a raincoat) taking into 
account all possible directions of scaling between 
them. 
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Table 4 The main characteristics of the experiment 

Characteristic 
Height H 

[cm] 
Bust B 
[cm] 

Hips Hs 
[cm] 

Amount of ease on the bust line E [cm] 
garment 1 garment 2 

middle 161 92 100 7.9 9.2 
range 15 4 4 1.4 1.6 

maximal 176 96 104 7.2 8.4 
minimal 146 88 96 8.6 10.0 

 

Table 5 Results of regression analysis 

Direction of scaling Scale factor Formula R2 

suit jacket → coat 
kxf 1.477–0.02EBJ+0.022 EBC –0.0015B 0.892 
kу1 1.267–0.01(0.138H–0.1 B +0.1Hs) 0.608 
kxb 1.007–0.023 EBJ +0.021 EBC 0.998 

coat → suit jacket 
kxf 0.961+0.021 EBJ –0.019 EBC 0.988 
kу1 0.826+0.01(0,118H–0.044Hs) 0.770 
kxb 0.995+0.018 EBJ –0.015 EBC 0.977 

where EBJ (EBC) – amount of eases on the bust line for the suit jacket (coat) [cm]. 

 

Table 6 Comparing the areas of bodice blocks 

Initial garment 
type 

Areas of the garment parts [cm2] Differences [%] 
suit jacket raincoat coat jacket suit jacket raincoat coat jacket 

– 3219 3342 3352 3875 – – – – 
coat 3138 3356 – 3777 -2.50 0.42 – -2.54 

suit jacket – 3392 3606 3848 – 1.50 7.57 -0.71 
raincoat 3087 – 3337 3778 -4.10 – -0.47 -2.51 
jacket 3379 3572 3427 – 4.99 6.88 2.23 – 

 

 
2.3 Results and discussion 

The areas of bodice blocks of various garments 
types were measured with tools of PSD “Julivi” 
(Table 6). The differences in areas between blocks 
that were scaled and that were designed with 
standard instructions mostly lie in the range from 0 to 
5%. Scaling directions “suit jacket-coat” and “jacket-
raincoat” are characterized with differences that 
excess 5% mark that recommended in garment 
industry. Such bodice blocks need minor 
improvement with tools of 2D garment design 
in order to achieve a high level of fitting quality. 

In order to evaluate fitting quality of garments that 
obtained with scaling method, virtual garments were 
designed (Figure 3). Ten experts evaluated 
parameters of fitting quality (the scale from 0 to 5) 
that were described in [9]. Complex indexes for 
the virtual garments samples are shown 
in the Table 7. 

Complex indexes of fitting quality of virtual garments 
samples are no lower than four that confirms 
the possible application of developed method into 
garment design and manufacturing. The pair 
“raincoat-coat” gets the lowest values of complex 
indexes of fitting quality while the differences in areas 
of the garment parts for this pair are minimal 
(Table 6). Thus, the patterns, which are obtained 
by scaling, provide the same level of fitting quality 
as constructed ones and the lowest value of complex 
index is not due to the scaling. 

 

bodice blocks obtained by scaling method 

 

bodice blocks obtained by instructions [3] 

Figure 3 Virtual garment samples (fragment) 

Table 7 Complex indexes of fitting quality 

Initial garment 
type 

Q 
suit jacket raincoat coat jacket 

coat 4.632 4.469 – 4.725 
suit jacket – 4.879 4.721 4.731 
raincoat 4.650 – 4.407 4.577 
jacket 4.812 4.521 4.787 – 
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Although the fitting quality of garments samples 
corresponds to a high level, no one of them gets 
the highest mark. That is because the amount 
of eases, which is one of the main factors for scale 
factor calculating, is considered only at the bust line. 
Furthermore, it is impossible to take into account 
the amounts of eases at other constructive lines such 
as hips and waist simultaneously with described one. 

That is why in order to achieve desired level of fitting 
quality, the bodice blocks of garments samples must 
be scaled as it was described above and after that, 
the bodice blocks are to be improved by simple 
moving the constructive points on the hips and waist 
level. In such a way, the garment silhouette will 
correspond to the garment type, which is must be 
designed, with required level of accuracy. 

Thus, the scaling of the bodice blocks might be used 
in apparel design when designer has previously 
developed patterns of one of above-mentioned 
garments. 

3 SCALING BASED ON PROJECTIONS 
PARAMETERS OF GARMENT SHAPE 

All described calculations could be used as a basis for 
the scaling when information about values of eases is 
available. However, in some cases there is no such 
information. For example, we have only a sketch or 
geometrical image of the garment’s shape. The shapes 
of different garments were analyzed in [10]. 
Geometrical images of the garments shapes were 
represented on the female figure. It is possible 
to measure only projections parameters 
of the shapes (as it shown on the Figure 4). 
The values of the projections parameters for different 
garment shapes are represented in the Table 8. 

 

 

Figure 4 Projections parameters of the garments shapes 

Projections parameters were measured 
on geometrical images of the garments shapes 
on the female figure (height 170 cm, bust 88 cm, 
hips 92 cm). According to [11] this female figure 
is harmonious. Thus, values of the projections 
parameters can be computed for any other female 
figure by using the specific ratio coefficient and 
conditional units. 

 

Table 8 Projections parameters values 

Shape Parameter 
Value 

cm conditional units 

Shape 1  
(Rectangle) 

∆1 0.25 0.11 
∆2 5.53 2.47 
∆3 0÷0.14 0÷0.06 
∆4 0÷0.18 0÷0.08 
∆5 0.78 0.35 
∆6 0.88 0.39 
∆7 0.18 0.08 
∆8 0.63 0.28 
∆9 0÷0.11 0÷0.05 

Shape 2  
(Trapezium) 

∆1 0÷0.85 0÷0.38 
∆2 0÷1.27 0÷0.57 
∆3 0.19÷1.09 0.08÷0.49 
∆4 0÷0.14 0÷0.06 
∆5 0÷1.12 0÷0.50 
∆6 0.27÷1.76 0.12÷0.79 
∆7 0÷0.20 0÷0.09 
∆8 0÷1.67 0÷0.75 
∆9 0.11÷1.04 0.05÷0.46 

Shape 3  
(Ellipse) 

∆1 0.13÷2.46 0.06÷1.10 
∆2 0.73÷3.48 0.33÷1.55 
∆3 0.33÷3.35 0.15÷1.50 
∆4 0.00÷1.14 0.00÷0.51 
∆5 1.05÷2.25 0.47÷1.00 
∆6 1.19÷2.37 0.53÷1.06 
∆7 0.20÷1.91 0.09÷0.85 
∆8 0.94÷2.78 0.42÷1.24 
∆9 0.36÷2.00 0.16÷0.89 

where �1, �2… �9 are projection parameters (Figure 2) 

 

If there is a need to study features of the garment 
forms, which are represented by their geometrical 
images, information about relationship between 
the projections parameters and the eases 
is mandatory. In [12] author proposed to calculate 
amount of ease by formulas, which we have 
transformed according to our purpose (taking into 
account the ratio coefficient for the specific body 
shape): 

EB= –1.004+0.013T1(0.976�4+0.214�1–0.008�7) (4) 

EW=–4.14–0.013T1(0.1�5+0.82�2–0.12�8) (5) 

EHS=10.84+0.013T1(0.06�6–0.66�3+0.1�9) (6) 

where EB (EW, EHS) – amount of ease on bust line 
(waistline, hipline), [cm];  

�1, �2… �9 – projection parameters of the garment’s 
silhouette, conditional units; 

T1 – figure height, [cm]. 

Projection parameters of the garment’s silhouette 
supposed to be measured or selected from 
the Table 8 (as it shown on the Figure 4) using 
conditional units. Thus, the scale factors can be 
calculated by use values of eases, which were 
obtained with (4)-(6) and measured (or selected) 
projection parameters. Therefore it would be possible 
to recreate and study garment form even if only its 
image is available. 

Проекційні параметри силуету виробу повинні бути виміряні як це показано на рисунку 4. 
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4 DEVELOPING THE COMPUTER PROGRAM 

All design processes in garment industry are 
characterized by rapid technology development that 
has to be maintained by using the appropriate 
software. That is why obtained information was used 
to develop a computer program for scale factors 
calculating. Computer program “Scale factor” 
includes several simple algorithms. Each of them 
could be called from the main window by clicking 
on the appropriate button (Figure 5). 

 

 

 

 

Figure 5 Computer program “Scale factor”: examples 
of usage 

“Shape scale” is a part of the program, which 
includes all cases of the scale factors calculation for 
the 3D-scaling. The text of the program units includes 
regression relationships between the body 
measurements, the amount of ease (on the bust line, 
waistline, and hipline) and the scale factors. 
The regressions were described in previously 
published work [8]. The formulas must be applied 
in a case when garment form is obtained by scaling 
the horizontal sections of virtual human body form. 
If there is no virtual human body form and there 
is a garment form, then the scale factors must be 
obtained as a ratio of two scale factors: the first one 
is using in scaling process from body form 
to garment form, that is designed, and the second 
one is using in scaling process from body to actual 
garment. 

“Pattern scale is the part that is recommended for 
the different processes of 2D garment design. 
Program units of this part include results 
of the current research. Both parts include two 
panels: “with amount of ease” and “with geometric 
symbol”. 

Thus, user can choose the method of the calculation 
according to the available input data. A click on each 
button calls the next window. Clicking on the button 
“Calculate” begins the computing process. User gets 
the output data as a sequence of message boxes. 

5 CONCLUSION 

The main result of the work is that it gives further 
progress in study of adaptations of the blocks or 
previous patterns by using the pattern design 
system. Thus, the scaling method for designing 
patterns and developed computer program could be 
useful in a case of the rapid change in production 
of women's outerwear. 

Computer program “Scale factor” can be also used 
in study of garment shape features and its 
transformation within time span. Besides that, 
it would be possible to research relationship 
between the body measurements and proportional 
characteristics of the form to achieve garment 
aesthetic quality. 
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Abstract: We investigated the influence of modifiers on the processes of manufacturing of polypropylene 
(PP), polyethylene (PE) and polyoxymethylene (POM) yarns. We studied their influence on the physical-
mechanical and microbiological properties concerning the most widespread pathogens of diseases. Shown 
the effect of modified yarns on the energy-information state of organs and systems of human organs and 
variational possibilities of creation of preventive health-giving materials on their basis were studied. 

Keywords: modifiers, yarns, antimicrobial properties, pathogenic microflora, energy state of organs. 

 
 

1 INTRODUCTION 

Some global trends prove that one of the long-range 
issues of the present time in the textile industry 
is the issue of new raw materials, textiles and 
clothing with due regard to the specific usage 
conditions. Especially it concerns professional 
clothes for extreme life conditions (critically ill and 
infected patients, hospital workers, athletes, etc.). 
In recent years so-called "smart materials” which 
contain modified natural fibers (flax, hemp, etc.) have 
been used extensively [1, 2]. They have a set 
of unique properties (low surface resistance, 
protection against ultraviolet radiation, antiseptic and 
hygroscopic properties) with acceptable levels 
of formaldehyde migration, toxic substances and 
radionuclides content. It encourages the production 
of medical, health-based and children’s clothes. 
However, there is a necessity to eliminate high 
creasing of textile materials with an increased 
content of bast fibers (50-70%) by combining them 
with synthetic components, including antimicrobial 
additives (AMA) (silver nanoproducts (Ag), copper 
(Cu), iron (Fe) and others). 
This "hybridization" of properties for bast and 
synthetic components creates favourable conditions 
for manufacturing of products for various purposes. 
The properties of these products comply with OEKO-
TEX

®
 100 international standards. 

