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1. Introduction

Lately, there has been an increasingly widely spread use 
of multi-layered textile materials throughout the world. A 
correct combination of layers allows creating materials with 
new properties. Their use is in many cases predetermined by 
hygienic requirements. They can solve the problem of remov-
ing metabolic excretions or the problem of supplying useful 
liquids to the skin. At the same time, it should be recognized 
that the existing methods for determining characteristics 
of such materials are not substantiated enough and require 
more in-depth study.

Multi-layered textile materials find their use in many ar-
eas. One of the main areas is medicine where they are used in 
the form of textile therapeutic systems. In such multi-layered 
systems, medical material is transported through the layers 
of material. In this case, medication comes to the skin of a 
patient by dozes in the assigned sequence. Another example 
may be removal of metabolic liquids from the surface of the 
human body.

Methodology of creating such materials is based on 
intuitive approaches. In some cases, a deviation from the 
planned characteristics is observed. Certain observations 
prove the effects of additional accumulation of fluid in one 
layer of the material. This can lead to improper dosage of a 
medical liquid. At the same time, taking into consideration 
such effects will make it possible to regulate its passage 
properly. 

Thus, there is a contradiction between modern human-
istic and medical demands for the creation of multi-layered 
textile materials and disadvantages in identifying effects 
that appear in them with the passage of fluid. This contradic-
tion makes the research in this direction relevant.

2. Literature analysis and problem statement

An important characteristic of textile materials is their 
ability to absorb moisture. In some cases [1, 2], these char-
acteristics become the most important. Such cases include 
the use of materials as protective barriers [3], in which the 
passage of fluid should be decelerated by means of selecting 
the properties of separate layers. In addition, they can be 
used as therapeutic textile means [4].

The problem of moisture distribution in textile materials 
was the focus of attention of a number of researchers. In [5], 
a complex multi-level model of textile material is presented. 
The process of sorption was considered at the level of fib-
ers, threads, and fabrics. In the study of fibers, nonlinear 
equation of diffusion was used. The fabric was presented in 
two-dimensional models. Large complexity of the obtained 
results makes their practical use difficult.

In article [6], a two-staged algorithm of modeling threads 
as finite elements was developed. A number of papers contain 
information about using special textile materials, capable 
of absorbing moisture, in taking care of sick people. Papers  
[7, 8] are aimed at defining the areas of using such materials; 
in particular, they contain description of the process of mois-
ture absorption. However, the real models of absorption are 
not described. The emergence of such models can help in the 
creation of new materials, as well as predict the properties of 
existing ones.

To evaluate the properties of fabrics, techniques of differ-
ent objectivity levels are used [9]. In a number of cases, they 
allow determining the effect of properties of the material 
[10], as well as the properties of fiber components, on their 
form and dimensions [11, 12]. The influence of properties 
of yarns was explored in [13, 14], properties of fabrics in 
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the process of production – in [15, 16] and finishing treat- 
ment – in [17, 18]. The properties of fabric intended for 
making clothes were identified in order to evaluate their 
convenience for wearing [19].

Article [20] explores water-resistance of multi-layered 
fabrics, which consist of simple types of fabric weave (plain, 
twill) and microporous film with air penetration. In papers 
[21, 22], authors attempted to create a model of moisture 
penetration in such materials. The obtained results, however, 
are difficult to put into practice, due to their complexity.

Article [23] is devoted to substantiation of the discrete 
model of materials. The results of this article relate mainly 
to the processes of fluid flowing. It would be desirable to 
use these results for modeling the processes of fluid accu-
mulation, with regard to the directions of development of 
three-dimensional textile materials, which has been carried 
out recently. 

In papers [24, 25], discrete methods of modeling mois-
ture passing through the material were proposed. The 
material is presented in the form of the system of pores and 
of the bonds between them with the defined discrete char-
acteristics. 

The problem of modeling the fluid passage through 
similar materials is related to the fact that there are some 
attempts to solve the problem of really discrete textile mate-
rials by using continuous methods. These methods have two 
shortcomings. Firstly, mathematical models of these meth-
ods are too overloaded. Secondly, they do not determine the 
effects of additional absorption of liquids, listed above.

