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This manuscript titled “Selected topics of textile and material science” is a 
unique collection of some novel research outputs in the areas of textile and 
material science. The work is carried out under the umbrella of Research Textile 
Center (research project 1M4674788501 of the Czech ministry of Education). A 
considerable number of articles are compiled for purpose of wider dissemination 
of information. The contributions are not published in any journal; they are 
presented in conferences and are compiled in this book as a handy and 
comprehensive reference for the reader. 
 
The chapters included in this book focus on structure and properties of 
polymers, fibers, yarns, fabrics, clothing and technical textiles. Thus it is 
covering the entire spectrum of textile applications starting from the raw 
material to the final product. 
 
The concept of textile product engineering has gained considerable importance 
in the research community in recent times. In today’s competitive market 
situation it is very essential to engineer the product development activity with 
precision. The manufacturers not only have to deliver textile products with 
specified quality but also within the shortest possible time as well. The 
introduction of objective measurement technology has enabled the 
manufacturers to specify the required properties of the products. 
 
The chapters concerning fiber parameters focus on properties catering to high 
functional applications e.g. optical fiber application, electrical resistivity, 
electromagnetic shielding, thermal insulation etc. Yarn structure analysis and 
modeling has been dealt to a great detail. Many novel equations developed by 
the researchers in the field have been exploited. Structural geometry has been 
the main focus for analysis of yarn parameters. The part dealing with woven 
fabric is mainly based on geometrical models derived from basic relationships. 
The basic principles have been exploited to a great extent to predict the 3D 
fabric deformations. 
 
As the textile fabrics are applied in the clothing sector, an in depth studies of 
their performance parameters is a long felt need. A few chapters deal with the 
objective methodologies evolving in this area. The thermo-physiological 
comfort performance prediction has been one of many interesting contributions 
in this area. 
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Technical applications of textiles need special performance requirements. It is 
much more essential to precisely design and engineer a product for aircraft or 
bullet-proof vest as compared to a daily clothing application. The part of the 
book focusing on textile reinforcements and composite applications for high 
performance keeps abreast with this emerging and promising sector for textile 
researchers. 
 
The efforts of the authors have been to keep the reader informed about the 
principles underlying some important textile phenomenon. The book will prove 
to be guidance to many researchers and students in the field of textile material 
engineering. 
Dana Křemenáková 
Rajesh Mishra 
Jiří Militký                  FT, TUL Liberec, October 
2011 
Jaroslav Šesták       NTC, ZČU Plzeň, October 
2011 
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PPPaaarrrttt   III 

 
 
Part I is focused to some aspects of material science. There have been many advancements in 
the field of polymers and related materials for the usefulness of mankind. The structure and 
properties of these materials play a major role in deciding their applicability. There are three 
chapters in this part. The first chapter is focused to problems of non-isothermal kinetic models 
building and evaluation of their parameters. Statistical methods for parameter estimation 
under more realistic assumptions about data nature are presented. For specification of kinetic 
and temperature terms the partial regression graphs combined with broad spectrum of possible 
models are introduced. Second chapter deals with mathematical modeling of thermodynamic 
and related properties of various materials. The third chapter is about some non-conventional 
methods of analyzing material properties. 
 
 
 

 

 

 

 

 



 
 

19

Chapter – 1 
 

NONISOTHERMAL KINETIC MODELS BUILDING AND 
IDENTIFICATION 

 
Jiří Militký 

Dept. of Textile Materials, Faculty of Textiles, Technical University, Liberec, Czech Republic 
 

1. INTRODUCTION 
Thermal analysis is widely used for characterization of fibre-forming polymers and polymeric 
fibres. Treatment of no isothermal thermo analytical data belongs to he very complicated task 
due to special structure of model and raw data. Thermo analytical models can be with minor 
modifications used for modelling of non-isothermal kinetic processes as dyeing, 
Simplified thermo dynamical description of chemical kinetics is based on constitutive 

system of equations defining the relations between rate of conversion, rate of temperature 
changes and state of investigated system. For no isothermal thermo analytical data treatment 
the differential rate equation (analogy with mass transfer) is often factorized to the 
temperature and kinetic terms. The response variable α denotes degree of conversion (0<α<1) 
is function of time t of reaction and temperature T. For the case of dyeing is response mean 
dye concentration in fibre (see fig. 1). 
 