2 LITERATURE DATA ANALYSIS AND 
ARTICULATION OF ISSUE 

In the modern society, people are involuntarily 
experiencing a growing influence of various factors 
(energy flows of internal and external origin, non-
ionizing radiation), some types of drugs, pathogenic 
organisms (fungi, viruses, bacteria, intracellular 
parasites) on the human body. Under their influence, 
our organisms can change immune responses, 
spread and develop previously unknown types 

of diseases. A physical factor, such as pathogenic 
microflora, plays a dominant role in the emergence 
and development of many types of diseases. 
The recent studies show that in the production 
of clothes for medical purposes (MP), the following 
factors should be considered: 
- ethical, technogenic and ecological factors 

of human life support [1]; 
- features of microflora and its location 

in the human body as well as on the skin surface 
[2-4]; 

- specifics of distribution areas of hyperhidrosis 
(sweating) as one of the reasons for 
the reproduction of pathogenic organisms and 
creation of professional, social and psychological 
human deadaptation [5]; 

- energy-information aspect of the interaction 
between elements of the "man-clothes-
environment" system in which clothes play a barrier 
role in relation to pathogenic organisms [6, 7]. 

In this regard, the role of clothes as a factor for 
suppression of harmful microflora and stimulation 
of beneficial microflora, including the biocide effect, 
is increasing significantly [8]. 
Antimicrobial finishing of textiles and other materials 
provide several functions: 
- inhibition of reproduction and growth for colonies 

of microorganisms of the external origin; 
- prevention of odors caused by waste products 

of microorganisms and protection of textile 
materials from destruction. 

On the other hand, clothing materials are the source 
of self-energy emissions and provide a barrier 
function connected with the reflection or absorption 
of waves from pathogenic microflora and 
human body. This effect is achieved by interference, 
diffraction and resonance wave radiation from 
pathogenic components of textile materials and 
human body [9]. 

mailto:novak.knutd@gmail.com
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But the lack of information database about 
the features of formation of antimicrobic properties 
for polymeric materials by means of modifiers 
injection in their structure, the impact of the molding 
abilities of polymers on the manufacturing of yarns 
with protective properties requires further research 
in this area. 

3 PURPOSE AND METHODS OF THE STUDY 

The study was aimed to identify the features 
of the processes for injection of the AMA polymers 
into the structure and on their basis formation 
of yarns, which determine their suitability for further 
use in the manufacturing of textile and knitting 
materials for various purposes. 
To achieve this goal the following tasks were done: 
- to make initial selection of polymeric materials and 

determine the conditions of their injection into 
the structure of AMA; 

- to examine the conditions of the fibers formation 
process for modified complex yarns and define 
the parameters of their formation on the existing 
equipment; 

- to implement a comprehensive evaluation 
of antimicrobic, physical-mechanical properties 
of primary and composite yarns and define 
the area of their use; 

- to identify the effectiveness of experimental 
samples influence on the functional state of organs 
and systems of the human body. 

4 MATERIALS AND METHODS FOR 
THE INVESTIGATION OF IMPACT 
OF THE MODIFIES ON THE YARN 
FORMATION PROCESSES AND THEIR 
PROPERTIES 

4.1 Materials and equipment that were used in 
the experiment 

Impregnation of the yarns was carried out 
by completely placing of each sample in a solution 
of the antibacterial preparation, the impregnation 
time was 20 minutes, and the temperature 
of the solution was 20-24°C. After impregnation, 
the samples of the material were removed from 
the solution of the antibacterial preparation and dried 
in a suspended state without direct exposure 
of sunlight until dryness at temperature 22-26°C. 
The following polymers were used in the study: 
polypropylene (PP) of A7 grade, polyethylene (PE) 
of 2112 grade, polyoxymethylene (POM), 
antimicrobial additives (AMA) - substituted diphenyl 
ether, suspensions and pastes based on Ag, Cu, Fe 
nanoparticles, surfactant active agent - polyethylene 
glycol (PEG 115). Production of complex yarns of PP 
and POM with AMA and nanocomposites was 
developed under laboratory technical regulations 
on the existing experimental equipment (laboratory 

extruder MSHG-00, machine for yarn formation 
MFGP, bench for drawing-out of yarn VSTV). 

4.2 Methods to identify the features of sample 
properties 

The research of physical-mechanical properties was 
carried out according to the current ISO and 
antimicrobial properties by death rates of the test 
plants and colony-forming organisms reduction 
(S.aureus, E.coli, Calbicans, Candida) (study carried 
out in cooperation with the State Research Institute 
«RESURS» and State Institution «Institute 
of Epidemiology and Infectious Diseases named after 
L. Gromashevsky» of the Academy of Medical 
Sciences of Ukraine, standard ASTM E 2149). 
Energy-information assessment of nanomodified 
materials impact was performed on a software-based 
diagnostic system (HSDS) «Intera-Dia Cor», which is 
listed in the register of medical equipment in Ukraine 
No. 3227/2004 from 30.10.2009. According to 
the techniques used in the work [10], the indicators 
of energy stability, instability and coefficient 
of comfortability (CC) [11] were defined 
by the formula: 

%100
K

)KK(
K

C

HC
K 


  (1)

where Кс is total number of testing organs, Кн is 
the number of organs with negative changes. 

5 RESULTS OF THE INVESTIGATION 
OF THE INDICATORS OF MODIFIED YARN 
SAMPLES PROPERTIES 

The physical-mechanical properties prepared 
according to the technical specifications samples 
of polyfilamentous yarns modified by AMA and 
suspensions of Ag, Cu, and Fe nanoparticles (S/Z 
twist - 250/200, temperature of thermofixing for PE - 
100°C, POM - 140°C). AMA were injected 
in the yarns in the formation process. 
The researched results showed that the preparation 
of yarns by AMA do not degrade the physical-
mechanical properties (Table 1 and Table 2). 
The minimum level of AMA (0.1 - 0.5%) used 
in the yarn structure, which effectively influences 
on microflora and does not reduce physical-
mechanical properties, was investigated. Considering 
these data, the production of modified polypropylene 
yarns in different disperse environments was made 
(Table 2). 
The data from Tables 1 and 2 show the possibilities 
for using POM and PP-based yarns in the practice 
of making clothes for medical purposes. 
With the simultaneous use of the modifiers of Ag, Cu 
and Fe nanocomponents in the different dispersed 
environments (pasta, alcohol, water). 
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Table 1 Physical-mechanical properties of yarns 

Yarn 
No. 

Type of yarn 
Multiplicity 

of extension 
The linear density 

[tex] 

Breaking indicators Tests in knot 
Load 
[cN] 

Elongation 
[%] 

Load 
[cN] 

Elongation 
[%] 

1 POM 8.5 29.5 1836.0 12.1 884.0 5.5 
2 POM + AMA 8.3 39.2 2009.0 14.7 961.5 7.0 
3 PE 5.8 31.3 1568.0 24.6 1188.0 13.1 
4 PE + AMA 5.3 33.3 1458.0 25.2 1196.0 15.1 
5 PE 7.2 22.1 708.0 31.6 592.0 10.1 
6 PE + AMA 5.0 33.2 520.0 15.6 515.0 15 

 

Table 2 Physical-mechanical properties of nanomodified yarn 

Yarn 
No. 

The composition 
of the yarn 

Disperse 
environment 

Multiplicity 
of extension 

The linear 
density 

[tex] 

Breaking 
load 
[cN] 

Relative 
breaking load 

[cN/tex] 

Breaking 
elongation 

[%] 

1 PP (original) — 5.4 31.2 1122.0 36.0 20.6 
 PEG 115 + Ag 
2 PP + 0.5% paste 5.3 32.3 1066.0 33.7 28.3 
3 PP + 1.0% paste 5.3 31.1 1165.6 37.5 24.9 
4 PP + 1.0% alcohol 5.4 30.2 1161.2 38.4 18.1 
 PEG 115 + Cu 
5 PP + 0.5% paste 5.3 30.9 1132.8 36.7 20.5 
6 PP + 1.0% paste 5.3 32.0 1206.8 37.7 20.3 
 PEG 115 + Ag + Cu 
7 PP + 0.5% alcohol 5.3 32.6 1127.0 34.6 25.6 
8 PP + 1.0% alcohol 5.3 31.1 1134.4 36.5 19.2 
 PEG 115 + Fe 
9 PP + 0.5% water 4.3 45.5 1046.8 23.0 36.1 

10 PP + 1.0% water 5.4 32.6 1162.8 35.7 23.8 

 
 
Microbiological studies have shown that yarns have 
prolonged antimicrobial properties concerning 
the test-cultures of S.aureus, E.coli and 
Candida (Table 3). 
Efficiency of modified yarns in relation to the test 
cultures of S.aureus in terms of colony-forming 
organisms is also confirmed by the values of delay 
zones (3-5 mm) and exposure reduction (about 90% 
in 30 min.). 

The results of additional studies show that yarns 
based on PP+AMA and POM+AMA are appropriate 
to use as the lower yarn lock-stitch and stitch. 
The sterilization of seams made with the use of such 
threads is not worse than the yarn of Coats-grail 
type that is used in the manufacturing of clothes. 
Taking into account the positive test results 
of polyfilament yarns, the production of combined 
yarns with the use of cotton, linen and hemp 
components in their structure was made (Table 4). 

