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required combination of mechanical, thermal-physical, and

electrical characteristics.

Polymeric composite materials based on carbon fabrics

Given the extending scope of application of composites

of different weaving have been widely used in the aerospace
industry. In terms of indicators for specific strength and
stiffness, carbon composites significantly outperform metals,
however, they have substantially lower electrical conductiv-
ity. This must be taken into consideration when designing
structural elements that may be exposed to direct and indi-
rect effects from a lightning strike.

At present, there are many techniques to improve elec-
trical conductivity of composite materials and structures
made from them. For example, using carbon fibers with high
enhanced electrical conductivity, introduction of conductive
layers to composite structure, modification of a binding ma-
terial employing current conductive nanoparticles, spraying
of current conductive particles onto a reinforcing material
or articles, etc. In addition to lightning protection systems,
composites with enhanced electrical conductivity can be
applied in heating elements, to shield the equipment and in
other areas [1].

The application of the above methods makes it possible to
create multifunctional composite materials that possess the

in industry and increasing requirements to multifunc-
tionality, it is a relevant task to develop reliable methods
for determining their mechanical, thermal-physical, and
electrical properties. At present, determining the electrical
characteristics of composites is typically based on using
experimental methods. These methods make it possible to
obtain reliable results, but at the same time they are not
effective enough when selecting the optimal structure of
a composite that requires choosing from a large number of
options. It is obvious that the existence of reliable calcula-
tion methods will make it possible to deal more effectively
with the challenge of creating multifunctional composite
materials.

2. Literature review and problem statement

The composite materials reinforced with continuous
unidirectional carbon fibers have a relatively high conduc-
tivity along fibers. Specific electrical conductivity in this




direction o, can be quite reliably calculated using the rule
of mixtures [2]

0,=0,0+0,(1-6), )

where oy is the specific electrical conductivity of fibers; o,
is the specific electrical conductivity of the matrix; 0 is the
volumetric fiber content.

In the direction transverse to reinforcing fibers, the
electrical conductivity of unidirectional composites can be
several orders of magnitude lower. According to the model
proposed in [3], a composite is the system of condensers and
resistive elements, representing, respectively, the gaps and
contact zones between adjacent reinforcing fibers. Given the
complexity of the mechanism of electrical conductivity in
the examined case, empirical models that are typically based
on the percolation theory have been practically applied.

A significant increase in the specific conductivity of a
material occurs when the volumetric content of reinforcing
fibers 0. exceeds the so-called percolation threshold. The
simplest empirical dependence to calculate specific conduc-
tivity of a composite across fibers o, in the case of 6> 6, takes
the form [4]

6,=6,(6-6,), (2

where ¢ is a certain empirical parameter.

Paper [4] applies FEM numerical simulation in a two-di-
mensional statement using two models for the arrangement
of fibers. Electrical conductivity values are calculated based
on the Monte-Carlo method. Based on a more realistic model
that takes into consideration the chaotic arrangement of
fibers in a matrix, the authors obtained the value of percola-
tion threshold as 6,=0.6.

Authors of paper [5] built a refined model for forecasting
specific electric conductivity of composites with respect to
temperature and pressure of molding. The proposed model
demonstrates a rather high reliability, confirmed by the con-
ducted experimental research.

Article [6] used a three-dimensional model of a material
to determine the conductivity tensor of unidirectional com-
posites. The proposed model makes it possible to take into
consideration the impact from damage of reinforcing fibers
on the values of specific electrical conductivity.

Papers [4—6] considered composites reinforced with
unidirectional fibers only, and thus the results obtained
cannot be directly used for woven materials with a more
complex structure. However, the results of these studies can
be employed as a basis for determining the characteristics
of filaments in the woven material by using the proposed
empirical formulae. For unidirectional composites with fi-
bers of circular cross-section, the mean values of empirical
parameters in formula (2) are 6,=0.6, t=3.

There are several other empirical formulae presented in
[4—6] for the prediction of specific conductivity of a compos-
ite material reinforced with continuous fibers. However, the
practical application of many of them requires the availabili-
ty of a large number of parameters of the material, which can
be obtained only after examining the microstructure of the
finished composite [6]. Therefore, the use of refined depen-
dences is hardly effective at the stage of structure selection.

