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implementation of the following scien-
tific - research aims of the paper:
n The analysis of the behaviour of wo-

ven structures subjected to different 
mechanical loads,

n The study of methods of predicting 
mechanical features when designing 
fabrics,

n The study of techniques enabling the 
analysis of the structures of fabrics 
subjected to deforming strengths,

n The analysis of the property of fab-
rics taking the basic parameters of 
fibres and yarns into consideration .

The starting point for the implementa-
tion of the goals mentioned above was 
the analysis of the geometric model of 
fabric of plain weave published in 1937 
by Peirce [1,7 ], as well as of the Painter 
nomogram constructed on the basis of the 
model, published in 1952 [2, 7]. Analy-
sis of the structural changes in selected, 
previously woven fabrics subjected to 
stretching showed that the Peirce model, 
projected on the Painter namogram to 
show the structural changes in the fabric 
being stretched, can be up to 60% in error.

The analysis resulted in the formulation 
of 3 propositions for modification of the 
Pierce model, conventionally defined as 
type ‘A’, type ‘B’ and type ‘C’.

n Theoretical analysis  
of the problem

Modelling of the internal structure of 
fabric
All real fabrics can be specified by the 
deformation of the circular cross-section 
of warp and weft threads. The scale of 
the deformation depends on the kind of 
thread, material used, the way of weav-
ing, the weave, the weaving strengths 
and the susceptibility of the thread to 
cross-section deformation. The shape of 
the cross-section of threads in fabric can 
only be constructed using different geo-
metric figures of the plane (Figure 1), 
such as a circle (Peirce) [1, 6 - 8], an el-
lipse, a hippodrome shape (Kemp) [5 - 7],  
a convex lens (Milasius) [11] etc. The 
shape of the cross-section in real fabrics 
is diverse, which is the result of pressing 
and bending strengths effecting the areas 
of contact between crossing warp and 
weft threads [9, 10, 12].

The must crucial measures of the cross-
section are 2b as a shorter axis of the 
thread section, which equals the thick-
ness of the thread measured towards the 
pressing strength, and 2a as the longer 
axis of the thread section, which equals 
the perpendicular direction of the press-
ing strength [3, 4] ( Figure 1). 

Peirce’s geometric model [1] and the 
Painter nomogram [2] served as a start-
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n Introduction
Woven fabrics are the most common ex-
ample of flat textile materials used in the 
manufacturing of clothing, decorative, 
technical, and special purpose products. 
Increasing expectations regarding the 
variety of fabric uses have prompted 
researchers to seek the optimal applied 
properties of fabrics as well as their in-
ternal structure. Woven fabric as a com-
plex textile product, with advantages and 
disadvantages of the fibres and yarns on 
one side as well as of the way of manu-
facturing and finishing the other, is an in-
teresting, however, not well-known study 
case. 

In this work we attempt to explain what 
links exist between the internal structure 
of fabrics, the properties of their fibres 
and yarns, and the properties of model 
fabrics under a mechanical load.

The results will make it easier for design-
ers to choose appropriate parameters for 
fibres and yarns as well as to make ad-
justments to the loom in order to obtain 
a product of specific mechanical prop-
erties. To achieve this, the behaviour of 
fabrics subjected to a cutting and bending 
load in one and two directions are ana-
lysed with respect to geometric changes 
in the product .

The pragmatic justification for choos-
ing this subject matter is the necessity 
of modelling the behaviour of woven 
structures under a mechanical load. The 
modelling was conducted through the Figure 1. Studied cross-sections of threads in fabric.
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ing point for modelling the internal struc-
ture of a fabric. Details of tests verifying 
the basic assumptions and simplifications 
used in modelling fabrics over the past 
60 years are introduced beneath.