 

Table 3 Antimicrobial properties of fibrous materials samples 

The composition 
of fibrous material 

Reduce of the test-cultures [%] 
E.coli S.aureus Candida 

Time of research [hours] 
6 24 6 24 6 24 

POM + 0.5% of AMA 58.4 61.4 40.0 53.4 76.9 89.0 
PP + 0.5% of AMA – 99.0 – 99.5 60.1 69.5 

 

Table 4 Physical-mechanical properties of combined yarns 

Yarn 
No 

Type of yarn 
The linear 

density 
[tex] 

Temperature 
of thermofixation 

[°C] 

Breaking indicators Tests in knot 
Load 
[cN] 

Elongation 
[%] 

Load 
[cN] 

Elongation 
[%] 

1 Cotton yarn + (POM + AMA) 84.5 140 1451.5 6.1 1435.6 6.0 

2 Cotton yarn + (PP + AMA) 
54.7 140 1877.2 5.1 1858.4 5.3 
77.2 140 1120.4 4.2 1257.2 4.5 
82.9 140 1422.4 5.5 1450.4 5.3 

3 Mixed flaxen yarn + (POM + AMA) 82.5 110 1137.2 5.7 1152.0 5.7 

4 Mixed flaxen yarn + (PP + AMA) 
54.4 110 1877.2 5.4 1858.4 5.3 
81.0 110 1181.6 5.2 1017.5 4.9 
83.0 110 1309.6 6.0 1331.2 5.5 

5 Mixed hemp yarn + (POM + AMD) 139.8 110 2853.2 12.2 2375.6 9.7 
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Considering that thermoplastic polymers usually 
contain various modifiers (plasticizers, stabilizers, 
antistatic agents, fungicides, etc.), they are injected 
into polymers in small amounts to improve their 
technological and operational properties. 
The studies have shown that the content 
of AMA more than 1.0% by weight is impractical and 
can cause the degradation processes of yarn 
formation and drawing-out. Therefore, in further 
studies, the quantitative indices of AMA were limited 
to 0.5-1.0% by weight, and the minimal suppressing 
concentration of AMA with S.aureus cultures and 
Candida fungi at the level of 0.05-0.1% by weight 
was confirmed by diffusion test in agar and 
by the method of serial dilution in Saburo broth. 
Moreover, the data presented in Table 1 show that 
PE yarns have 2 - 4 times less breaking load 
in comparison with PP and POM yarns, so their use 
in textile and knitwear sector may be limited, they 
can be used in the structure of knitted gasket 
materials as adhesive components [12], which is 
solving the problem of packing for clothing details 
by means of the thermal zone and provides 
protection from microbial environment, especially 
in the areas of increased sweating. In addition, 
this material provides the required level of shape 

stability. The second feature of the formation 
of the AMA yarn is their dependence on temperature 
thermofixation (for PE-based yarn it must not exceed 
110°C). As for PP-based yarns, no significant 
changes in the breaking load and breaking 
elongation at the fixation of temperature from 20 to 
140°C occur, which is evidently caused by relaxation 
processes in filaments on rigid packaging. However, 
it must be noted that the type of dispersion 
environment (Table 2) does not significantly affect 
the physical and mechanical properties of modified 
yarns and they can be used in garment, textile, 
hosiery industries and hospital practice as retention 
sutures. The studies have shown that it is possible 
to expand the range of application for such yarns 
by combining them with linen, hemp, and cotton 
components (Table 4). Firstly, the technology 
of the production of yarns from the short fibrous 
fractions of flax and hemp [13], developed 
at the University, makes it possible to use their 
inherent antimicrobial properties in medicine and 
the related areas. It is possible to create yarns with 
a wide range of total linear density, which defines 
the area of their wide application (fabric, knitted 
fabric, artificial fur, combined products) (Figure 1). 

 
 

Nonwoven materials 

   

70% of hemp 
15% of lavsan 
14% of PEG (fusible) 
1% of PEG + 0.4% Ag 

70% of PP 
29.5% of PE (fusible) 
0.5% of PEG + 0.4 % Ag 

99.5% of PP 
0.5% of PEG +0.4% Cu 

Jerseys 

 

Fur on textile basis 

 

Compression products 

 
40% of linen 
40% of cotton 
20% of PP + 0.4% Ag 

40% of hemp 
50% of wool 
10% of PP (base) +0.4% Ag 

55% of linen 
31% of lycra 
14% of PP (base) + 0.4% Ag 

Figure 1 Nanomodified textile materials 
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The microbiological research showed that 
the abovementioned materials (Table 5) have 
sufficient antibacterial and fungicidal properties. 

These data show a sustained impact of modifiers on 
pathogenic components. The effectiveness of such 
an action of modifiers was also confirmed 
in the processing of domestic assortment fabrics by 
impregnation and surface aerodynamic and spraying 
of Ag and Cu nanoparticles (zone growth retardation 
of S.aureus and C.albicans was 4-12 mm). 
The positive research results open perspectives 
of this technology in the production of clothes for 
medical and recreational purposes directly in terms 
of garment production. 
It is also possible to expand the range of properties 
of nanomodified materials due to the inclusion 
of current-conducting components in their structure 
[14]. 

Testing of the created materials was performed 
at the "Intera-Dia Cor" complex. They found 
a positive influence of the nanomodification 
materials on the functional state of organs and 
systems of human organs. It was proved 
by the testing data of nanomodified cotton fabric with 
a drug based on Ag particles (Figure 2). 
As it can be seen from the diagrams above, using 
nanomodified materials the indicators of the stable 
state can be increased significantly, due to 
the transition of 19 organs from an unstable 
to a stable state. 
In addition, the individual approach to the choice 
of textile materials for clothes of health and 
preventive purposes was set. This is confirmed 
by the level of comfort that was within 51.4-97.4% 
for the 4 tested persons. 

 

Table 5 Indicators of antibacterial and fungicidal properties of textile materials 

Commodity composition 
The inhibition zone 

[mm] 

Quantity of microorganisms during the exposure 
S.aureus E.coli C.albicans 

Time of research [hours] 
1 3 6 24 1 3 6 24 1 3 6 24 

Cotton * 3 1 3 6 24 1 3 6 24 1 3 6 24 
Linseed (Jersey) 3-4 133 1 0 0 4200 2 0 0 HB 0 HB 0 

Non-woven PP material 4-5 44 0 0 0 822 750 430 0 - - - - 
Note: *-modified by the method of spraying suspension based on PEG + 0.5% Ag 

 
 
 

 
a) without the material b) with the material 

Figure 2 The results of the diagnosis of the functional state of organs of the tested person: SА - stable; SВ - unstable;      
SС -insufficient. 
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6 CONCLUSION 

The findings concerning the creation of materials 
and products for medical and preventive purposes 
were generalized. The technology for manufacturing 
of experimental yarn samples using polymeric 
materials modified by antimicrobic products (AMA, 
suspensions and pastes with a content of 0.5-1.0% 
Ag, Cu, Fe) was developed. Energy-information and 
antimicrobial properties of textile materials in relation 
to pathogenic microflora were determined. 
The experimental samples of fabrics, knitwear, non-
woven materials using the most effective modifiers 
were established. The received data give the basis 
to estimate prospects of a wider use of innovative 
materials with the attached antimicrobial properties 
at the production of protective clothes for various 
purposes. 
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Abstract: Was received a series of agar-agar hydrogels filled with aluminosilicate nanotubes and 
investigated their morphology and physicochemical characteristics. 

Keywords: halloysite nanotubes, gel, agar-agar, synthesis, wound dressing. 

 

 

1 INTRODUCTION 

Gels are gelatinous bodies that consist of a three-
dimensional polymer frame and liquid. They 
represent a wide range of various functional 
materials which take an intermediate position 
between liquids and solid bodies. Gels are 
sometimes remarkable for unique mechanical, 
optical and electrical properties that determine their 
wide application in industry and daily life. 
A structured system gives to gels mechanical 
properties of firm bodies: absence of flowability, 
ability to maintain a form, strength, ability for elastic 
deformation. Recently great attention is paid 
to biopolymer-based gels which differ from synthetic 
polymers in the absence of toxicity, biocompatibility 
with living systems, favorable biological 
decomposition and availability. Among biopolymers 
polysaccharides are most extensively used. 
Hydrogels based on natural components with 
"smart" properties are of considerable interest 
to researchers, since they are in demand 
in medicine as therapeutic transport systems for 
burn therapy, as sanitizing. 

Nanocomposite hydrogels are novel macromolecular 
biomaterials, which are three-dimensional cross-
linked polymer meshes filled with nanoparticles or 
nanomaterials such as flat clays and discrete 
inorganic nanoparticles. Such systems are used 
extensively for up-to-date biomedicine in the field 
of somatic tissues engineering, for creation 
of medicine delivery systems and also as biosensors 
[1-3]. Adding of fillers gives to gels excellent 
mechanical properties that help in its turn to 
overcome certain restrictions which usual polymer 
hydrogels have [4-6]. Nanomedicine uses 
possibilities and objects of nanotechnologies for 
diagnostics and treatment of diseases or for 
improvement of biological functions of organism. 
In nanomedical biotechnology nanocrystal materials, 
which halloysitic aluminosilicate nanotubes 

belong to, are basic. Chemical compounds 
of a tubular form provoke interest in experts owing to 
new possibilities of synthesis of materials with 
the properties distinct from lamellar and other 
morphological forms. By using of nanotubes with 
a certain diameter and length it is possible to control 
functional characteristics of a desirable end-product. 
Along with a big variety of synthetic nanotubes there 
are natural halloysite aluminosilicate nanotubes 
which are notable for high dispersity and uniformity 
of distribution as a filling agent in gels, respectively 
[7]. 

Halloysite nanotubes are material of natural origin 
and a commercial product obtained from halloysite. 
Halloysite is described by chemical 
formula Al2Si2O5(OH)4nH2O, where n changes from 
0 to 2, at this water located between the layers 
of the crystal firm body. Halloysite nanotubes are not 
subject to biodegradation and are biocompatible that 
predetermines extensive possibilities of their use 
in medicine, cosmetology, and veterinary science. 
Polymer hydrogels on the basis of natural 
components and halloysite nanotubes with “smart” 
properties provoke significant interest in researchers 
as they are required in medicine as therapeutic 
systems with transport, barrier, absorbing properties 
for wound healing at therapy of burn traumas, 
as sanitary moisture absorptive materials (blood, 
urine, sweat, etc.), [8-14]. 

We consider that a phenomenon of energetically 
strong adsorption of molecules on nanotubes that 
enables to slow down the release of functionally 
significant substances from the material can be used 
at development of nanofilled gel wound coverings 
of agar-agar/halloysite nanotubes type. 

The purpose of the work is to receive and 
investigate a series of agar-agar hydrogels for 
definition of the influence of nano-sized filling agent 
on their physicochemical characteristics. 

mailto:suprun.knutd@ukr.net
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2 EXPERIMENTAL PART 

Hydrogels have been synthesized as follows: 
to 20 ml of distilled water heated to 60-70°С was 
added 200 mg of agar-agar, then kept for 15 
minutes for biopolymer swelling, and then in a water 
bath the final dissolution of agar-agar was done. 
After this to the obtained solution was added 1, 2 
and 3 mg of halloysite nanotubes, respectively, 
distributing them by stirring in a whole volume 
of the obtained mixture. The obtained 
nanocomposite was kept in the refrigerator at 6°С 
during 30 min for hydrogel formation. The content 
of nanotubes in relation to agar-agar has made 0.5-
1.5%. To estimate the quality of obtained materials 
the system of general organoleptic indices has been 
used, which include appearance, taste, smell, 
consistence, color.  

The surface morphology of materials were examined 
by scanning electron microscopy MIRA3 LMU, 
Tescan with a resolution of ±1 nm and with 
an Oxford X-MAX 80 mm

2
 energy dispersive 

spectroscopic chemical analysis system with 
an instrument uncertainty of ±1%. The IR 
spectra of the materials were measured at room 
temperature on an IR Affinity-1, Shimadzu 
spectrometer in the 4000-550 cm

-1
 region using 

an ATRV attachment with an instrument uncertainty 
of ±1 cm

-1
. 