The electrical resistivity of composites based on woven
reinforcing materials will depend on the characteristics of
filaments, weaving type, and local volumetric content of re-

inforcing fibers in filaments. When predicting the mechani-
cal, thermal-physical, and other properties of such materials,
the method of a single cell is applied (Unit Cell Approach),
based on the isolation of a representative element form the
bulk of a material. That typically includes the homogeni-
zation of filaments, which are represented as conditionally
homogeneous bodies with effective properties.

The mentioned approach is used in paper [7] for the pre-
diction of thermal conductivity coefficients of a composite
based on the fabric with plain weaving by employing the
FEM. In this case, effective characteristics of filaments in
different directions should be determined using any micro-
structural models. This approach was also applied in work
[8] for composites with three-dimensional reinforcement.
Despite the fact that these studies address the thermo-
physical properties of a material, the material models that
their authors employed can be adapted to calculate specific
electric resistance. At the same time, the authors considered
an idealized cell of a material excluding the impact of the
technological process in its geometry, which might influence
results of the simulation.

To predict the electrical characteristics of composites
based on woven fabrics, the method of equivalent electrical
circuits is exploited [9]. A given method is also used to cal-
culate electrical characteristics of the complex-reinforced
composites based on unidirectional layers in paper [10]. The
resistance of circuit elements is assigned depending on the
characteristics of filaments used or unidirectional layers.
This method makes it possible to operatively synthesize ra-
tional schemes for weaving the fabrics in order to achieve the
required magnitudes of electrical conductivity. At the same
time, the limitation of this method is insufficient reliability
of modeling and a limited possibility to use this model to
predict other properties of the material.

Paper [11] proposed a mathematical model to predict
specific conductivity of woven composites that takes into
consideration patterns in fabric weaving and demonstrates
improved reliability compared to the equivalent circuit
method. A constraint of the model is its insufficient univer-
sality in terms of application to materials based on woven
reinforcements.

It should be noted that the above papers also consider
the idealized cell of a composite material. At the same time,
the molding process may change its structure under the in-
fluence of vacuum pressure that can affect the results of sim-
ulation. This is especially relevant for the composites based
on fabrics with spatial reinforcement, which are sufficiently
compliant at transversal compression. This phenomenon
can be accounted for by the preliminary simulation of the
deformation of reinforcing material during molding process,
which may be implemented, for example, by using the FEM.

Work [12] deals with the modelling of performance of
plain and twill weave fabrics at different types of deforma-
tion. In this paper, filaments are modeled as a totality of
fibers, which in turn are treated as elastic beams. Based on
this model, the authors investigated behavior of the material
at shear in the plane of the fabric, at bending and torsion, us-
ing the FEM. With some modifications, the proposed model
can be adapted to simulate the process of compression of
three-dimensional fabrics under vacuum pressure.

At the same time, a given model requires significant
computational resources, due to a large number of finite
elements, as well as the existence of a large number of con-
tacts. The specified feature restricts the use of the mentioned



method at the stage of choosing the rational scheme for
weaving a fabric.

Thus, at present there are no general methods for pre-
dicting electrical resistivity of composite materials based
on woven and braided reinforcements that would take into
consideration all essential factors. These factors include the
variety of schemes for filament weaving, actual values of vol-
umetric content of a reinforcing material, as well as a change
in the thickness of a fabric and in the orientation of filaments
in the forming process of a composite product.

In order to predict electrical resistivity of a composite
material when choosing a rational scheme for weaving a fab-
ric, it is necessary to devise a method for accounting for the
impact of forming pressure on the geometry of a fabric and
the volumetric fiber content. This would make it possible to
exploit at a given stage the original scheme of weaving with-
out resorting to the fabrication of experimental samples and
to their microstructural analysis in order to build a model of
the unit cell of a material. In doing so, to ensure operative
prediction of the characteristics of a material, preference
should be given to the model based on the homogenization
of a reinforcing material by using known empirical formulae
to calculate electrical conductivity of filaments in different
directions.

3. The aim and objectives of the study

The aim of present work is to develop a method for the
prediction of electrical resistivity of composite materials
based on carbon fabrics that would take into consideration
the actual fabric structure by modelling the performance
of a material when molding a structure. Given this, the
method could be used when selecting a rational scheme for
weaving a fabric in order to obtain the material with preset
properties.