3. The aim and the tasks of the study

The aim of the work is the development and use of the 
discrete model of multi-layered textile materials for the 
substantiation of effects of additional distribution of fluids 
and their further use in creating materials with the required 
sorption characteristics.

To achieve the set goal, the following tasks were to be 
solved:

– to carry out a numerical analysis of fluid distribution 
in an one-layered material based on discrete modeling for 
testing this procedure;

– to identify the patterns of fluid distribution in mul-
ti-layered material;

– to define effects that occur in multi-layered materials;
– to propose regressive dependences for describing the 

process, to define the necessary constants describing fluid 
passage through the material.

4. Materials and methods of exploring moisture 
distribution in textile materials

The study was based on combining continuous and 
discrete methods for obtaining actual characteristics of the 
material. 

It was proved [23] that textiles, leather and other fractal 
materials may be considered in discrete models; in this case, 
the methods of their calculation become considerably sim-
pler. The material, which is exposed to the influence of fluid, 
in this case is represented in the form of a system of cells and 
transitions for moisture flowing. At the points of contact of 
elementary sections, a moisture overflowing occurs, and, 

depending on the properties of materials, this flowing may 
take asymmetric form. At the points of contact, a separation 
of fluid streams occurs. The total distribution of fluid can 
be considered in relation to the actual structure of discrete 
material.

Based on the proposed model, an algorithm was con-
structed [24, 25], which was implemented in the program for 
the calculation of textile material. An additional advantage 
of the algorithm is the possibility to determine the geometry 
of the wetted boundary in the material, which was quite dif-
ficult to do in other models. These results can be very useful 
when designing technological processes of dyeing, cleaning 
or other processes of chemical treatment. Based on the 
obtained results, it is possible to predict exact boundaries 
of wetting, taking into account anisotropy of material, its 
actual structure, and flowing conditions. 

Fig. 1 shows dynamics of change in the wetted zone in-
side material, based on discrete modeling.

а                                                    b 

c                                                    d 
 

Fig. 1. Dynamics of wetted zone at discrete modeling:  
a – start of sorption process; b – reaching inner surface by 
moisture; c – moisture distribution in transverse direction; 

d – complete moisture accumulation in material

We will further consider a scheme of fluid penetration 
in the form shown in Fig. 2. Coordinate X will be plotted 
horizontally, it will determine the size of the wetted zone, 
coordinate Z will be directed from the surface to the depth 
of material, it varies in the range from zero to the magnitude 
of material thickness.

Fig. 2. Conversion of discrete distribution into continual

Fig. 3 demonstrates discrete points of reaching a certain 
boundary by fluid and the approximating curve for time 
point t.

Proceeding from a discrete model to the continual, we 
will select function in the form of exponential dependence.
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− ⋅= ⋅ b zx(z) a e .      (1)

Here and further on, we will use dimensionless coordi-
nates 

=
Z

z ,
h

 =
max

X
x ,

X
 Xmax 

is the zone of fluid distribution, maximum by time.

Fig. 3. Dynamics of change in wetted zone: 1 – in ten 
minutes 2 – in twenty minutes, 3 – in thirty minutes

Using the least squares method, we find equation of re-
gressions for different parameters of time.

Dependence of coefficient b for the case of discrete mod-
eling is shown in Fig. 4.

Fig. 4. Dependence of coefficient b on time 

Dependence of the coefficient on time will be searched 
for in the form

=
τ 2

1
k

k
b .      (2)

The solution with the help of the least squares method for 
cotton material yields expression for the coefficient

= ≈
τ τ0,97

0,56 0,56
b .     (3)

Using similar method, we obtain dependence for coeffi-
cient a.

Function of dependence of this coefficient on time, found 
by the method of discrete analysis, is shown in Fig. 5.

Fig. 5. Dependence of coefficient a on time

We will seek approximating function in the form 

− ⋅τ= − ⋅ k4
3a 1 k e .     (4)

As a result, we obtain equation of change in the bounda-
ry of wetted zone for cotton fiber in the form

( )− − ττ= ⋅ −
z

0,56 2,8x e 1 e .    (5)

In an arbitrary case, coefficients of regression may de-
pend on discrete parameters of anisotropy. In this case, a 
general expression for the boundary of the wetted zone can 
be determined as

( )− − ⋅ττ= ⋅ −
z

A1 A2x e 1 e ,     (6)

where A1, A2 are the functions of discrete parameters.