 

 

 

 

 

 

 

Fig. 1 Non isothermal dyeing kinetics 

 Temperature term k(T,δ1) is dependent on temperature only. Model parameters δ1 are thermo 
dynamical characteristics of investigated reaction (activation energy, entropy etc.).  
 Kinetic term f(α, δ) is dependent on degree of conversion only. Model parameters δ are 
connected with kinetic model of investigated reaction. 
 There exist a lot of techniques for thermo kinetic model building and parameter estimation 
(especially activation energy). Very attractive for practitioners are linearizations and 
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graphically oriented approximate techniques converting the nonlinear optimization problem to 
linear one. These methods lead to some parameter estimates but without physical meaning. 

On the other hand the methods based on nonlinear optimization lead to incorrectly stated tasks 
with difficult solution. The parameter estimates are often not physically acceptable, too. For 
correct statement of optimisation target function (regression criterion) the various statistical 
question (i. e. model of measurements, statistical nature of errors etc.) must be answered. In 
thermal analysis a number of candidates no isothermal kinetic models obviously exists and 
the selection of suitable one is very difficult. The main problem lies in fact, that computed 
thermo dynamical parameters (activation energy) are dependent on used kinetic model, too. 
In this contribution the selected problems of no isothermal kinetic models building and 
evaluation of their parameters are presented. The corresponding statistical problems 
connected with formulation of regression criterion for parameters estimation are discussed. 

2. BASIC APPROACH 
Simplified thermo dynamical description of chemical kinetics is based on constitutive system 
of equations defining the relations between rate of conversion α& , rate of temperature changes 
T&  and state of investigated system represented by variables (α, T). The two main relations can 
be defined  
 

 ,T)(f==)
dt
d( ααα

α&        (1a) 

 

 T),(f=T=)
dt
dT( T α&        (1b) 

 
Eqn. (1b) is obviously replaced by the time-temperature profile, which controls the sample 
surroundings temperature. For isothermal conditions is valid 
 

 0=T=
dt
dT &         (2) 

 
and for linear no isothermal condition is 
 

 Φ=T=
dt
dT &         (3) 

 
Here Φ has meaning of rate of heating or cooling. For the case of dyeing the time-temperature 
profile is often in the form of piecewise linear function (constant rate of heating followed by 
constant temperature region).  
Real sample temperature as a combination of surroundings temperature and enthalpy changes 
during reaction is indicated in case of DTA only. This temperature is obviously not used for 
computations. 
 For no isothermal thermo analytical data treatment the eqn. (1a) is often factorised to 
the form  
 

 ),)f(ßk(T,=
dt
d= δααα&       (4) 
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Variableα denotes degree of conversion ( 10 ≤≤ α ) and t is corresponding time of reaction. 
This equation can be used for non-isothermal dyeing as well (here α  is relative concentration 
of dye in fibre). 
Temperature term k(T, ß ) is dependent on temperature only. Model parameters ß  are 
thermo dynamical characteristics of investigated reaction (activation energy, entropy etc.).  
Kinetic term f(α, δ) is dependent on degree of conversion only. Model parameters δ are 
connected with kinetic model of investigated reaction. 
Relation (4) is based on the formal assumption that the temperature dependent in no 
isothermal kinetic model is rate constant only. 
Based on eqn (3) the temperature is linear function of time of reaction 
 
 t+T=T(t) Φ0        (5) 
 
where T0 is starting temperature. 
From results of thermo analytical measurements it is often possible to obtain information 
aboutα , α&  and T simultaneously, i.e. the data 1,...N=i   )T,,( iii αα&  are determined. For 
non-isothermal dyeing is necessary to estimate rate α&  from numerical derivative of 
responseα . 
For no isothermal models building is then possible to use eqn (4) directly. If the integral data 
(αi, Ti) i=1,...N are only available the formal integration of eqn (4) is adopted. Resulting 
relation has the form 
 
 )ßF(t,=),g( δα        (6) 
 
where 
 

 ∫ ∫
α

δα
αδα

0 0

   ]dtßk[T(t),=)ßF(t,      ;
),f(

d=),g(
t

 

 
Degree of conversion α can be simply determined from eqn (6) 
 
 )]ßF(t,,[g= -1 δα        (7) 
 
Eqn (7) is integral model of no isothermal kinetics suitable for the cases when the response α  
is only at disposal. In some cases the g-1(.) can be expressed in explicit form. Term F(t, ß ) 
cannot be analytically integrated. Various analytical approximations of F(t, ß ) have been 
then proposed [6]. 
In model (7) the parameters ß  and δ  can be estimated on the base of experimental data. This 
task is often denoted as an inverse kinetic problem (IKP). From point of view of practice the 
more important are parameters ß  characterizing thermodynamic of reaction investigated. 
In thermal analysis a number of candidates no isothermal kinetic models obviously exists and 
the selection of suitable one is very difficult. The main problem lies in fact, that computed 
thermo dynamical parameters (activation energy) are dependent on used kinetic model, too 
(see example I). 
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3. NONISOTHERMAL MODEL BUILDING 
The main problems of no isothermal kinetic models building are discussed in [1, 2]. Some 
uncertainties of IKP solution are deeply described in [3]. There exist two limit situations: 
 