To accomplish the aim, the following tasks have been set:

— to devise a method for accounting for the deformation
of a reinforcing material during molding process when pre-
dicting electrical resistivity of composite materials;

— to obtain numerical values of electrical resistivity for
composite materials based on the carbon fabric of twilled
weaving and weft-knitted carbon fabric;

— to derive experimental values of electrical resistivity
of the examined materials in order to estimate reliability of
simulation results.

4. Modeling of composites based on carbon fabrics

To model and to subsequently experimentally estimate
simulation validity, we use in this work two types of a re-
inforcing material: carbon fiber of the brand Kordcarbon
200 (Fiberpreg CZ, Czech Republic), twilled weaving 2x2,
as well as the spatial weft-knitted carbon fabric with the
“elastic” type weave. The weft-knitted carbon fabric was
fabricated at the Institute for Problems in Materials Science
named after I. N. Frantsevich of the National Academy of
Sciences of Ukraine (Kyiv, Ukraine). The fabric of twilled
weaving utilizes filaments of the brand Toray 3K (TORAY
INDUSTRIES, Inc., Japan). The number of filaments along
the warp and the weft is the same. The weft-knitted carbon
fabric utilizes filaments of the brand Ural-100 (OAO “Svet-
logorskKhimvolokno”, Belarus) for weaving the base, and

filaments of the brand T-700 (TORAY INDUSTRIES, Inc.,
Japan) for the weft.

Specifications of filaments are given in Table 1.

When building the 3D models of fabrics, the filaments
were modeled as homogeneous solid bodies. When deter-
mining the cross section of a filament, we took into account
local volumetric content of fibers in the region taken by a
filament in the finished composite. Based on an analysis of
the available images of the microstructure of materials, man-
ufactured under vacuum pressure, the local volumetric fiber
content in filaments was taken to be equal to 0,.,=0.72.
Fiber cross-sectional area was calculated based on the ad-
opted local volumetric content, linear density of the filament
and volumetric density of the fiber derived from technical
specifications. 3D models of the examined fabrics are shown
in Fig. 1, 2.

Table 1
Characteristics of the used filaments
Linear Fiber Fiber Electrical
Filament densi volumetric | elasticity | resistivity of
ensity, . .
type tox density, module E, fiber
g/cm? GPa p, 106-Ohm-m

Toray 3K 200 1.76 210 18
Ural-100 100 1.75 90 15

T-700 800 1.75 230 18

Fig. 1. Representative element of the carbon fabric of twilled
weaving

Fig. 2. CAD-model of a weft-knitted carbon fabric and a
representative element for predicting electrical resistivity

When predicting the properties of the material based
on a fabric with spatial weaving, it is required to take into
consideration its deformation in a composite part manu-
facturing process, which manifests itself by a change in the
thickness of the fabric. Thus, when fabricating experimental
samples, we observed a decrease in the thickness of the uti-
lized weft-knitted carbon fabric from 1.53 to 1.02 mm. To ac-
count for this phenomenon, we simulated a process of fabric
deformation under the action of vacuum pressure by using
the FEM. When modeling, a representative element of the
fabric was pressed between the two absolutely rigid plates
(Fig. 3). In this case, the filaments were modeled as condi-



tionally homogeneous bodies with a longitudinal elasticity
module equal to the elasticity modulus of fibers multiplied
by the local volumetric content, and transverse modulus of
elasticity and modulus of elasticity at shear were taken close
to zero. The resulting deformed mesh of finite elements was
imported to the CAD system to build a model of the repre-
sentative element of a material, which was subsequently used
to predict electrical resistivity.

Fig. 3. Simulation of deformation process of a representative element of the fabric

under vacuum pressure

The problem on predicting electrical resistivity was
solved using the Abaqus system. The type of analysis is cou-
pled thermal-electric. A general approach to the calculation
implies the following (Fig. 4). At the opposing ends of a rep-
resentative element of the composite material we assigned
the difference in potentials U. Upon calculation, we deter-
mined the resulting current I that passes the cross-section as
the mean value of current density ECD in the cross-section,
multiplied by the cross-sectional area of the representative
element.