Modifications of nomogram ‘A’
The simplest but fully justified modifi-
cation of the Painter nomogram is re-
placing the sum of diameters D=do+dw 
from the Painter nomogram [2] with the 
sum of the smallest cross-section meas-
ures of the yarn, that is 2bo+2bw . This 
results from the assumption that threads 
are most intensely deformed in places 
of mutual contact, therefore in modifi-
cation ‘A’ the theoretical measure of the 
cross-section of threads is replaced with 
the real measure of the thread deformed 
(Figure 2.a).

Such an approach is a kind of simpli-
fication of a problem which requires 
mathematical analysis. In fact, pressing 
strengths deform the yarn, creating some-
thing like two ellipses, one lying on the 
other, which is in the picture of the cross-
section of one yarn, which is the effect of 
the pressing strengths operating on both 
sides during the thickening of the fabric. 
(Figure 2.b).

Taking the above calculations into ac-
count, the nomogram created for the 

family of lines can be illustrated by the 
equations 1 - 3. 

Taking real cross-measures of threads of 
a certain fabric, marks O and W were put 
onto the modified nomogram. (Figure 3).

Comparing this to the Painter nomo-
gram, two parameters were changed, i.e. 
the position of marks O and W, and the 
course of tracks on which the marks will 
move during the one-way stretching of 
the fabric.

Figure 2. a) Cross-section of the fabric with minimal distance between the axes of the 
yarns. b) Real cross-section of the fabric repeat with minimal distance between the axes of 
the yarns.

Figure 4. Modified nomogram where the sum of diameters was replaced with the sum of the smallest axes of the elliptic cross-section of 
the warp and weft threads.

Equations 1, 2 and 3.

(1)

a) b)

(2)

(3)
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So:               (4)

where: 
d – diameter of thread,
a – half of longer axis of the cross-sec-

tion of the thread,

b – half of shorter axis of the cross-sec-
tion of the thread.

According to Painter, the equations of 
three families of lines are introduced. 
They are described by the equations 5, 
6, 7. 

The modification, taking into consid-
eration the assumption that the smallest 
measure of the axis of the cross-section 
of yarn is taken instead of the diameter, is 
true only in extreme cases, i.e. at the mo-
ment of jamming the threads of one sys-
tem by another. However, the case when 
the fabric is 100% filled with threads, is 
just theoretical.

Therefore, the formulae for families of 
lines were introduced. Cross-sections of 
threads are commonly used in the shape 
of the ellipse. Its positive effect lies in 
lessening the mistake that occurs in the 
case of the shape of the cross-section of 
thread being circular.

Modification of nomogram ‘B’
In modification ‘B’ the circular cross-
section of threads is replaced with an el-
liptic one, which refers to known Kemp’s 
tests using the Peirce model, where the 
shape of the cross-section of threads is 
more similar to the shape occurring in 
real fabrics; in the case studied, to the el-
liptic one (Figure 4).

The assumption was made that deformation 
in the shape of a cross-section of thread, 
from circular to elliptic, does not cause a 
change in the value of the section area.

Figure 5. Example of nomogram modified for different values A of (2bo + 2bw)/Upe = 1; B), (2bo + 2bw)/Upe = 0.5; C), (2bo + 2bw)/Upe =  
= cosΘ; D) and (2bo+2bw)/Upe = 0.25.

Figure 4. Section of fabric with elliptic sections of the yarn.

Equations 5, 6, and 7.

(5)

(6)

(7)
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On the basis of the proportions: 
l0/Upe = const, h0/Upe = const and 

Θ =  const
for elliptic cross-sections of threads, 
when applying the formulae for the fam-
ily of lines, it is possible to create the fol-
lowing nomograms (Figure 5) with dif-
ferent values of the proportion: 

( )
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where 

 
)22( oowwpe eaeaU +=

Depending on the material used and the 
mechanical properties of the yarn, the 

value of the above proportion fluctuates 
within the range of: 
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 the classic Painter 

nomogram is obtained (Figure 5). 