A. Based on theories and hypothesis the theoretical models k(T, ß ) and f(α, δ ) can be 
specified. 
B. The models k(T, ß ) and f(α, δ ) are searched on the base of experimental data only. This 
problem has not generally unique solution 
  
In practical situations the some preliminary information are available. The art of modelling is 
combination of preliminary information and information extracted from data to creation of 
suitable no isothermal model. The basic model for temperature and kinetic terms are 
presented below. 

3.1 Temperature term models 
In thermal analysis the simple exponential relation for describing the temperature dependence 
of rate constant is widely used 
 

 )
RT
ß

(-Tß=)ßk(T, 3ß
1

2 exp       (8) 

 
Here the R is gas constant, ß1  is preexponentical factor (connected with activation entropy) 
and ß3  is activation energy (denoted usually as E). In some cases the 0=ß2  and the eqn (8) 
is then well known Arrhenius model. The Arrhenius model is based on the so-called reaction 
isochora, where the activation energy is defined by 
 

 
T
k(T)

RT=E 2

∂
∂ ln        (9) 

 
In the case when E is temperature independent the integration of eqn (9) leads to eqn (8) for 

0=ß2 . This model is frequently used for non-isothermal dyeing. 
From theory of unimolecular reaction can be stated that 1=ß2  and for bimolecular reactions 
solid/gas is 0.5=ß2 . 
The well-known Eyring model based on theory of absolute reaction rates (or activated 
complexes theory) is special case of eqn (8) for 1=ß2 [4]. In these theories the activation 
energy is not constant but temperature dependent. 
The investigated reaction is often rate dependent on diffusion processes. In polymeric systems 
the diffusion processes are controlled by segmental mobility of polymeric chains. 
Temperature dependence of these processes can be described by Williams-Landel-Ferry (W-
L-F) model 
 

 ⎥
⎦

⎤
⎢
⎣

⎡

T-T+ß
)T-(Tß

-ß=)ßk(T,
D3

D2
1 exp      (10) 

 
Transition temperature corresponds to the temperature of sudden increase of segmental 
mobility. For amorphous polymers the ß2  and ß3  are universal constants, ß2 =-17.4 and 
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ß3 =51.6 K. The main difference between model (10) and model (8) lies in fact that for model 
(10) the activation energy defined by eqn (9) is decreasing function of temperature 
 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
1-

)T-T+ß(
Tßß

-RT=E 2
D3

32       (11) 

 
For case of viscoelastic relaxation in semi crystalline polymers has been derived that the 
activation energy is an increasing function of temperature in the form [4] 
 
 ßRT=E 2

2         (12) 
 
This event can be explained by using of assumption of cooperative segmental mobility of 
polymeric chains. 
After substitution from eqn (12) to eqn (9) and integration the temperature term results 
 
 T)ß(ß=)ßk(T, 21 exp       (13) 
 
Based on these models it can be stated that the activation energy defined by eqn (9) is not 
generally constant and can be decreasing or increasing function of temperature. The classical 
Arrhenius model is based on strong assumption of constancy of activation energy. 
 The solution of IKP requires the integration of temperature term. For the case of eqn 
(8) and (10) the various approximate equations can be used. Simple and precise 
approximation of temperature term has the form [7] 
 

)
RT
E(-

)
E

RT5(-1

)
E

RT2(-1

E
RT)dT

RT
E(-

2

expexp

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

≈∫        (14) 

 
The relative error of approximation (14) is for E/RT<7 under 1%. The integral of model (13) 
can be derived analytically. 

3.2 Kinetic term models 
Based on various kinetic or empirical assumptions the number of kinetic terms is available. 
Most of widely used can be described by generalized equation 
 
 ])-(1[-)-(1=),f( 321 δδδ αααδα ln     (15) 
 
In the case δ1=δ3=0 the eqn (15) is equal to n-th order kinetic model (RO) often used for 
description of no isothermal dyeing, where n=δ2. In the case δ1=0, δ1=1 the well known 
Johnson-Mehl-Avrami (JMA) model results. Empirical Šesták-Berggren (SB) model is also 
special case of eqn (15) for δ3=0. 
  