5. Results of modeling fluid distribution in  
thick multi-layered materials

Based on the obtained results, it is possible to predict the 
exact boundaries of wetting taking into account anisotropy 
of the material, its actual structure, and the conditions of 
flowing. 

Results of the studies for determining the sorption 
characteristics of cotton material with a constraint layer are 
given below.

Fig. 6 displays dynamics of change in the wetted zone 
inside the material, based on discrete modeling. 

Numerical modeling for the discrete medium revealed 
the effect of increasing concentration of fluid inside the ma-
terial, called the paradox of inner concentration. This effect 
manifests itself in the fact that at certain ratios of discrete 
parameters of the medium, the maximum fluid distribution 
occurs not at the surface of the material, but at a certain 
depth. The emergence of this effect is determined by the 
parameter that connects geometric properties of the material 
and the discrete parameters of fluid passage. 

The emergence of the effect is determined by the critical 
value of parameter
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Fig. 6. Dynamics of wetted zone at discrete modeling:  
a – start of sorption process; b – moisture’s reaching 

of inner surface; c – moisture distribution in transverse 
direction

Imagine a new boundary distribution as function

x=x1+x2,

where x1 is the function that described the boundary of the 
wetted zone without the effect of additional wetting, x2 is 
the function that considers effect of additional wetting. 

Imagine these functions in the form

− ⋅= ⋅ A2 zx1 A1 e ,  − ⋅= ⋅ ⋅ B2 zx2 B1 z e .    (8)

Plotting for the given dependences at arbitrary values of 
coefficients are shown in Fig. 7. 

Let us try to determine coefficients of regression equa-
tions for specific moments of the fluid distribution.

We will carry out a numerical analysis for the points, 
which the liquid reached in the model of discrete modeling. 
We will distinguish four time moments. For each moment, 
we distinguish coordinate of the cell by height, as well as 
coordinate of the cell, which the fluid reached. 

We will operate with specific values, assigning them 
according by the depth to the thickness of material, by 
coordinate x – to the maximum possible parameter of fluid 
distribution.

It can be seen from the distribution of points that the cor-
responding wetted zone has a very pronounced maximum, 

which determines the effect of additional wetting inside the 
material. The developed procedure implies approximation of 
this effect by two functions. In this case, the points, obtained 
as a result of numerical experiment, artificially move so that 
two families of points should be formed. The first family 
should have the properties of exponential decreasing func-
tion, the second one – the properties of exponential function 
with the maximum that starts at zero value.

Fig. 7. Graphic images of approximating functions  
x1=A1.e–A2.z, X2=B1.z.e–B2.z, x=x1+x2

Let us consider determining the coefficients for a cotton 
sample at a certain moment of time. Using the method for 
this case produces equation of boundary of the wetted zone 
in the form

− ⋅ − ⋅= ⋅ + ⋅ ⋅3,8 z 2,2 zx(z) 0,32 e 2,6 z e .    (9)

Visual comparison can be made in Fig. 8, where the 
points of numerical experiment at discrete modeling and 
approximation by double function are presented. The graph 
demonstrates good correlation of continuous functions and 
discrete model, which makes it possible to propose it as uni-
versal for further analysis.

To determine dependence of coefficients on time, we will 
perform operation of regression for several other moments 
of time. 

With the aim of finding functions of time, we will run a 
regressive analysis for each separately. 

The points of the graph of the first function versus time 
are shown in Fig. 9. 

When analyzing its form, we can conclude that there 
is a continuous function that increases and reaches certain 
asymptotic dependence. 

Approximating function for such a case will be searched 
for in the form

− ⋅= − ⋅ b tf1(t) 1 a e .     (10)

Using the least squares method for the examined materi-
al produces expression

− ⋅ − ⋅= − ⋅ ≈ −1,46 t 1,46 tf1(t) 1 0,99 e 1 e .    (11)
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Fig. 8. Comparing general regression line to discrete 
modeling for time 0.4

Fig. 9. The first function f1 versus time

Let us analyze possible dependence for the second func-
tion (Fig. 10).