Modification of nomogram ‘C’
In modification ’C’, modification ‘B’ with 
respect to the shape of the thread sections 
is employed simultaneously with the 
modified proportion (used for calculat-
ing the scales of threads) describing the 

maximum density of threads in the fab-
ric, taking the phase of its structure into 
account. The equations of three families 
of lines for warp and weft systems were 
introduced, respectively. They are de-
scribed by the Equations 8 - 13. 

Having establishing one co-ordinate (w, 
E’┴), all families of lines for function  
wo = f(E’w) and ww = f(E’o), depending 
on the value of fabric phase, nomograms 
were drawn. (Figure 6).

For phase 1, where the warp is straight 
(the fabric towards the warp having 

Figure 6. Modified nomogram for A)Φ=1, B) Φ=1,5, C) Φ=5, D) Φ=7.

Equations 8 - 13.
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reached the structure limit), the equa-
tions of lines wo = f(E’w) are reset, which 
excludes the drawing of this part of the 
nomogram. Only a part of the nomo-
gram for function ww = f(E’o) appears. 
The symbol W can only be put in such 
a nomogram. Subsequent nomograms 
for Φ = 1.5 do Φ = 8.5 contain all fami-
lies of lines wo = f(E’w) and ww = f(E’o). 
For phase Φ = 5, the families of lines for 
warp and weft overlap, creating Painter 
nomogram. 

For phase 9, where the weft is straight 
(the fabric towards the weft having 
reached the border structure), the equa-
tions of lines ww = f(E’o) are reset, which 
excludes the drawing of this part of the 
nomogram. Only a part of the nomogram 
for function wo = f(E’w) appears. Mark 
O can only be put on such a nomogram. 
Nomograms for subsequent, selected 
phases of the fabric structure are shown 
below (Figure 6).

Conclusions of the theoretical analysis 
of the problem
Comparing the modelling of the structure 
of woven fabrics on one side with three 
new nomograms on the other using the 
Painter nomogram, a conclusion can be 
made that different kinds of the shape of 
the internal structure of fabrics, depend-
ing on the designer’s attitude and expec-
tations, can be created. Moreover, it is 
possible to produce various models of the 
changes in the internal geometry of fab-
ric under a mechanical load. Therefore, 
using these nomograms, the designer has 
an opportunity to realise their assump-
tions concerning the internal structure of 
fabrics.

Applying the Painter nomogram to circu-
lar sections of threads is possible when 
modelling the most general form of fab-
ric. However, it has to be stated that the 
model is idealised and, thus, does not 
project the real shape of the internal ge-
ometry of fabric correctly. With the ellip-
tic section of yarn, modelling both the in-
ternal structure of fabric and the different 
phases of its changes under deformation 
strengths is more precise.

Making an assumption for the elliptic 
cross-section of yarn for fabric, nomo-
gram ’B’ can be applied to analyse the 
internal structure of fabrics. When the 
fabric has a maximum possible density 
of threads, it means that the threads were 
deformed by pressing strengths, and 

therefore nomogram ‘A’ should be ap-
plied. However, both nomograms work 
properly only for the two-system area of 
resistance because of the formula adapted 
for filling the fabric with threads. Conse-
quently, when the fabric is of a one-sys-
tem of resistance, a new ‘C’ nomogram 
including the value of phase is applied to 
analyse its structure. The model created 
is elastic, which allows the researcher 
to adjust it to the changing phase of the 
fabric structure and, thus, facilitates the 
prediction of the behaviour of fabric, 
performed at the design stage. What is 
important is that the new instrument of 
modelling and analysing fabric structure 
takes into account the fact that both warp 
and weft systems of fabric can behave 
differently.