Some kinetic models have only limited validity (e.q. first stages of diffusion processes). For 
kinetic terms is usually required that [8] 
 
 

0
          

-1-1
tt
lim glim (t)= 0; (t)= 1g
→∞→

     (16) 
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For empirical kinetic terms g(α) the conditions (16) are necessary, especially when the f(α, δ) 
term cannot be derived. For example the generalized JMA model suitable for description of 
kinetic processes controlled by diffusion has the form 
 
 ]))ß(-F(t,exp-[1=(t)g 21-1 δδ      (17) 
 
It is possible to simply evaluate the validity of conditions (16) for model (17) but the form f(α, 
δ) is very complicated. 
  
In eqn (17) parameters δ1, δ2 are empirical constants (often 0.5=2δ ). 
  
Parameters δ  are generally not as important as parameters ß . Kinetic term however has 
influence of parameter estimates ß  (therefore on activation energy). Incorrect specification of 
g(α) leads then to incorrect evaluation of activation parameters [2]. From statistical point of 
view the correct and incorrect model are often indistinguishable. 

 
 

3.3 Specification of temperature and kinetic terms 
or specification of kinetic f(α, δ ) and temperature k(T, ß ) term the series of isothermal 
kinetic curves at various temperatures can be used. After specification of these terms for 
particular system the no isothermal experiments can be simply processed. 
Very often this approach cannot be used and it is possible to investigate only the data from no 
isothermal experiments. For specification of k(.) and f(.) is then suitable to use partial 
regression graphs combined with broad spectrum of possible models. The model defined by 
eqn (8) and eqn (15) can be often combined. Resulting kinetic model has the form 

Let the error of α& i  or αi measurements are multiplicative (see eqn. (25)). Then the eqn (18) 
can be correctly logarithmically transformed into linear regression model 
 

 xA+A=y ijj

5

j=1
0i ∑                (19) 

 
where 
 

 )(=y ii α&ln  )ln T(=x ii1  
T
1=x

i
i2   )(=x ii3 αln   )-(1=x ii4 αln   )]-(1[-=x ii5 αlnln  

 
Parameters A,...A 50  are transformed parameters ß,...ß 31  and δδ 31 ,... . After substitution into 
eqn (19) for i=1,...N the set of N linear equation for 6 unknowns results. In matrix notation 
this set has the form 
 
 XAy =                (20) 
 

     ])-(1[-)-(1)
RT
ß

(-Tß=
dt
d 3212 3ß

1
δδδ ααα

α lnexp    (18) 
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where y is (N x 1) vector, X is (N x 6) matrix and A is (6 x 1) unknown vector. 
Theory of linear regression states that parameters A can be obtained by orthogonal projection 
of y into space spanned by columns of matrix X. 
For investigation of partial linearity between y and j-th column Xj of matrix X the projection 
into space L orthogonal to space defined by columns of matrix X[j] is used. Matrix X[j] is 
created by dropping of j-th column xj from matrix X. Corresponding projection matrix into 
space L has the form 
 
 T

ii
T

iii ][
1

][][][][ *)(* XXXXEP −−=      (21) 
 
Let  yPu [j]=  and xPv j[j]= . Partial regression graph is then dependence of vector u on 
vector v [9]. If the term xj is correctly specified the partial regression graph forms a straight 
line. Systematic nonlinearity is indication of incorrect specification of xj and random pattern 
shows unimportance of xj for explaining the variability of y. 
Practically it is possible by selecting of ß2 , δ1, δ2 and δ3 to specify some kinetic model. From 
partial regression graph it is then suitable to investigate his correctness. This approach has 
been applied for simulated data in the paper [2] 
 
4. EXAMPLE 
For demonstrating of incorrect kinetic term influence on estimation of activation energy and 
statistical precision of data approximation the simulated samples were prepared. The 30-point 

)T,,( iii αα&  were generated from RO (δ2=0.5), JMA (δ3=3) and SB (δ1=0.7, δ2=0.5) models. 
As the temperature term the Arrhenius model was selected. The same activation parameters 
were used (activation energy E=100 kJ mol-1). 
     In the table 1, 2 and 3 the activation energies E, standard deviations of activation energies 
s(E) and residual sum of squares RSC computed for RO, SB and JMA models by nonlinear 
regression are summarized. The kinetic terms used in nonlinear regression models are in first 
columns of tables 1, 2 and 3. The full description of this simulation study is presented 
elsewhere [13]. 
 