Fig. 10. Second function f2 versus time

The function starts from very large values and asymptot-
ically approaches zero. We will search for dependence of this 
function on time in the form

= b2

a2
f2(t) .

t
     (12)

The solution with the use of the least squares method for 
this sample produces expression for function

= 1,6

1,8
f2(t) .

t
     (13)

The third function takes a general form, similar to the 
second one (Fig. 11). 

The above given analysis is used for this function, too. 
This function is approximated by dependence of form

= b3

a3
f3(t) .

t
     (14)

Fig. 11. Third function f3 versus time

Solution with the help of the least squares method pro-
duces expression for function

= ≈1,05

1,7 1,7
f3(t) .

t t
    (15)

The given results allow identifying separate compo-
nents of the process of fluid distribution in a multi–layer 
textile material. Based on the obtained separate depend-
ences, it is possible to create a general function of the fluid 
passage.

6. Discussion of results of determining the fluid 
distribution in textile materials

As a result of the conducted analysis, it is possible to ar-
gue that regression dependences for the boundary function 
can be written down in the form

( )− ⋅ − ⋅⋅ = + ⋅ ⋅ −  

z
A1 A2 tt

A4

A3 z
x 1 a e 1 e .

t
   (16)

                                                      

,

where the correspondent coefficients are functions of the 
properties of material. 
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Continual dependences that determine the effect of in-
creasing concentrations are shown in Fig. 12.

Fig. 12. Boundary of wetted zone in case P>Pkr 
(t5>t4>t3>t2>t1): 1 – in ten minutes, 2 – in twenty minutes, 

3 – in thirty minutes, 4 – in forty minutes, 5 – in fifty 
minutes

The developed discrete method of modeling the fluid 
passage through material allows us to determine boundaries 
of the wetted zone of material both at its surface and in the 
depth for materials with arbitrary number of layers. Con-
ducted preliminary studies [23, 25] substantiated a general 
approach. In this paper, this approach is applied for studying 
a specific material. 

This approach allowed us to substantiate the effect of 
additional concentrations inside material. Taking this effect 
into account makes it possible to predict correctly the dy-
namics of fluid passing through textile materials.

Actual indices of a two-layered textile material were 
determined. Their use allows determining the concentration 
of fluid at the bottom layer of the material. This makes it 
possible to predict the effectiveness and period of using it as 
therapeutic textile systems. 

The use of the proposed methods for a set of materials 
will enable the selection of material with the most rational 
characteristics for a particular case. Proper consideration of 
the obtained effects of additional wetting will make it pos-
sible to regulate the fluid passage to the body in therapeutic 
textile systems.

7. Conclusions

As a result of the conducted research into the fluid trans-
fer in multi-layered textile materials, the method of discrete 
modeling was designed and verified.

1. The advantage of discrete analysis is the proximity of 
the model to the actual structure of material, which allows 
bringing the obtained numerical results closer to the prac-
tical ones.

2. A discrete model of fluid distribution allows deter-
mining the fluid concentration at any arbitrary point of the 
material.

3. As a result of the performed numerical analysis of fluid 
distribution in one-layered material, exponential dependenc-
es were obtained. The constants of material in this case are 
the exponents in these dependences, which are determined 
by the results of discrete modeling.

4. In the course of studying the regularities of fluid 
distribution in a multi-layered textile material, discrete 
data of changes in liquid concentration in the material 
were obtained. The boundaries of the wetted zone were 
determined.

5. The effect of additional wetting in multi-layered tex-
tile materials was determined. It is expressed by the emer-
gence of extremum at the boundary of the wetted zone.

6. An analysis of functional dependences of the boundary 
of the wetted zone for two-layered textile materials used for 
therapeutic purposes allows determining the period of pas-
sage of exudate from the body of a patient through the mate-
rial, which defines the period of functioning of such material, 
as well as intensity of the passage of medicinal liquid to the 
surface of the wound through the medical textile material 
that are the source data for regulating its supply.
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