3 RESULTS AND DISCUSSION 

Images of samples of agar-agar gel synthesized 
according to the above technique are represented 
at Figure 1A. A yellow color is caused by significant 
(about 1 cm) thickness of gel samples, and increase 
of intensity is connected with the increase in content 
of halloysite nanotubes filling agent from 0.5 to 
1.5%. By touch the strength of hydrogels grows 
along with the increase of halloysite concentration. 
At hydrogels drying, filling agent concentration and 
agglomeration occurs on certain sites (Figure 1B).  

The electronic images of frozen gels indicate 
a developed surface (Figure 2). There are 
macropores that can serve as the places 
of adsorption, for example, of physiological fluid that 
is released from wounds [10]. At the same time, 
the active substances localized in the nanotubes 
of the gels are prolonged to be released 
to the damaged areas of the skin. 

To confirm the presence and to determine 
the distribution of aluminosilicate nanotubes in agar-
agar gels the chemical element analysis of chosen 
gel areas, which are indicated in the Figure 3, 

has been carried out. Lower image clearness 
of aluminosilicate nanotubes can obviously testify to 
the fact that they are coated with a polymer layer. 
The usual agar-agar composition contains 
carbohydrates (to 70%) with nitrogen and sulfur 
atoms protein compounds (1-2%) and significant 
number of calcium ions etc. So, basic agar elements 
are carbon, oxygen and calcium. When filling the gel 
with nanotubes in the energy-dispersive analysis 
spectra the signals of silicon and aluminum atoms 
as well as oxygen, in addition, shall appear. 

 

A 

B 

 
a 

 
b 

 
c 

Figure 1 A - Optical photo of agar-agar hydrogels B - their 
dried samples, containing nanotubes: 0.5% (a), 1% (b) 
and 1.5% (c) 

 

Figure 2 SEM images of frozen gels 
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a b c 

Figure 3 SEM images of dried gels containing nanotubes 0.5% (a), 1% (b), 1.5% (c) and the selected area for energy-
dispersive chemical analysis 

Quantitative composition of elements fixed 
in the spectra of filled hydrogels is given in Table 1. 
Significant carbon content in samples (25.85 - 
37.31%) relates to agar-agar organic carbon. Silicon 
and aluminum elements correspond to halloysite 
nanotubes, and their ratio about 1:1 corresponds 
to stoichiometric ratio in halloysite [11].  

Table 1 The results of the energy-dispersive chemical 
analysis of the dried gels in selected areas 

Nanotube 
content 

[%] 

Element content [%] at. 

C O Si Al Ca P 

0.5 25.85 53.66 9.26 10.45 0.36 0.42 
1 35.46 44.80 10.43 9.32 - - 

1.5 37.31 46.50 7.91 8.06 0.22 - 

 

So, halloysite aluminosilicate nanotubes are 
distributed uniformly in the agar-agar hydrogel 
matrix. Oxygen is a part of organic component and 
aluminosilicate nanotubes, the structure of which 
form layers of silicon-oxygen tetrahedrons and 
aluminium hydroxide octahedrons. Revealed 
calcium and phosphorus may relate to gel former 
impurities and natural nanotubes.  

IR spectroscopy is traditionally widely used for 
the study and characterization of complex natural 
heteropolysaccharides galactans particular group 
of agar-agar. In the IR spectra of freshly hydrogels 
(Figure 4) observed intense broad absorption bands 
of water and hydroxyl groups of components 
in the gel stretching vibration at 3700-3000 cm

-1
. 

The presence of water is also evident intense band 
of deformation vibrations around 1740 cm

-1
. 

Skeleton fluctuations 1043.49 cm
-1

 and less 
intensive lower than 990 cm

-1 
are revealed. They 

relate to C-C and C-O polymer links. Divergences 
in peak maxima can obviously be related to error 
of samples preparation. Outlet nanotubes have 
absorption bands at … 907...52 cm

-1
.  

In our opinion, these bands have not been showed 
in IR spectra of composite hydrogels because of low 
content of nanotubes in hydrogels and possible 
nonuniform distribution of nanotubes on local sites 

in the gel mass. Indirect argument of the presence 
of aluminosilicate nanotubes with the increasing 
content in hydrogels is reduction in absorption band 
intensities with the increase in content of nanotubes. 
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Figure 4 IR spectra of hydrogel sat 1200-900 cm
-1 

containing nanotubes 0.5 (a), 1 (b) and 1.5% (c) 

4 CONCLUSION  

Nanocomposite hydrogels on the basis of natural 
materials - agar-agar polysaccharide and halloysite 
aluminosilicate nanotubes have been synthesized. 
By organoleptic and physicochemical parameters 
gels are suitable for the use in biotechnology and 
medicine for creation of medical aseptic bandages, 
drain sorbents and wound dressing. Chemical 
analysis of nanocomposites corresponds to element 
content of gel components, in particular halloysitic 
nanotubes. Absorption bands of synthesized 
hydrogels are shown in IR spectra. 
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Abstract: The objective of this study was to prepare modified fibers from two types of polymer, 
polypropylene (PP) and polylactide (PLA). Fibers were modified by fluorescent pigment. Fluorescent 
pigments cause color change of material after illumination by UV light with a short time of luminescence 
decay. Their application into fibers can be served as one from solutions how to protect of original products. 
The influence of uniaxial deformation on the supermolecular structure and basic mechanical properties 
of modified fibres was investigated as well as colour performance of mentioned pigment in fibers under day 
light (D65) and after illumination with UV lamp. Supermolecular structure parameters as birefringence, 
sound velocity in fibres and crystallinity were studied and compared between PP and PLA modified fibres. 
Also, basic mechanical properties as fineness, Young´s modulus, tenacity at break and elongation at break 
of undrawn and drawn modified fibres prepared by discontinuous technological process were evaluated 
and compared. The obtained experimental results concerning supermolecular structure and mechanical 
characteristics of both types of modified fibres were compared with of their non-modified undrawn and 
drawn fibres prepared under the same technological conditions. 

Keywords: modified PP fibres, modified PLA fibres, fluorescent pigment, structure, mechanical properties.  

 

 

1 INTRODUCTION 

The market of the world textile industry in the year 
2016 has exceeded the threshold of 100 million tons 
although the world fiber market has a continued 
slowing of growth in the 4

th
 consecutive year. Man-

made fibres (MMF) grew 2.0% while natural fibers 
remained unchanged. The main countries 
of manufactures fibres are China, India and 
the USA 1.  

Polypropylene (PP) is one of the most widely used 
thermoplastic materials on petroleum base, because 
has good mechanical properties, easy processing 
and low price 2, 3. It can be used in a wide variety 
of applications, for example: textiles, automotive 
components, packaging, stationery, plastic parts and 
reusable containers of various types, laboratory 
equipment and other 4-6. The increasing concerns 
about our ecological system have results a lot 
of research activity in the area of bio-based plastics. 
At present, one of the most promising fully 
biodegradable polymers is polylactide (PLA) 7 
which attract of various markets e.g. textile, 
packaging and automotive industries, as an eco-
alternative to traditional petroleum-based commodity 
polymers. Although PLA exhibits high strength and 
stiffness, on the other side has the inherent 
brittleness 8-10. 

In recent years much attention is focused on 
originality products protection 11, 12 because there 
are a huge number of counterfeits in all industry 
areas. It is practically impossible to distinguish 
original products from the fakes. One of the cost 
acceptable solutions is an application of fluorescent 
pigments which have short time of luminescence 
decay 13. Fluorescent pigments belong to 
the group photoluminescent materials where 
the excitation is caused by light. Photoluminescent 
materials exist as organic and inorganic ones as 
solid materials and liquid as well 14, 15. 
Fluorescence of individual samples can be detected 
by dint of fluorophores. Fluorophore is a compound 
capable to absorb light of certain wavelength and 
successively emits the light with longer wavelength.  

The objective of this study was to prepare two types 
of fibers with the different polymer matrix (PP and 
PLA) modified by fluorescent pigment and to 
compare their properties. The undrawn and drawn 
modified fibres by discontinuous technological 
process were prepared. The influence of uniaxial 
deformation and pigment content on 
the supermolecular structure and basic mechanical 
properties was investigated and compared between 
two types modified fibers. Subsequently different 
colour performance of fluorescent pigment in fibers 
under day light (D65) and after illumination with UV 
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lamp was studied. Obtained results of both types 
of fibres modified with fluorescent pigment were 
compared with fibers without pigment content 
prepared under the same technological conditions. 

2 EXPERIMENTAL AND METHODS  

2.1 Materials 

Isotactic polypropylene (PP) produced by Slovnaft 
(Slovakia) with MFI = 27.6 g/10 min (230°C/2.16 kg), 
Polylactide acid (PLA) produced by 
NatureWorksLLC (USA) with MFI = 22.8 g/10 min 
(210°C/2.16 kg) and special organic fluorescent 
pigment of Radiant Color Company were used. PP 
masterbatch (pigment content of 2.0 wt.%, MFI = 
20.9 g/10 min (230°C/2.16 kg), Filter index = 
84 MPa.kg

-1
) and PLA masterbatch (pigment content 

of 2.0 wt.%, MFI = 33.6 g/10 min (210°C/2.16 kg), 
Filter index  50 MPa.kg

-1
) developed by Research 

Institute for Man-Made Fibres, a. s. Svit were used 
during fibres preparation process. 

2.2 Fibre preparation 

The modified PP fibres with content of pigment 0.01; 
0.05; 0.1; 0.15; 0.2 and 0.3% were prepared from 
mechanical mixture of PP granulated polymer and 
PP masterbatch using the classical discontinuous 
process of spinning and drawing. The laboratory 
discontinuous line has an extruder with diameter 
of D = 32.0 mm, with a discontinuous one-step 
drawing process. The constant processing 
conditions - spinning temperature of 220°C, spinning 
die plate of 2x25 holes with diameter of 0.3 mm, final 
spinning process speed of 1500 m.min

-1
, 

the drawing ratio =2.0, the drawing temperature 
of 130°C and final drawing process speed 
of 100 m.min

-1
 were used.  

The modified PLA fibres with the same content 
of pigment as polypropylene fibres were prepared 
from mechanical mixture of PLA granulated polymer 
and PLA masterbatch using the same process 
of spinning and drawing as had the above 
mentioned modified PP fibres. In this case 
the constant processing conditions - spinning 
temperature of 210°C, spinning die plate of 2x25 
holes with diameter of 0.3 mm, final spinning 
process speed of 1500 m.min

-1
, the drawing ratio 

=2.0, the drawing temperature of 80°C and final 
drawing process speed of 100 m.min

-1
 were used.   

2.3 Methods used 

Fibre birefringence - total orientation of fibres  

The orientation of macromolecular chains in fibre 
expresses the level of anisotropy of oriented 
polymer system (fibre). The total orientation 
of prepared modified PP and PLA fibres was 
evaluated using a DNP 714BI polarization 
microscope, where the refractive indexes of light 
in the fibre axis (n) and in the perpendicular 

direction of the fibre (n) were identified. The fibre’s 
birefringence (n) was calculated from these values 
using Equation 1 below: 

n = n - n (1) 

The sound velocity in fibres  

The sound velocity in fibres is given as the ratio 
of fibre length to the time needed for the transfer 
of acoustic nodes along that length (expressed in 
km.s

-1
). It is dependent on the internal structure 

arrangement of fibres (expressed by 
a supermolecular structure parameter) and may 
serve as a measure of fibre anisotropy. The sound 
velocity in fibres was measured using a PPMSR 
Dynamic Modulus Tester (USA). 