Table 1. Results of nonlinear regression for data generated from RO model 
  

Model 
used 

E 
[kJ mol-1] 

s(E) 
[kJ mol-1] 

RSC 

 
R0 100.01 0.012 2.4 10-8 

 
JMA -171.86 4.480 1.6 10-4 

 
SB 100.08 0.266 2.4 10-8 

 
Table 2. Results of nonlinear regression for data generated from JMA model 

 
 
 
 
 
 
 
 

 
Mode
l used 

E 
[kJ mol-1] 

s(E) 
[kJ mol-1] 

RSC 

 
R0 46.510 0.0234 5.8 10-8 

 
JMA 101.050 2.8500 3.0 10-8 

 
SB 44.263 0.4600 3.2 10-8 
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Table 3. Results of nonlinear regression for data generated from SB model 
 
 
 
 
 
 
 
 
 
 
 
Based on tables 1, 2 and 3 these main conclusions can be done: 
 
 I) Data generated by using of RO model (table I) can be approximated by using of RO 
and SB models with the same correct activation energy. The RO is special case of SB for 
δ1=0. 

 
 II) Data generated by using of JMA model (table II) can be very precisely 
approximated by using of incorrect RO and SB kinetic terms. The approximation is very good 
but the corresponding activation energies are very low. 
  
 III) Data generated by using of SB model cannot be precisely approximated by 
incorrect RO and JMA models. 

 
This example shows that the good approximation of data by no isothermal model can leads to 
quite incorrect activation energy estimates. In practice this problems is more complicated due 
to presence of measurement errors and complex nature of investigated kinetic processes. 

5. SOLUTION OF INVERSE KINETIC PROBLEM 
The final stage in no isothermal kinetic modelling is parameter estimation for known integral 
model g-1(t) or differential one defined by eqn (4) and evaluation of corresponding statistical 
characteristics. 
Let us concentrate in this section to the integral model  
 
 )p(F(t),g=(t)g -1-1         (22) 
 
which contains the unknown estimable parameter vector ),ß(=p δ .For this case the 
commonly used least squares (LS) criterion has the form 
 

 )]˛p),t(F(g-[=)pS( i
1-

i

n

1=i
α∑      (23) 

 
Parameter estimates p̂  can be obtained by minimizing of S(p). The LS criterion is not 
generally applicable and its effectiveness is dependent on the very strong assumptions about 
measured variable α and errors of measurements. Basic assumptions are: 
 

1. Measured degree of conversion αi corresponds to additive model of measurements in 
the form 

 

 
Model 
used 

E 
[kJ mol-1] 

s(E) 
[kJ mol-1] 

RSC 

 
R0 290.82 1.750 2.4 10-4 

 
JMA -399.17 19.790 1.5 10-3 

 
SB 100.16 0.334 3.2 10-8 
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where εi are identically distributed random variables (errors) with mean equal to zero E(εi)=0 
and unimodal probability density function. 
 

2. Errors of measurements have constant variances D(εi)= 2σ . 
3. Errors of measurements are mutually independent i.e. are uncorrelated E(εi.εj)=0 i#j. 

Then measured quantities αi, αj are independent, too. 
 
In the thermal analysis these assumptions are not often acceptable. 
 
1. Model of measurements (24) has some constraints. The main problem lies in the fact that 
for continuous errors εi on the whole real line the αi can be with nonzero probability negative. 
This physically impossible situation can be overcome by using of multiplicative measurement 
model 
 
 )(exp)p),t(F(g= ii

-1
i εα       (25) 

 
In eqn (25) the errors εi have the same properties as in eqn (24). The statistical techniques for 
discrimination between additive (24) and multiplicative (25) measurement models have been 
proposed in [10]. 
2. Variance constancy of measured variables can be achieved in small range only. Range 
between measured αi is often from 10-4 to 0.99. Therefore the relative measurements errors 
are commonly constant and error variances D(εi) are increasing function of measured quantity 
α. Dependence of this type leads also from multiplicative measurement model (25). 
 