n Experimental part
The research presented in this chapter 
covers the practical verification of the 
nomograms’ utility, as well as includes 
an analysis of the changes in the structure 
parameters during stretching of the 16 
wowen cotton fabrics designed to show 
that differens as between them are caused 
by different features. All the fabrics used 
the same cotton warp of 40 tex. The weft 
differed in its linear density (20 tex and 
30 tex yarns were used), the coefficient 
of twist of the weft yarn was equal to  
αm = 100 and αm = 120. Ring spinning 
and open-end spinning were applied si-
multaneously. The next changes in the 
weaving conditions were accepted by 
taking into account the position of the 
back rest roller the distancefrom  the 
base of the 100 cm, 86 cm and 94 cm), 
the moment of closing the shed (300° 
and 0°) and the initial tension of the warp 
(30.5 cN per end; and 20.5 cN per end). 
It gives six inputs (xi) on the two levels. 
The poliselective fractional two - lev-
eled plan of the experiment generated 
16 kinds of fabrics. 

The stretching tests were caried out using 
a classical tensile tester working in one 
direction.

The images of fabrics’ cross-sections 
were taken at eight points of the stretch-
ing process, which means after an elonga-
tion of 0%, 15%, 30%, 45%, 60%, 75%, 
and 90% (Figure 7). This is an original 
technique named by us ‘step by the step 
technique’. It enabled an analysis of the 
geometrical shapes of the fabrics’ cross-
sections (Figure 8).

The position of the tested fabrics was 
fixed by glue at each stage. Next, an 
analysis of their structure was conducted 
by an optical microscope. Such kind of 
research was carried out for the first time. 
It creates opportunity to biuld a data-
base which describes the knowledge on 
the changes in structure of fabrics under 
stretching tension.

It could be stated that during stretching, 
the degree of deformation of the shape of 
the threads cross-sections increases and 
the area of their mutual contact enlarges. 
It happens as a result of growing tension 
pressing till the moment when the second 
system seize up. After that moment, the 
section gradually returns to its circular 
shape. The crimp of stretched threads de-
creases. However, due to stretching, the 
threads become thinner till they finally 
break. At the same time, the cross-sections 
of the second system change their shape 
from elliptic to more circular for all stud-
ied fabrics. During increasing in crimp 
of the weft, single filaments burst in bent 
yarns causing at the same time an enlarge-
ment of the cross-section area of yarn.

The above-mentioned research aiming at 
verification of the utility of the modified 
nomograms indicated that the modifica-
tion ‘C’ is more precise than the classi-
cal Painter nomogram in describing the 
changes in fabric structure during stretch-
ing, and moreover is the most precise of 
all three modifications presented.

Figure 7. The experimental measurements 
of the cross-section of fabrics subjected to 
stretching by the step by step technique.

Figure 8. Pictures of cross-sections of fab-
ric 3 under stretching along the warp.

elongation 0%

elongation 30%

elongation 88%

warp      weft
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n Conclusions 
n In this study a instrument for model-

ling the changes in the structure of 
woven fabric under a mechanical load 
was created.

n The research conducted proved that 
applying the classical Painter nomo-
gram, with its simplifications, as a dia-
gram describing changes in the struc-
ture of fabric under one-directional 
stretching, can lead to 60% error. It 
is because this nomogram does not 
include changes in the cross-sections 
of the yarns, the one-system area of 
resistance, the stiffness of threads and 
the variable area of contact of two mu-
tually crossing threads.

n A new way of modelling changes in 
the structure of fabric, including its 
construction phase, was drawn up. It 
enabled the analysis of the behaviour 
of woven structures under a mechani-
cal load.

n The new way of modelling the struc-
ture of fabric allows to predict its me-
chanical properties, to evaluate the 
possibilities of manufacturing certain 
yarn, as well as evaluate the accuracy 
of the choice of yarn for use at the de-
sign stage . At the same time, it reduc-
es, by at least four times, the margin of 
error compared to previous methods.

n The experiment also showed that 
during stretching for one system of 
threads, while reducing the cross-
section sizes of the yarn, the threads 
gradually take the shape of a flattened 
ellipse till the moment when the sec-
ond system seizes up, after which the 
section gradually returns to its circular 
shape.
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