Crystallinity of fibres 

Crystallinity  represents the crystalline portion 
of fibres and may be evaluated using various 
methods. In this work, a Perkin Elmer DSC 4 device 
was used for the evaluation of the thermal properties 
of non-modified and modified PP and PLA fibres. 
The non-isothermal process of analysis was 
performed. All samples of PP fibres were heated 
in temperature range from 60 to 260°C and 
PLA fibres in temperature range from 60 to 200°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 (Hm) was determined. 
This value was used for the calculation 
of crystallinity  in PP fibres using Equation 2: 

%100
,H

H

0m

m





  (2) 

where Hm,0  = 198.11 kJ.kg
-1

 is the melting enthalpy 
of PP with the 100% crystallinity. 

The crystallinity  of PLA fibres was calculated 
according to the following Equation 3 16:  

%100
H

HH

0,m

cm








  (3) 

where ΔHm is the measured melting enthalpy 
of PLA fibres, ΔHc is the cold crystallization enthalpy 
of PLA fibres obtained during heating scan and 
Hm,0 is the melting enthalpy of a 100% crystalline 
PLA (93.6 kJ.kg

-1
) 17. 

Mechanical properties of fibres 

The mechanical properties of non-modified and 
modified PP and PLA fibres using Instron 3343 
equipment were measured in accordance with 
the STN EN ISO 2062:2010 and fineness was 
measured in accordance with the STN EN ISO 
2060:1998. 
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3 RESULTS AND DISCUSSION  

From the processes of spinning (spinning speed 
of 1500 m.min

-1
) and drawing (drawing ratio  = 2.0) 

of the studied modified systems of PP and PLA 
it follows that both systems (PP/fluorescent pigment 
and PLA/fluorescent pigment) are fibre forming and 
processes are stable in the whole range 
of concentration of fluorescent pigment (0.01 – 
0.30 wt.%). The stability of these processes was 
comparable with spinning and drawing of non-
modified PP and PLA fibres.  

First, the supermolecular structure parameters 
of modified PP and PLA fibres were evaluated. 
The obtained results (Figures 1 and 2) show 
the effect of uniaxial deformation and various 
fluorescent pigment content on the supermolecular 
structure parameters of undrawn and drawn 
modified PP and PLA fibres. 

Evaluation of supermolecular structure of undrawn 
fibres shows that PP fibres have a much more 
higher total average orientation of macromolecular 
chains (birefringence, Figure 1a) and a little bit 
higher orientation of macromolecular chains 
in surface areas (sound velocity, Figure 1b) 
in the spinning field at spinning speed 
of 1500 m.min

-1
 when compared to PLA fibres. 

At the same time, during the spinning, a higher 
crystallization of PLA matrix of undrawn fibres has 
been occurred in comparison with PP undrawn 
fibres (crystallinity, Figure 2). The influence 
of fluorescent pigment content on the orientation 
of macromolecular chains and crystallinity of PP and 
PLA matrices of undrawn modified fibres is 
insignificant. In the process of uniaxial deformation 

at drawing ratio =2.0, when compared to undrawn 
fibres, there is a significant increase both of the total 
average orientation of macromolecular chains 
in the direction of the fibre axis (birefringence) and 
of the orientation of macromolecular chains 
in surface areas (sound velocity), as well as 
to the increase of crystallinity for both PP and 
PLA drawn fibres.  

The orientation of macromolecular chains in drawn 
PP fibres is higher than in PLA drawn fibres, and 
the crystallinity of PLA drawn fibres is significantly 
higher than the crystallinity of PP drawn fibres. 
Insignificant influence of fluorescent pigment content 
on orientation of macromolecular chains and 
crystallinity of PP drawn fibres was observed. 
In case of PLA drawn fibres the influence 
of increased fluorescent pigment content resulted in 
the increase of macromolecular chains total average 
orientation in the direction of fibre axis (Figure 1a) 
and slight decrease in their crystallinity (Figure 2). 
This can be the result of plasticizing effect of organic 
fluorescent pigment on PLA matrix in drawn fibre. 
It follows from the above that the process of uniaxial 
deformation has significant influence on 
the formation of supermolecular structure of the final 
form of drawn modified PP and PLA fibres. 
The influence of fluorescent pigment content 
in range 0.01 – 0.30 wt.% was not significant. 

Secondly, the mechanical properties of modified PP 
and PLA fibres were evaluated. Figures 3 and 4 
show the effect of uniaxial deformation and 
fluorescent pigment content on the basic mechanical 
properties of undrawn and drawn modified PP and 
PLA fibres. 
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Figure 1 Dependence of birefringence (a) and sound velocity (b) of undrawn and drawn modified PP and PLA fibres on 
fluorescent pigment content 
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Figure 2 Dependence of crystallinity  of undrawn and drawn modified PP and PLA fibres on fluorescent pigment 
content 
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Figure 3 Dependence of fineness (a) and elongation at break (b) of undrawn and drawn modified PP and PLA fibres on 
fluorescent pigment content 

It was found that the content of fluorescent pigment 
0.01 – 0.30 wt.% in the fibre mass does not affect 
the fineness of undrawn and drawn modified PP and 
PLA fibres (Figure 3a). Different fineness of PP and 
PLA fibres result from different of density of PP and 
PLA fibres polymer matrix.   

The defined parameters of supermolecular structure 
of undrawn and drawn modified PP and PLA fibres 
affected their mechanical properties. From 
the determined of mechanical properties of undrawn 
fibres prepared at a spinning speed of 1500 m.min

-1 

follows that the tenacity of PP fibres is higher (max 
62%) in comparison with the tenacity of PLA fibres 
(Figure 4a). This is a result of the both much higher 
total average orientation of macromolecular chains 
(birefringence, Figure 1a) and higher orientation 
of macromolecular chains in surface areas (sound 
velocity, Figure 1b) of undrawn PP fibres 
in comparison with undrawn PLA fibres. At the same 
time, the Young’s modulus of undrawn PLA fibres 

is significantly higher (Figure 4b) and elongation 
is significantly lower (Figure 3b) in comparison with 
undrawn PP fibres. This is related to higher 
crystallinity of undrawn PLA fibres compared to 
undrawn PP fibres (Figure 2). The effect 
of fluorescent pigment content of 0.01 – 0.30 wt.% 
on all evaluated mechanical properties of undrawn 
PP and PLA fibres is not significant as well as its 
effect on supermolecular structure of these fibres.  

The process of uniaxial deformation at drawing ratio 
=2.0 significantly increases the tenacity (Figure 4a) 
and Young’s modulus (Figure 4b) of drawn PP and 
PLA fibres in comparison with undrawn fibres. 
This results from substantial increased total average 
orientation of macromolecular chains in the direction 
of axis of drawn fibres (birefringence, Figure 1a), 
substantial increased orientation of macromolecular 
chains in surface areas of drawn fibres (sound 
velocity, Figure 1b), as well as increased crystallinity 
of drawn fibres (crystallinity, Figure 2). 
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Figure 4 Dependence of tenacity at break (a) and Young's modulus (b) of undrawn and drawn modified PP and 
PLA fibres on fluorescent pigment content 

At the same time, the tenacity of drawn PP fibres is 
prominently higher than the tenacity of drawn 
PLA fibres (Figure 4a). This results from significantly 
higher total average orientation of macromolecular 
chains (birefringence, Figure 1a) and higher 
orientation of macromolecular chains in surface 
areas (sound velocity, Figure 1b) of drawn PP fibres. 
The finally, the Young’s modulus of drawn 
PLA fibres is higher (Figure 4b) and elongation 
is lower (Figure 3b) when compared to drawn PP 
fibres. It is affected by prominently higher 
crystallinity of drawn PLA fibres in comparison with 
drawn PP fibres (Figure 2). The significant influence 
of fluorescent pigment content of 0.01 – 0.30 wt.% 
on all evaluated mechanical properties was not 
proved, nor was its influence on supermolecular 
structure of drawn fibers.  

The obtained values of the basic mechanical 
properties of undrawn and drawn modified PP and 

PLA fibres are in good correlation with determined 
values of their supermolecular structure parameters. 

The last evaluated parameter was color 
performance of modified PP and PLA fibres 
investigated under UV lamp. Figures 5 and 6 show 
the effect of the fluorescent pigment content on color 
performance of modified PP and PLA fibres. 

Figures 5a and 6a clearly show that under 
the daylight (D65) all prepared modified PP and 
PLA fibers are white. Under the UV lamp only non-
modified PP and PLA standard fibres (Figure 5b and 
Figure 6b) are not shiny while the modified PP and 
PLA fibres with fluorescent pigment shine blue. 
The color intensity rises with increased content 
of fluorescent pigment in modified PP and 
PLA fibres. It can be seen that even the lowest 
pigment content 0.01 wt.% (samples 2 from left to 
right in figures 5b and 6b) of evaluated fluorescent 
pigment provides clearly visible color change under 
UV lamp. 

 

 

  
a b 

Figure 5 The influence of fluorescent pigment with content 0.01; 0.05, 0.10 and 0.30 wt.% on the color performance 
of modified PP fibres in comparison with non-modified PP fibre (on the left) under daylight D65 (a) and under UV lamp 
(b) 
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a b 

Figure 6 The influence of fluorescent pigment with content 0.01; 0.05, 0.10 and 0.30 wt.% on the color performance 
of modified PLA fibres in comparison with non-modified PLA fibre (on the left) under daylight D65 (a) and under UV lamp 
(b) 

4 CONCLUSION 

Processes of spinning (spinning speed 
of 1500 m.min

-1
) and drawing (drawing ratio λ = 2.0) 

of the studied systems - PP/fluorescent pigment and 
PLA/fluorescent pigment have showed that their 
stability is comparable with the stability of processes 
of non-modified PP and PLA fibres. The both 
systems were fibre forming and processes were 
stable in the whole concentration range 
of fluorescent pigment (0.01 – 0.30 wt.%). 
The technological conditions for stable spinning and 
drawing of modified PP and PLA fibres were found. 
The basic dependencies of the influence of uniaxial 
deformation and fluorescent pigment content 
on the supermolecular structure parameters, basic 
mechanical properties and color performance under 
UV lamp of modified PP and PLA fibres were 
evaluated.  

It was found that in the spinning field there occurs 
a higher total orientation of macromolecular chains 
in PP matrix of modified fibres, which resulted 
in higher tenacity of undrawn PP fibres 
in comparison with undrawn PLA fibres. At the same 
time, higher crystallinity occurs in the PLA matrix 
of modified fibres, resulting in higher Young’s 
modulus and lower elongation of undrawn 
PLA fibres in comparison with undrawn PP fibres. 
The influence of fluorescent pigment content 
on supermolecular structure and mechanical 
properties of undrawn PP and PLA fibres is not 
significant.   