3. Independence of measurements in no isothermal kinetic experiments cannot be generally 
accepted. Due to special experimental arrangements (measuring on the one system only) the 
errors caused by process conditions variation (e.q. thermal fluctuations) are cumulative [11]. 
Total error εi is then composed from measuring device error di and cumulative process 
fluctuations ui 
 

 du= ii

i

1=j
i +∑ε        (26) 

 
Regression criterion for parameters p estimation is dependent on magnitude of individual 
terms in eqn (26). 
 In the case of precise measurement device (di are small) the least squares criterion 
must be replaced by difference form 
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Full derivation of SD and other special variants of regression criteria for εi defined by eqn (27) 
are presented in [11]. 
It can be concluded that the more realistic assumptions about data and their origin lead to the 
more general estimation problem [9, 11]. For effective solution of these tasks the non-linear 
optimisation methods can be used. 
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The serious problem from numerical and statistical side is strong multicollinearity especially 
between parameters of temperature terms. Practical consequence of multicollinearity is that 
the small change of regression criterion value leads to very great changes of parameters ß  
(e.q. activation energy E). Therefore the activation energy can be apparently dependent on a 
quality of software used. It has been verified that the classical statistical software packages 
(BMDP, SYSTAT, SAS, STATGRAPHICS, SPSS and others) are not suitable for solution of 
IKP [12]. Based on our personal tests the superior is statistical system ADSTAT (TriloByte 
Ltd., Prague). System ADSTAT enables the full statistical analysis of IKP from the point and 
interval estimates computing across to the expression of model quality and finally to the 
influential points and sensitivity analysis. 

6. CONCLUSION 
The solution of IKP is generally very complicated and the resulting estimates are not often 
acceptable from physical point of view. It is necessary to analyse experimental data with great 
care and to compare the adopted assumptions with reality. For solution of IKP it is necessary 
to have the suitable software. Statistical analysis of IKP problem often prevents the 
acceptance of incorrect models and parameters. In the age of computers it is really possible to 
replace some approximate graphically oriented techniques of IKP by more correct methods 
based on finer assumptions about process studied and data. 
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1. Some philosophical reflections on a general exercise of mathematical modeling 
Today mathematical modeling ensues differently not only from a further approved ‘physical 
existence’ but also from an existence that is assigned by our more cultured mental 
perceptions. It is not just a precision but also the subtle sophistication and mathematical 
beauty of successful models that is profoundly mysterious. Mathematics is thus crucially 
concerned with the particular ideality of truth and philosophers would agree that there are 
some other fundamental (almost absolute) ideas, namely that of beauty and of good, which 
may be referred back to the classical Platonic geometrical world of mathematical forms. 