I1=ECD-a-b, 3)
where ECD is the mean electric current density, derived

during simulation; a, b — cross-section dimensions of the
representative element.

o |

Fig. 4. Schematic for determining electrical resistivity:
U — difference in potentials; | — current; a, b, L — width,
height, and length of the representative element, respectively

The electrical resistivity of a material is determined from
formula (4)

Rab Uab
A @

where L is the length of a representative element.
With respect to formula (4), we finally obtain

©))

The material of homogenized filaments was taken to be
orthotropic; in this case, tensor components of the filament
electrical conductivity were assigned in local coordinate sys-
tems with axis 1, directed along the fibers (Fig. 5). Specific
electrical conductivity in direction 1 — o1y was calculated
using formula (1), and in directions 2
and 3, respectively, 655 and 633 — by using
formula (2), where we accepted, as the
volumetric content of fiber, a local vol-
umetric fiber content in a filament 0j4cy).
The matrix was taken to be an isotropic
material with specific electrical conduc-
tivity 6=10"12 S/m.

To enable an interaction between the
interacting filaments, as well as fibers
and matrix, for the contacting surface
pairs we assigned a perfect electrical
contact (Electrical Conductance).

To build the mesh, we used triangu-
lar elements with linear approximation.
The required accuracy of calculation
with an accuracy of 1 % was achieved
by sequential reducing the size of the
finite elements. The mean size of the
finite elements was reduced two-fold until the differ-
ence between the preceding and current value of mean
electric current density is less than the specified error.

Fig. 5. Assigning a local coordinate system for a filament

5. Experimental determining of electrical resistivity

To conduct experimental study, we fabricated specimens
based on the examined fabrics and an epoxy binding mate-
rial consisting of the resin LH-289 and the hardener H-286
(HAVEL COMPOSITES, Czech Republic).

Specimens based on the fabric Kordcarbon 200 were
manufactured by hand layup using 9 layers of the fabric
with the subsequent vacuum molding at a temperature of
70 °C. Specimens from one layer of the weft-knitted carbon
fabric were manufactured by the method of vacuum infusion.
Curing of the binding material occurred at a temperature of
40 °C. The specimens in the form of strips with dimensions
150x15 mm were cut from the finished plates by a skive.

To conduct the experiment, we produced a batch of
5 specimens based on the fabric Kordcarbon 200 and two
batches of specimens based on the weft-knitted carbon
fabric, cut out in the direction of the base and the weft,
6 specimens per batch.



We measured electrical resistance using a universal RLC
meter at a current frequency of 1 kHz. A certain effect of
current frequency on the magnitude of electric resistance
manifested itself at a frequency above 100 kHz. This effect
was not examined in present work.

When measuring electrical resistance, surface of the
samples in the measuring zone was scraped with sandpaper
for removing the top layer of a binding material and was then
degreased. During measurements, the samples were placed
in clamps, shown in Fig. 6.

Fig. 6. Measurement of electrical resistance of experimental
samples

For samples based on the carbon fabric of twilled weaving,
we measured electrical resistance only in the direction of the
base, given the same density of weaving in the directions of the
base and the weft. For the weft-knitted carbon fabric, resis-
tance was measured in the direction of the base and the weft.

Following the measurement of electrical resistance, elec-
trical resistivity of the material for each specimen p was
calculated from formula

P="7 (6)

where R is the electrical resistance of the specimen; A is the
cross-sectional area of the specimen; L is the length of the
specimen.

Experimental values of resistivity were calculated as the
arithmetic mean for all specimens in the batch. In addition,
we calculated, for each batch, a variance coefficient for the
experimental value using a known formula.

It is obvious that the magnitude of electrical conductiv-
ity of a material is substantially affected by the volumetric
fiber content in the composite. Upon manufacturing the
specimens, the volumetric fiber content was determined by
measuring their density and the known density of the fiber
and the matrix. To calculate experimental value of the volu-
metric fiber content, we used formula

0, =P Prypo, (7)
Py

where p, is the density of the composite material; p, is the
density of the binder; pyis the density of the fiber.

The density of fibers, taken from specifications, is given
in Table 1. Density of the used binder, according to specifi-
cations, is p,=1.3 g/cm?.

To compare, we calculated values of the volumetric con-
tent based on the CAD-built models of fabrics, which were
derived from formula

I/filamentelocal
6, =l (8)
total
where Vijlament is the volume of filaments, computed based on
the CAD-model of the representative element of a material;
Viotal is the total volume of the representative element.