It was also found that the process of uniaxial 
deformation of undrawn fibres has significant 
influence on supermolecular structure and 
mechanical properties of the final form of drawn 
modified PP and PLA fibres. By drawing, 
a significant increase in total orientation 
of macromolecular chains in the direction of fibre 
axis and the increase in crystallinity of drawn PP and 
PLA fibres is achieved, while the tenacity of drawn 
PP fibres is significantly higher than the tenacity 
of drawn PLA fibres. This is influenced 
by significantly higher total orientation 
of macromolecular chains in the direction of fibre 
axis. At the same time, the Young’s modulus 

of drawn PLA fibres is higher and the elongation 
is significantly lower when compared to drawn PP 
fibres, which is related to their significantly higher 
crystallinity than that of drawn PP fibres. 
The influence of the fluorescent pigment content 
on supermolecular structure and evaluated 
mechanical properties of drawn PP and PLA fibres 
was not significant.  

An important result is also the finding that the color 
performance under UV light is visible even at lowest 
fluorescence pigment content (0.01 wt.%) in both 
modified PP and PLA fibres. 

Based on the results obtained, it can be stated that 
the evaluated fluorescent pigment has no negative 
impact on technological stability of preparation 
of modified PP and PLA fibres; it does not 
significantly influence their supermolecular structure 
and mechanical properties, and is coloristically 
effective under UV lamp at even low concentrations. 
Therefore, it can be used as a tool for protection 
of original PP and PLA textile products. 
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Abstract: Liquid water transportation through textiles plays an important role in comfort properties. 
Transport mechanism takes place from liquid's first behavior when get in touch with fabric to last behavior 
when evaporated to atmosphere. Wetting phenomena has been carried out by liquid and air interface with 
textile materials. Basically wetting is physical interaction of fabric with liquid, air and their surface energies 
results into wicking. Wicking is unconstrained liquid movement, driven by capillarities. Capillarity deals with 
the penetration ability of liquid into fine pores of fibre to travel along its walls. Wetting, wicking and 
capillarity are influential parameters to relate the fluid transport in textile fibrous media. This paper 
is focused on wetting, contact angle, wicking and capillarity, executes in measuring comfort and liquid 
moisture transport behavior of fabric. 

Keywords: wetting, wicking, contact angle, liquid transportation, capillarity. 

 

 

1 INTRODUCTION 

Liquid transport through fabrics is well desired 
phenomenon in many fields. It has been studied for 
both fundamental and applied points of view. It plays 
an important role not only in textile industry but also 
in the success of many other industrial processes, 
such as oil recovery, lubrication and fluid filtration. 
Also it judges the performance of clothes, in different 
activities, either they are comfortable or not. In fact, 
liquid transmission behavior of fabrics is one 
of the most important factors that affect thermo-
physiological clothing comfort, especially in sweating 
conditions [1-4]. 

When perspiration takes place to cool 
the human body, the water exuded from the skin 
appears initially in its liquid form [5]. Evaporation 
of perspiration is major mean of body cooling, 
so fabric must intercept the build-up of perspiration 
on human body to keep it dry by enabling the body 
water to outer layer of clothing [6-8].  

The build-up of sweat on the skin is considered as 
the main factor contributing to discomfort [9-11]. 
This problem can be solved with the use 
of appropriate fabrics that have excellent water 
absorption and transport properties. Thus extensive 
researches are focused on the study 
of the processes which are involved in liquid 
transportation through fabrics especially wetting and 
wicking theories [12-16]. 

Furthermore, when fibres come into contact with 
water, firstly the fibre surfaces must be wet and after 
that water can be transported through the inter-fibre 

pores to the amorphous regions. 
Thus the interaction between solid-air interfaces 
in the fibre is replaced by a solid-liquid interface and 
this phenomenon is called ‘wetting’ [12].  

Wicking, wetting, absorbency or transportation 
is belonging to "Moisture Management" which 
means the ability of a textile fabric to transport 
moisture away from the skin to fabric’s outer surface 
in multi-dimensions. It is one of the key performance 
criteria in today’s apparel industry since it has 
a significant effect on the human perception 
of moisture sensations [17]. 

2 WETTING AND WICKING  

Wetting and wicking are considered the most 
important parameters for absorption and 
transportation of liquid in textile clothing. Kissa [12] 
made a clear distinction between wetting and 
wicking. In fact, liquid transport takes place through 
these two sequential processes of wetting followed 
by wicking [18-19] as shown in Figure 1. 'Wettability' 
is defined as the first impression of fabric when get 
into touch with liquid however, 'wickability' is defined 
as the capacity to sustain capillary motion. It occurs 
when fibres with capillary spaces in between them 
are wetted by a liquid. The resultant capillary forces 
draw the liquid into the capillary spaces. 
The interaction between the forces of cohesion 
(within the liquid) and the forces of adhesion 
(between the fibers and the liquid) determines 
whether wetting takes place or not and also 
determines spreading and absorption of the liquid 
over the surface of the textile material [20]. 
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Figure 1 Liquid transport process through fabrics 

2.1 Wetting  

Wetting is a fundamental phenomenon that takes 
place at the first moments when fabrics come into 
touch with liquid [12]. Wetting is characterized 
by the displacement of fiber-vapor interface to fibre-
liquid interface. Wettability studies usually involve 
the measurement of contact angles as the primary 
data, which indicates the degree of wetting when 
a solid and liquid interact [12].  

The wettability of fibrous assembly [21-23] is affected 
by the chemical nature of fiber surface, the fiber 
geometry and the surface roughness [24-26]. 

2.1.1 Contact angle 

The contact angle is related to general 
thermodynamic quantities and it presented as 
the angle formed between the tangent of the liquid-
vapor interface and the solid-liquid interface 
at the line of intersection of the three interfaces 
(liquid-vapor, liquid-solid, solid-vapor) [27] as shown 
in Figure 2. According to Young-Dupre equation [28]: 

lv

slsvcos






  (1) 

where s, v and l are the solid, vapor and liquid 
surfaces for  (interfacial tension) with θ (equilibrium 
contact angle). 

 

 

Figure 2 Contact angle on ideal surface, Young contact 
angle 

When the contact angle between a liquid drop and 
the paper surface is lower than 90°, there is 
an attraction between the liquid and the solid phase, 

while when the contact angle exceeds 90°, there is 
repulsion between the liquid and the solid phase 
[19]. According to Figure 3, contact angles (<90°) 
correspond to high wettability, while contact angles 
(>90°) correspond to low wettability. 

 

 

Figure 3 Illustration of different contact angles 

The wetting of a fabric depends upon the nature 
of the wetting liquid and the surface energy 
of the textile substrate, which is largely dependent 
upon the structure, perimeter, surface purity and 
molecular orientation of the fibre, yarn, fabric, 
capillary forces, cover factor, area density and 
surface roughness [18]. Due to the heterogenic 
surface of textile materials, the previous equation 
of contact angle becomes invalid. 

Wenzel model 

Wenzel [29] defined the relationship between 
roughness and wetting. In fact, he state that in case 
of solid with rough surface (like textile materials), 
contact angle between the liquid and solid is defined 
as apparent contact angle (θ*). Cosine apparent 
contact angle (θ*) is function of the surface 
roughness of solid (rg) and the contact angle 
obtained in the case of ideal surface of the same 
solid (Young contact angle (θ)). The following 
equation was proposed by Wenzel [29]:  

 cos.r*cos g  (2) 

Cassie- Baxter model 

In case of chemically heterogeneous surfaces with 
two chemistries, Cassie [30] developed the above 
equation: 

2211 coscos*cos    (3) 

where Φ is the area fraction characterized by 
the given chemistry and subscripts 1 and 2 indicate 
two different surface chemistries. If the second 
area is air instead of having different chemistries 
of surface, then equation (3) can be written as: 

1)1(cos*cos 1    (4) 
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2.1.2 Wetting hysteresis 

As known, textile materials are characterized 
by their rough surface and heterogeneity that 
caused changes in surface energy and affect 
adsorption of liquid. Hence the contact angle 
exhibits hysteresis which is defined as the gap 
between the receding contact angle and 
the advancing contact angle. The receding contact 
angle (θr) is obtained when the contact line recede 
of static liquid and the advancing contact angle (θa) 
is measured in advance of line contact. Although, 
the advancing contact angle is usually used with 
wicking. Hence, capillary flow depends on dynamic 
contact angle that is defined as the contact angle 
of moving liquid front and it can depend 
on the velocity of moving contact line and/or on time 
[31, 32]. The difference between θa and θr is called 
the hysteresis (H) [33]: 

raH    (5) 

The principle of measurement of these two angles 
is as shown in Figure 4.  

 

 

Figure 4 Advancing angle and receding angle 

2.1.3 Measurement of contact angle 

Wetting is a result of the work of adhesion between 
the solid and liquid (WSL). In fact, it is the work 
necessary to separate these two phases (liquid and 
solid) from each other against the adhesive forces 
between them. Dupre reported the relations between 
the work of adhesion and tension surface as follows 
[34]: 

LSLVSVSLW    (6) 

By combinning equation (1) and equation (6) and 
with the elimination of unknown surface tension, we 
get [34]: 

 cosW LVLVSL   (7) 

Above equation explain why the contact angle has 
been used as the main parameter to measure 
the wettability of a surface by a liquid [35]. 
The methods used for the measurement of contact 
angle can be classified into two categories, direct 
and indirect methods. 

Direct Method  

In this method, a liquid drop is placed on the surface 
and a microscope allows the drop image to be 
shown. Image analysis software is used to analyze 
the image. Contact angles are measured at tangent 
lines to the surface and they are calculated on both 
sides of drop [36].  

Another direct method suggested by Barnell et al 
[37] and used by Hollies [14] where the solid 
is vertically immersed in horizontal liquid interface, 
in the form of rod. The solid-liquid-vapour contact 
angle is measured using a microscope in horizontal 
position focusing on the material with the contact 
line. The contact angle is the angle between 
the edge of the solid surface and the tangent line 
of liquid-solid interface as shown in Figure 5. 

 

 

Figure 5 Measurement of contact angle on yarn and fibre 
using the vertical rod method [14] 

Indirect Method  

The most effective method for measuring liquid 
contact angle on fibers indirectly is the Wilhelmy 
wetting force technique [34]. In fact, when a solid 
is partially immersed in liquid, there is an attractive 
force exerted by liquid on solid (Fw). Wilhelmy 
reported that the source of this attractive force 
is the surface tension of liquid and express 
the following equation [16]: 

 cos.pF LVW   (8) 

where FW is the measured force and p is 
the perimeter of the solid.  

If the liquid-solid contact angle becomes zero (total 
wetting liquid), cosθ is 1.0. Thus the perimeter (p) 
can be calculated with known liquid surface tension 
(LV) as follow [16]: 

LV

WF
p


  (9) 

The cosine contact angle and the contact angle 
can be derived if the liquid surface tension and 
liquid-solid interface dimension are known [16] 

LV

W

.p

F
cos


   (10) 
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2.2 Wicking  

When a textile material is placed in contact with 
liquid, spontaneous uptake of liquid may occur, 
the term ‘spontaneous’ meaning that the movement 
of liquid takes place against a zero or negative 
liquid-head pressure gradient [38]. Regarding 
the direction of water flow, spontaneous uptake 
in the plane of a fabric is always called wicking. 
Wicking is an unconstrained transport of liquid 
in a porous substrate, driven by capillary forces 
which are caused by wetting [12]. Hence, wicking 
is a result of wetting.  