Far back in history the four basic elements fire, air, earth and water (introduced by 
Empedocles 492-432) were the first known models and metaphors to signify the 
substantiality of which all subsistence is composed (i.e., quantities as well as interconnecting 
qualities like warmness, dryness, coldness and humidity). They were thought to possess the 
integrative and structural essence ether or better form in the sense of an imperishable firma-
ment (which in the modern world is interpreted as in-form-ation). These early modeling 
elements were first depicted by the metaphors of simple, equilateral triangles either pointing 
up, in order to escape like air or fire, or down, in order to rest like water or earth. Later Plato 
(427-347) used more explicit geometrical models spatially arranging multiple triangles, i.e., 
three triangles formed tetrahedron (~ fire), eight triangles — octahedron (~ air), six squares or 
twelve triangles — cube (~ earth). Water, however, was represented by a more complex 
geometrical body called icosahedra (twenty triangles, cf. Fig. 1). In Greek culture the term 
symmetry was interpreted as the harmony of different parts of an object. Symmetria (~ 
common measure) is composed of the prefix sym (~ common) and metres (~ measure). The 
Greek Gaius Plinius Secundus (23-79) provided the early fundament for crystallography 
(derived from Greek cristallos ~ piece of ice) as he gave primary rules for the plan-metric 
faces of crystals and their visually imagery shaping. 
However, the most impressive historical treatise on crystallography was written by Johann 
Kepler (1571-1612), while resident in Prague (within the years 1600-1612) and was devoted 
to the description of snowflakes. In analyzing their numerous forms bearing a steady 
hexagonal symmetry, Kepler suggested a certain generalization model for the densest 
arrangement of rigid balls. Factually, he introduced the coordination-like number for a ball 
environment and declared the consistency of angles between analogical crystal planes and 
edges. It can be assumed that some implication of Platonian geometry was also inherent in 
Kepler's applications. Though Auguste Bravais (1811-1863) was not sure that crystals are 
internally arranged in a repeatable manner, he mathematically modeled the fourteen 
geometrical figures that can be spatially arranged in a periodic mode. They can be 
characterized by a combination of one or more rotations and inversions in a lattice that is 
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understood as a regular array of discrete points representing individual structural units (atoms, 
molecules, species), which thus appear exactly the same viewed from any point of the array. 
This discovery allows us to classify crystal shapes nowadays in the seven geometrically-basic 
schemes: area and/or space can be filled completely and symmetrically with tiles of three, four 
and six sides. This is close to the Platonian conceptions of geometrical bodies but excludes, 
however, any pentagonal arrangement (also involved in the early Platonic bodies) because it is 
not possible to fill any area completely with its 5-fold symmetry. In the early 1970ies, however, 
Roger Penrose (1931-) discovered that a surface can be wholly tiled in an asymmetrical but 
non-repeating manner providing some constructions similar to the cluster structure of liquid 
water or glassy state of non-crystalline materials (like metallic glasses), which has been for a 
long run in the core of attention, see Fig. 1. 
These relations can be followed far back to history when the geometry of pentagon (and the 
pentagram inscribed within it) bore its high metaphysical association as explored by the 
Pythagoreans (after Pythagoras 586-506): they considered it as an emblem of perfection. It was 
a doctrine that all things compose and proceed from numbers and the middle number five, as 
being formed by the union of the odd and the first event was deemed of a peculiar value. In 
China the central number five, similarly, represented the fifth additional element - the earth 
as the allied symbol of the great China. In astrology, geometrical figures kept engendering 
mystical and occult connotations such as with the supposed magical powers of pentagons 
and pentagrams. This effect lasted until recently as various occult guilds are often symbolized 
by five leave rose.  
One consequence is the way how we fragment real-world entities into several categories: 
things, events and processes. By things, we typically mean those entities which are separable, 
with identifiable shapes and size, and which persist in time. Events, on the other hand, have a 
relatively short duration and are composed of the interactions of several things of various 
sizes. Processes are, in this last property, similar to events but, like things, have a relatively 
long duration. However, many other entities may have a transient character such as vortices, 
flames, clouds, sounds, ceremonies, etc. There is an obvious difference between generic 
categories and particular entities because a category may be scale-thin in two different ways: 
generically (atoms, birds, etc.) or individually (geometrical concepts, etc.).  
In the case of complex objects, there is a close relationship between their distribution over 
scales and a hierarchy of their structural, functional and describable levels. We tend to assign 
objects of our concern into structural levels and events as well as processes into functional 
levels. Obvious differences of individual levels yield different descriptions, different 
terminology (or languages) and eventually different disciplines. Two types of difficulty, 
however, emerge, one caused by our limited understanding of whether and how distinct levels 
of a system can directly interact and, the other, related to the communication (words) barriers 
developed over decades of specialization of scientific disciplines (providing the urgent need 
for a cross-disciplinarity).  
One of the first mathematical theories in science that dealt with inter-level interactions was 
Boltzmann’s statistical physics, which is related to thermodynamics and the study of 
collective phenomena. It succeeded in eliminating the lower (microscopic) level from the 
macroscopic laws by decomposing the phase space to what is considered macroscopically 
relevant subsets and by introducing new concepts, such as the mannered entropy principle. It 
requested to widely adopt the function of logarithm that was already and perpetually 
accustomed by nature alone (physiology, psychology). In comparison, another scaled sphere 
of a natural process can be mentioned here where the gradual evolution of living parts has 
been matured and completed in the log/log relations, called the allometric dependence.  
Another relevant area is the study of order/disorder phenomena, acknowledging that 
microscopically tiny fluctuations can be somewhat ‘immediately’ amplified to a macroscopic 
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scale. What seems to be a purely random event on one level can appear to be deterministically 
lawful behavior on some other level. Quantum mechanics may serve as an example where the 
question of measurement is actually the eminent question of interpreting macroscopic images 
of the quantum-scale events. Factually we construct ‘things’ on the basis of information; in 
resemblance we may call engines as information transducers because they transform energy 
without changing itself (not accounting on wearing). 
------------------------------ 

 
Fig. 1 Building faces (blocks) available for modeling.  Pentagon and hexagon in the upper 

raw shows the incommensurability to compose a continuous web because of 
uncovered/overlapping areas (left dark). 