6. Results of calculation and measurement of electrical
resistivity of materials

Table 2 gives results of comparison of the calculated
and experimental values of volumetric fiber content in the
composite, derived from formulae (7) and (8). The results
obtained can be considered quite satisfactory. Divergence
between the theoretical and experimental values for the
weft-knitted carbon fabric was 8.1 %. Thus, simulation a
deformation of the reinforcing material allowed us to obtain
a rather realistic value for the volumetric fiber content in the
composite.

Table 2

Comparison of calculated and experimental values of
volumetric fiber content in samples

Experimental Calculated Divergen
value of the value of the fe gleu_ce
Reinforcing volumetric volumetric IotC§ 'Cnd
material fiber content fiber content Xa ?imd ntal
0., derived from | 6,, derived from ¢ pelu ‘e(ya
formula (7) formula (8) vaues, %o
Fabric Kord-
carbon 200 0.62 0.64 3.2
Weft-knitted 0.37 0.34 8.1
carbon fabric

Fig. 7-9 show the distribution of density of electric cur-
rent at a difference of potentials of U=1V for carbon fabrics
with twilled weaving and weft-knitted carbon fabric. The
matrix is not shown in the Figures.

By analyzing the obtained electrical current density
distribution, one can note that for the carbon fabric of
twilled weaving the current passes almost entirely along the
filaments oriented in the longitudinal direction. In this case,
the transverse filaments are practically not engaged in pass-
ing the current. For the weft-knitted carbon fabric, passing
the current in the direction of the weft results in an uneven
distribution of current density along the filament of the weft,
due to their electric interaction with filaments of the base.
However, when passing the current towards the fabric’s base,
maximum current density is observed in the contact area of
the base filaments. Thus, resistivity in this direction should
be defined mainly by the conductivity of filaments in the
transverse direction.

Based on the obtained distributions, we calculated the
mean density of electrical current passing through the sur-
face of a representative element of the fabric with the applied
potential as the arithmetic mean of electrical current density
in the nodes of elements. Employing the obtained values, we
calculated resistivity of materials using formula (5).

Results of the calculation of electrical resistivity of the
examined materials, results of the experiment, variance coef-
ficients of experimental values, as well as variances in the cal-
culated values and experimental values, are given in Table 3.
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Table 3

Calculated and experimental results of determining specific
electric resistance

Electrical resis-
“ trilsizlyrcsm Variance | Difference
Reinforcing ma- 106 Ohr;rm coefficient |between cal-
teri alg of exper- | culated and
Calcu- Mear} imental |experimental
lated expetrli value, % values, %
menta
Kordcarbon 200 70.8 78.9 15.2 10
Weft-knit- bFa o Lest | 2476 38 32
ted carbon v
fabric | "0 | 785 | 885 74 11

Thus, we obtained calculated and experimental values of
electrical resistivity of materials based on the carbon fabric
of twilled weaving and the weft-knitted 3D carbon fabric,
which makes it possible to estimate the reliability of simu-
lation results.

7. Discussion of results of predicting specific electric
resistance

The results obtained show that in all the examined
cases, the calculation yields lower values of specific electric
resistance compared with experiment. A similar pattern was
also noted in papers [9, 11] and is explained by applying the
idealized model of a material. For the carbon fabric of twilled
weaving, divergence between the experiment is 10 %, at a
variance coefficient of the experimental value of 15.2 %. In
the direction of fibers of the weft of the weft-knitted carbon
fabric, divergence between the experiment is 11 % at a vari-
ance coefficient of 7.4 %.

The largest divergence of 32 % observed for resistivity
of the weft-knitted carbon fabric in the direction of the
base. This can be explained by the fact that actual samples
undergo destruction of part of the fibers when weaving a
fabric, which is ignored in the calculation. Resistivity of
the weft-knitted carbon fabric in the direction of the base
is defined almost completely by the passage of current
through the ground filaments. At the same time, the utilized
weft-knitted carbon fabric did demonstrate a damage to part
of the ground fibers, which may explain the divergence in
results in the direction of the base. In addition, the damage
to fibers can to some extent affect characteristics in the weft
direction because ground fibers soil are also involved in con-
ducting the current in a given direction.

This fact may indicate inadequate choice of the brand of
ground fibers for weaving a fabric. The use of more flexible
fibers with a less permissible radius of bending or filaments
with a lower linear density will make it possible to prevent a
significant damage to fibers at weaving.