Wicking is based on two important characteristics, 
which are capillary pressure and permeability [39]. 
With an increase in the saturation of pores with 
liquid, the capillary pressure decreases and 
it reaches zero for totally saturated material. 
However, the permeability of the media increases 
with the increase in saturation [40]. When saturation 
level is low, small pores of the media fill up first 
than larger pores. Hence, liquid flow would be faster 
in small pores and then it will be distributed, 
uniformly, to interconnected pores [41, 42]. 

Wicking through the inter-fibre and inter-yarn 
channels is affected by the way the fibres or yarns 
are arranged into a fabric [12]. The capillary radius 
and the number of capillaries formed affects wicking 
[43]. Moreover, fibrous assembly are known by their 
irregularities in fiber diameter or pore interfiber and 
intrafiber, which is represented by the tortuosity. 
The wicking process can be affected by 
the tortuosity of the pores. Hence, an increase in 
the tortuosity of pores produces a decrease in its 
wicking potential [42, 44]. Rossi et al. [45] pointed 
out that the moisture absorption capacities 
of the fibres (hygroscopicity) as well as its surface 
properties (hydrophilicity or hydrophobicity) are very 
important parameters determining the wicking effect. 
Figure 6 presented the moisture regain of some 
fibers at standard conditions. 

Wicking is also affected by the properties 
of the liquid, decreasing for liquids with higher 
viscosity and/or surface tension. Further to these 
factors, the moisture content of the sample, 
the ambient temperature and humidity also affect 
the penetration process [49]. 

2.2.1 Wicking calculation 

Wicking is a salient feature in moisture management 
which permits an idea about absorbency and dye 
intake along with the fabric comfort. Wicking got 
the attention of scholars from every field of study, 
generally engineers, especially textile engineering 
and technology.  

Lukas-Washburn equation 

Washburn and Lucas were two scientists who set 
the base of wicking and describe the capillary flow 
[50]. 

The law, which is commonly applied to describe 
the flow as a result of a pressure drop gradient along 
the tube, is the Hagen-Poiseuille law for laminar flow 
through pipes. The law describes the velocity 
of the liquid front as follows: 

L

P
.

8

r

dt

dL 2 


  (11) 

where dL/dt is the liquid velocity, ΔP is the pressure 
drop, µ the liquid velocity, r pipe radius and L is 
the wetted length. When the pressure applied 
is the capillary pressure only, Lucas and Washburn 
derived the well-known equation for flow through 
horizontal pipes [51]: 





2

cosr
L LVc2   (12) 

where rc is the capillary radius and t is the time taken 
for the liquid to travel the distance L. 

 

 

Figure 6 Moisture regain of different fibers at 20°C and RH 65% [46-48] 
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Darcy law 

Darcy's law is one of the early theories that 
investigated in fluid flow through porous media. 
It describes laminar flow through porous media, and 
it is given by the equation below: 

0L

P
KQ


  (13) 

where Q is the rate of flow, ΔP is the pressure drop 
across the material, L0 is the length of the sample 
and K is a constant. This constant K depends on 
the characteristics of the fluid and the pore structure 
of the media. The constant K is often defined as: 



k
K   (14) 

where k is the permeability of the medium and η is 
the viscosity of the liquid. 

2.2.2 Wicking measurement 

Table 1 illustrated the various methods used for 
the measurements of absorption and wicking 
behavior of fabric, namely: longitudinal wicking strip 
test, transverse wicking plate test and vertical strip 
wicking test. Harnett and Mehta [41] summarized 
four popular laboratory test methods for measuring 
wicking. It represents the basis of future review 
articles where lists of practical test methods were 
discussed. In 2006, Patnaik et al [52] conducted 
a more comprehensive review on which they initially 
differentiated the methods into two aspects: wetting 
and wicking. Moreover they classified wicking 
processes that are with finite (limited) reservoir and 
infinite (unlimited) reservoir. Additionally, since 
Patnaik’s review, many novel measurement 
methods have been developed, e.g. the Transplanar 
water transport Tester [53], Moisture Management 
Tester [54, 55], and some international standard test 
methods have been introduced, such as vertical-
wicking test method [56] and horizontal-wicking test 
method [57].  

3 CAPILLARITY 

Capillarity can take place under various conditions 
and situations. To define these conditions [63] 
propose to distinguish between two 
phenomena related to the transport of liquid through 
a textile fabric: wettability and capillarity. According 
to Harnet and Mehta [41], capillarity is the ability 
to cause capillary flow, while wettability describes 
the initial behavior of a fabric, yarn, or fiber 
contacted with water. Although wettability and 
capillarity are well studied as two separate 
phenomena, they can be described by a unique 
process: fluid flow caused by capillary pressure [40], 
that is, in the absence of external forces, the liquid 
through a porous medium is entrained by capillary 
forces resulting from wetting of a fabric. Capillary 
progression can be defined as a macroscopic flow 
of a liquid under the influence of its own interface 
forces [63]. Since capillary forces are caused 
by wetting, capillarity is a result of spontaneous 
wetting in a capillary system [12]. Therefore, these 
two phenomena are coupled and one of them 
cannot occur in the absence of the other. Physically, 
impregnation is the flow in a porous medium under 
the action of capillary forces. This type of flow 
depends on the properties of the liquid, the solid-
liquid surface interactions and the geometrical 
configuration of the pores of a porous medium [13, 
64-67]. 

Capillary action is responsible for the movement 
of liquid flow in fibrous material and mainly depends 
on the geometry of pore structure and capillary 
force. Before being transported, liquid wet 
the fibrous material which causes to determine its 
liquid's effect and fibre surface wetting 
characteristics [13]. 

Capillary forces caused by wetting and due to 
the pressure difference created by surface tension 
of liquid across the curved liquid-air interface drive 
the liquid into the capillary spaces.  

 

Table 1 Well known wicking methods  

 Methods References  Comments 

Infinite 
reservoir 

Transverse 
wicking 

Kissa 1981 a-b[58] [59] 
Harnett & Mehta 1984 [41] 
Saville 1999 [60] 

The fabric is laid flat while water is supplied from 
beneath and the amount absorbed is recorded. 

Vertical wicking 

BS3424 [61] 
AATCC 197Vertical Wicking of Fabric [56] 
Person et al [62] 
Hsieh&yu[13] 

An electronic microbalance,an Oriel reversible 
translator additive in the testing liquid may change its 
surface tension as well  

Horizontal 
wicking 

 AATCC 198 horizontal 
wicking of textiles [57] 

It used to evaluate the ability of horizontally aligned 
fabric specimens to transport liquid along and/or 
through them. 

Finite 
reservoir 

Contact angle 
Kissa 1996 [12] 
Harnett & Mehta 1984 [41] 

See section 2.1.3 
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The capillary pressure is commonly described 
through the well known Laplace equation which 
idealizes capillary tubes as follows: 

r

cos2
P LV 

   (15) 

where P is the difference capillary pressure, LV is 
the surface tension of the interface liquid-vapor, θ is 
the solid-liquid contact angle and r is the capillary 
radius. 

In fibrous assembly, the capillary spaces are not 
uniform so that it is preferred to use the effective 
capillary radius instead of the radius r. The surface 
energy of fibers depends on many characteristics 
such as perimeter, surface purity and molecular 
orientation of fibers [68]. 

As the pressure gradient increases, the amount 
of liquid wicks through capillaries increases. 
According to the Lucas-Washburn equation, it is 
expected that, at a specific time, with a larger pore 
size, we will obtain a faster capillary rise. However, 
Miller [69] showed that in some cases, wicking 
through capillaries with larger diameter has been 
overtaken by those with smaller diameter. Thus, 
the distance of liquid advancement is higher 
in smaller radius pores. This is can be explained 
by the fact that when the capillary radius decreases, 
the capillary pressure will be higher and causes 
faster liquid flow through the capillary.  

4 CONCLUSIONS 

Comfort of human body is directly related to 
the liquid water vapor permeability of a material 
used for clothing. Test methods used to measure 
the material properties are extremely significant 
because of getting accuracy. Methods must simulate 
all the environmental conditions, closely related to 
wearer. Many patents and research articles report 
different results due to different testing conditions for 
wetting, wicking and transport of liquid water 
in fabric. By considering actual wear condition, 
results predicted by mathematical models and tested 
by experiments are excessively helpful 
in understanding the theory behind the scientific 
behavior of materials, leads to betterment in product 
development. Textile material properties are 
influential parameters for heat and moisture 
transmission phenomena. Diffusion, convection and 
moisture content are the hidden parameter affects 
the wetting and wicking of textile material whereas 
fabric structure, thickness, density, permeability, 
porosity and yarn used are main physical factors 
helps in capillary action. Fabric used for hard 
weather conditions or sportswear, must acquire best 
comfort properties by liquid transportation to get rid 
of perspiration. Twist multiplier (TM) and capillary 
pressure in the yarn also affects the transport 
performance, lower the yarn twist, more obvious 
the transient transport of liquid water in the wearing 

fabric. Similar fiber behavior with its pore size 
is quite important with wicking point of view, 
responsible for instant wicking velocity, wicking 
height and wicking time. Transportation of liquid 
water in fabric cannot be defined at only one 
condition – but a range of conditions should be 
measured regarding the fabric ability to transport 
liquid moisture. 
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Abstract: The article investigates current state and perspectives of developing sewing nanotechnologies 
in sewing cloths by analysing the peculiarities of textile nanotechnologies and the sphere of their 
application. Theoretical and information analysis of the patents of the database World Wide EPO 
according to the D01D and D06 classes has witnessed a considerable growth in the quantity of registered 
patented inventions both in the ways of chemical nanofibre production as well as applying nano-treatments 
for finishing textile fabrics. This fact gives us grounds to forecast a vivid growth of textile cloths production 
with the help of innovative nanotechnologies in the nearest 10-15 years. This growth will concern not only 
chemical fibre and thread production with the help of nanotechnologies, but it will also influence 
the methods of finishing in textile cloths by means of the latter ones. 

Keywords: textile nanocloths, chemical nanofibre, nano-treatment, prognosis, patent. 

 

 

1 INTRODUCTION 

Usage of science intensive technologies, namely 
nanotechnologies, has gained a considerable priority 
in textile material development. 

There are several definitions of the notion 
«nanotechnology», but we will provide only those 
of the international standards and organizations.  

Technical committee ISO/ТК 229 provides 
the following definition to «nanotechnology» [1]: 

1. Understanding and control of matter and 
processes at the nanoscale, typically, but not 
exclusively, below 100 nanometres in one 
or more dimensions where the onset of size-
dependent phenomena usually enables novel 
applications, 

2. Utilizing the properties of nanoscale materials that 
differ from the properties of individual atoms, 
molecules, and bulk matter, to create improved 
materials, devices, and systems that exploit these 
new properties. 

According to the international standard [2], 
nanotechnology is a set of technological methods, 
applied while learning, projecting and producing 
materials, devices and systems, including purposeful 
control and management of constructing chemical 
composition and interrelation between 
certain elements of nanorange, out of which those 
systems consist.  

Nanomaterials – are the materials that have such 
structural elements, geometrical sizes of which 
do not go beyond 100 nm at least in one direction 

and have new qualities, function and application 
characteristics.  

Nanotechnologies are widely used in different 
spheres: i.e. building industry, medical technology, 
food production industry and colouring agents [3]. 
Being created in 1986, this technology is considered 
by some experts to be a new technological 
breakthrough. Jack Uldrich, one of the authors 
of the handbook in nanotechnologies, states that 
«nanotechnologies provide for quality improvement 
of everything produced with their help» [4]. In March 
2012 he presupposed nanotechnology market has 
reached 2.6 billion dollars by 2015.  

The aim of the article is to investigate current state 
and perspectives of developing sewing 
nanotechnologies in sewing materials by reaching 
the following objectives:  

- analysis of the current state of art 
in nanotechnology use during sewing items 
production;  

- prognosis of the nanotechnologies development 
in textile material production on the basis 
of theoretical and information patents’ analysis. 

2 QUALITIES OF SEWING NANOMATERIALS 
AND THEIR APPLICATION 

Experts from the NanoPRO magazine introduce a list 
of advantages, inherent to nanotextile, that includes 
their resistance to dirt accumulation, ability of self-
cleaning, antimicrobial qualities, and so-called 
«intelligent» perspectives, like implementation of sun 
batteries, sensor indicators, and means of protection 
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[5]. The spheres of their usage incorporate medical 
industry, protective ware and casual clothes 
of improved quality.  

At the same time, there is not so much research 
on the risks of nanotechnologies to human health 
and ecology, underline Centres on disease 
monitoring and prevention. Another statement worthy 
of attention concerns introduction of highly-dispersive 
powders, nano-tubes and other nano-elements into 
the objects of immediate human use, which should 
not be only aimed at a desirable effect, but should 
observe security demands and be economically 
appropriate [6]. 

The leader in the sphere of invention nanotextile 
materials in the USA is believed to be Nano-Tex 
Company. 

Due to newly invented technologies of this company, 
materials obtain such qualities as additional fabric 
strength, dirt resistance, one-way water permeability 
from the human body to the outer layer. More than 
80 textile factories are using such innovative 
materials, which are being supplied to more than 100 
clothes-wear manufacture brands [7]. 

Levi Strauss Company uses nanomaterials for 
gaining additional fabric elasticity, strength and some 
other qualities of their goods [3]. 

Such clothes-wear brands as Tommy Hilfiger and 
Brooks Brothers are producing dirt-resistant trousers, 
shirts and ties [3]. 

Production of protective clothes for the employees 
of nuclear power plants from the new polymer 
materials is one more aspect worthy of researching 
[8]. 

3 TEXTILE NANOMATERIALS PRODUCTION 

While fabrics production nanotechnologies are 
applied in two directions:  

1) in nanofibre production itself,  

2) in finishing of traditional textile fibres and 
materials with the help of nanosubstances. 

3.1 Nanofibre production 

There are two ways nanofibres are being created:  

1) by filling traditional polymers with nanoparticles 
of different substances;  

2) by producing super-thing fibres (up to 100 
nanometres in diameter).  

Fibres filled with nanoparticles have been produced 
since 1990 [9]. Such fibres are characterized by 
a less shrinking ability, diminished inflammability and 
increased resistance to tear and wear. These 
characteristics can vary depending on 
the composition of nanoparticles used.  

Carbon nanotubes are being widely used nowadays. 
Fibres with nanotubes woven are 6 times stronger 
and 100 times lighter than steel. Additionally, 
they may acquire capability to electrical conduction 

and resistance to chemical reagents. The sphere 
of such materials usage encompasses production 
of special protective clothes against electromagnetic 
radiation, explosions and chemical substances.  

Filling chemical fibres with alumina nanoparticles 
increases their heat and electrical conduction, their 
chemical activity and strength, protection against UV-
radiation and fire. Such fibres are used for protective 
clothes production, e.g. helmets. Syntactical fibres, 
filled with nanoparticles of metal oxides such as ТiO2, 
Al2O3, ZnO, MgО, obtain as a result abilities 
of photocatalyst function, UV-protection, anti-microbe 
characteristics, electrical conduction and dirt 
resistance.  

Superslim fibres (100 nanometers in diameter) 
owning to their high quantity of surface 
area obtain increased capability of absorption. 

Research conducted in England, France, USA and 
Israel is focused on creation of protein fibres, 
restructuring spider’s web (up to 100 nanometers 
in diameter). These light, flexible and strong fibres 
will be used in future for production of body armour, 
surgical instruments, fishing rods etc. 

3.2 Use of nanosubstances in finishing of textile 
fibres 

During the finishing nanoparticles are applied 
in a form of nanoemulsion or nanodispersion. 
This makes possible to provide fabrics with water- 
and oil-resistance, low inflammability, dirt resistance, 
softness, antistatic and antimicrobial effects, thermo 
and shape stability, etc.  

First nanomaterials for fibre evaporation, containing 
silver particles, were produced and released 
to the market by Du Pont firm [9]. Now much cheaper 
means of finishing are being used for these 
purposes.  

For example, Teflon finishing guarantees water-, oil- 
and dirt resistant effects. At the same time, 
nanoparticles do not constitute a barrier for pores 
of the material and it breathes well [10]. These 
fabrics are widely used in interior textile production 
of furniture upholstery, curtains, tablecloths etc.  

Due to the application of nanoemulsions, new cotton 
textile materials have been created with the right side 
being water-, oil- and dirt resistant, and with 
the reverse side staying hydrophilic, i.e. capable 
to absorb water. Such materials are used for 
producing military, sports and manufacturing clothes.  

The following article [11] describes the technology for 
manufacturing of planar textile fabrics bonded 
by the perpendicular lying of polymer melt, where 
threads with nano-coating are probably to be used 
in manufacturing process.  

The article [12] aims to introduce and compare 
spinning methods which are used to create 
nanofibers and nanofibrous materials. 
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Thorough analysis of the perspective directions 
in textile material development for sewing industry 
allowed us to formulate a working hypothesis: in 10-
15 years’ period of time fibre materials, made with 
the help of nano-technologies will be in prevailing 
use in future sewing industry. 

4 МETHODOLOGY OF TEXTILE DEVELOPMENT 
PROGNOSIS 

As it has been mentioned [13, p.30] all prognostic 
methods can be divided into: 

1) general scientific (or logical means); 

2) inter-scientific; 

3) purely scientific. 

This research applies hereby inter-scientific method 
of extrapolation. This method is based 
on the assumption that, some defined tendency 
either in the past or in present will be true in future as 
well, as long as the causing factors do not change.  

Analysis of patent information represents here one 
of the kinds of scientific and technical development 
prognosis with the help of extrapolation method. 
In the second half of the ХХ century a technical 
invention, described in the patent form was believed 
to be introduced into serial industrial production 
within 10-16 years [13, p. 56]. Anyhow there is no 
verified scientific data proving this time frame today 
in the world of highly technologically developed 
economy. But there is a world tendency for the time 
frame between invention and implementation into 
practice to be shortened. 

In accordance with the method of technical progress 
prognosis on the basis of theoretical and information 
patents’ analysis by V.A. Lisichkin [13, p. 72], last 6-
year period, named as ground time for prognosis, is 
considered. The first year of the period is believed to 
be crucial for defining a starting point. The number 
of patents issued that year is taken as a basic 
starting quantity and then compared with the quantity 
of the patents in the following years. Depending on 
the decrease or increase in the patent quantity, 
conclusion about positive or negative perspectives 
of the technological branch development is 
formulated. Namely this method, with time-frame 
modification to 10 years, has been chosen in this 
research for prognosis of innovative development 
in sewing industry [14]. 

5 RESULTS AND DISCUSSION 

In order to prove our working hypothesis in the part 
of chemical nano-fibre production we have 
conducted patent search according to the following 
initial conditions: 

- class D01 «Natural or artificial threads or fibres, 
spinning»; sub-class D01D «Mechanical methods 
or apparatus in the manufacture of artificial 
filaments, threads, fibers, bristles or ribbons» [15]; 

- «nano» as a key word in the title or in the abstract.  

Approximately 1753 results found in the Worldwide 
database for: «nano» in the title or abstract and 
D01D as the IPC classification. Previous search 
resulted in the quantity of 1753 patents in general. 
From 2007 till 2016, 1662 patents have been 
registered, giving us grounds to consider this decade 
to be an active development period of this branch 
in material production. Analysis of the patents’ 
distribution according to the years has shown 
a sweeping growth (by 3.3 times) in the quantity 
of patented inventions from 2007 till 2016, – from 66 
to 220, and a slight decline in quantity from 2013 to 
2014, compared with the year of 2012 
(correspondently 193, 180 and 220 patents) 
(Figure 1). As a result, our hypothesis, about positive 
perspectives for developing innovations in the sphere 
of chemical fibres and threads with the help of nano-
technologies, has proved to be true, forecasting 
considerable growth of this branch in future.  

 

 

Figure 1 Quantity of patents on the ways of producing 
chemical nano-fibres and finishing of textile materials with 
nano-treatment (according to the database World Wide 
EPO retrieved on 24.04.2017) 

In order to check our working hypothesis in the part 
of finishing textile materials with the help of nano-
technologies, we have conducted patent search 
according to the class D06 «Treatment of textiles or 
the like, laundering, flexible materials not otherwise 
provided for» with a key word «nano» in the title or 
abstract.  

Previous search resulted in the following: 
approximately 2367 results found in the Worldwide 
database [15] for «nano» in the title or abstract and 
D06 as the IPC classification. From the year 2007 till 
the year 2016, the quantity of registered patents 
constituted 2178, signalling vivid growth of this 
branch in material production for the last decade 
namely. Distribution year per year analysis 
suggested swift (by 4.7 times) increase 
in the quantity of patented inventions from the year 
of 2007 to the year of 2016 – from 88 to 402 
inventions correspondently (Figure 1). As a result, 
our hypothesis, about positive perspectives 
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in development of textile finishing methods with 
the use of nano-technologies, has turned out to be 
true, providing expectations for considerable growth 
of innovations in this direction. 

6 CONCLUSIONS 

Having conducted theoretical and information patent 
analysis, a sweeping growth in the quantity 
of registered patents concerning innovative ways 
of chemical nano-fibre production and finishing textile 
materials with the help of nano-treatments has been 
defined. This fact allows us to presuppose 
a considerable growth of innovations in the sphere 
of textile nano-materials in the nearest 10-15 years. 
This growth will concern not only chemical fibre and 
thread production with the help of nanotechnologies, 
but it will also influence the methods of finishing 
textile fabrics with the help of nanotechnologies.  
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