Moreover, the calculation result might have to some ex-
tent been affected by the value of specific conductivity of fil-
aments in the transverse direction, derived from formula (2).
This value is very sensitive to the local volumetric content of
fiber in the filament, which is difficult to predict accurately.

It should also be noted that when calculating the
weft-knitted carbon fabric the volumetric fiber content was
determined based on the results of modeling the performance
of fabric under the action of vacuum pressure. Experimental

values of the volumetric fiber content were not employed in
the calculation. This corresponds to the case of applying the
proposed approach at the stage of choosing a brand of the fil-
aments and a fabric weaving scheme when the exact values of
volumetric content are unknown. Given the aforementioned,
reliability of the simulation can be considered satisfactory.

That conclusion is also confirmed by comparing the
results obtained in this work with the results of similar
studies by other authors. Thus, a deviation between the
calculated values of electrical resistance and the results of
experiment in paper [11] for different types of fabrics rang-
es from 12 to 74 %.

Improvement of accuracy of calculation can be achieved
by taking into consideration the damage to part of the re-
inforcing fibers when weaving a fabric, as well as applying
more accurate models to determine the values of lateral
specific conductivity of filaments.

Thus, present work proposes an approach to predicting
the magnitude of electrical resistivity of composites based on
carbon fabrics. The proposed approach is based on using the
FEM in combination with known analytical dependences
and empirical formulae for determining specific conductiv-
ity of filaments in different directions. Benefits of the pro-
posed approach include its universality and the possibility to
account for the deformation of a reinforcing material in the
molding process. At the same time, the proposed approach
does not make it possible to take into consideration a dam-
age to part of the reinforcing fibers, which is often observed
when weaving a fabric and can affect the values of electrical
resistivity of the material. In further research, it might be
possible to account for a fiber damage based on existing
methods, proposed, for example, in [5] using statistical data.

The proposed approach could be applied when solving a
task on the rational choice of a filament brand and a fabric
weaving scheme in order to obtain a composite material with
the preset electrical properties. This will reduce the amount
of experimental research and improve efficiency of utilizing
composites in the structures that operate under conditions of
passing electric current.

Thus, the approach we propose could be used effectively
when solving such tasks as:

— development of multi-functional composite materials
with the optimum combination of mechanical, thermal-phys-
ical, and electrical characteristics;

— estimation of effectiveness of aircraft lightning pro-
tection systems that have design elements made of carbon
plastics;

— development of heating elements based on carbon
fibers in aircraft anti-icing systems and in forming tooling
with internal heat sources for molding the products from
composites, etc.

Further development of the present research is the
simulation of thermomechanical phenomena that occur in
composite materials when passing electric current. That
would make it possible to estimate ohmic heating and related
thermal stresses in the elements of structures made of con-
ductive composites.

8. Conclusions

1. We have proposed an improved approach to forecast-
ing electrical resistivity of composite materials, based on the
combined application of FEM and empirical dependences for



the calculation of characteristics of filaments. The approach
takes into consideration a deformation of the reinforcing
material during molding by modeling the performance of a
fabric under vacuum pressure. That makes it possible to use
the proposed approach when selecting a scheme for weaving
a fabric when actual structure of the material is unknown.

2. The proposed approach was verified using the exam-
ple of two types of carbon fabrics: carbon fabric of twilled
weaving and 3D weft-knitted carbon fabric. The calculation
accounted for a deformation of the weft-knitted carbon
fabric, which manifested itself in the form of a reduction in
its thickness from 1.53 to 1.02 mm. The value of volumetric
fiber content, calculated based on the results of modeling,
differs from the experimental value by 8.1 %, indicating suf-
ficient reliability of modeling.

3. The calculated values obtained were compared with
the results of experiment. According to a preliminary esti-
mation, under conditions of available experimental data, the
simulation results can be considered quite satisfactory. For
a material based on the carbon fabric of twilled weaving,
divergence between the calculated value and the experi-
mental value is 10 %. For the direction of weft fibers of the
weft-knitted carbon fabric, divergence between the experi-
ment does not exceed 11 %. The largest divergence of 32 %
was observed in the direction of the base of the weft-knitted
carbon fabric, which can be explained by a damage to the
ground fibers when weaving a fabric. Given the impact of
variety of factors whose accurate determining is difficult at
the stage of selecting a scheme for weaving the fabrics, the
results obtained can be considered quite satisfactory.
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