This can only be harmonized by curving their edges or adjusting angels (5-sided→convex and 
7-sided→concave) or employing asymmetrical tiles (far right). Classical symmetrical network 
can only be satisfied with a collection of triangular, tetragonal and hexagonal faces (middle) 
and their combinations. For an array of equal balls and/or cubes (even when crimped) the 
restrictions are faced due to a strict Euclidean dimensionality, not find, however, in any actual 
images, which is often characterized (or observed) by typical 2-D cross-sections (bottom 
right). Irregular grain structures (middle bottom) possess distinctive faces, which can best be 
characterized by the degree of vertices (4-reyed vertex decomposing to 3 as a spontaneous 
growth occurs). Some constructions (associable, for example, with the clustered structure of 
liquid water) are tiling in 5-fold symmetry, which were thought for long run as impossible to 
fill areas completely and regularly (middle right). Upper right is shown dodecahedron (which 
Plato associated with firmament) interconnecting with the larger clusters of icosahedron 
(which Plato associated with water). Right and below are visualized the diamond (Penrose) 
basic tiles with a specific shape called “rhombus”, where upper thick rhomb has longer 
diagonal equal to the Golden ratio phi (φ = 1.618034.., which is related to the number 5 by 
formulae (1-√5)/2), fascinatingly, playing a crucial role in various aspects of natural 
livelihood and also man-made art constructions. The thinner rhomb has his shorter diagonal 
equal to 1/φ. Both rhombs can be derived from a pentagon, which five diagonals match φ and 
which 5-side structure leaves gaps when used to be continuously repeated in space. On the 
other hand, the rhombs can fill the surface in an asymmetrical and non-repeating manner, 
which is known as continuous but non-repeating structure (sometimes called quasicrystals). 
On expanded tiling when covering greater areas, the ratio of the quantity of thick rhombs to 
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thin ones approaches φ again and if the rhombs are marked by shadow strips they form the 
unbroken structure (middle) where we can localized both the chains (like polymers) and 
pentagons (like water clusters), where the below connectivity map shows the molecules 
orderliness within an icosahedron). Such a structuring can also be applied to a spatial 
distribution if the two kind of rhombohedra are assembled to form icosahedrons matching 
thus the larger clusters (water again) but were never employed in the modeling of ---reaction 
solid-state species. 
 
2. Geometrical pattern applied for portraying reaction mechanism 
In solid-state reaction kinetics it is convenient to postulate a thought (gedenken) model 
visualizing thus the feedback, which is usually separated into a sequence of possible steps and 
then trying to identify the slowest event, which is considered to be the rate-determining 
process. Such models usually incorporate (often rather hypothetical) description of 
consequent and/or concurrent processes of interfacial chemical reactions and diffusion 
transport of reactants, which governs the formation of new phase (nucleation) and its 
consequent (crystal) growth. Such a modeling is often structured within the perception of 
simplified geometrical bodies, which are responsible to depict the incorporated particles and 
such visualization exemplifies the reaction interfaces by disjointing lines. Such a derived 
kinetics then depends on all such physical, chemical and geometrical events focused to the 
behavior of interface acting between the product and the initial reactant.  Accordingly the 
space co-ordinates become rate-controlling elements, which create heterogeneity consequence 
inevitably to be incorporated. At the moment when interfaces are created, they should be 
identified with the underlying principle of defects conveniently symbolized by a pictographic 
contour (borderline curves) at our graphical representation (cf Fig. 1). Hence the 
mathematical description turns out to be much more complicated due to the fact that no mean 
measure (such as bulk concentration) but the spot/site/defect assessment (extent of phase 
interfaces) carry out the most considerable information undertaking thus the role of true rate-
controlling role associable with the reaction progress, cf. Fig.1.  

Early in 1950s a classical approach emphasized “normal grain growth result for the 
interaction between the topological requirements of space-filing and the geometrical needs of 
surface tension equilibrium”. We can distinguish that in both 2-D and 3-D arrangements, the 
structure consists of vertices joined by edges (‘sides’), which surround faces and in the  3-D 
case, the faces surround cells, see Fig 1. The cells, faces, edges and vertices of any cellular 
structure obey the conservation law (Euler’s equation), i.e., F – E + V = 1 (for 2-D plane) and 
F – E – C + V = 1 (for 3-D space). Here C, E, F and V are respectively the number of cells, 
edges, faces and vertices. Moreover the number of edges joined to a given vertex is its 
coordination number, z. For a topologically stable structure, i.e., for those in which the 
topological properties are unchanged by any small deformation, z = 3 (2-D) and z = 4 (3-D) 
everywhere. This can be best illustrated for 2-D structure by a 4-rayed vertex, which will tend 
to be unstable and to decompose into a two 3-rayed vertices, which is often termed as 
‘neighbor-switching’. For a 2-D structure, in which all boundaries have the same surface 
tension, the equilibrium angels at a vertex are 120o. The tetrahedral angle at 109o28’ is the 
equilibrium angle at a four-edged vertex in 3-D having six 2-D faces.  

The grain growth in 2-D is inevitable unless a structure consists of an absolutely regular array 
of hexagons. If even one 5-sided polygon is introduced and balanced by a 7-sided one then the 
sides of the grains must become curved in order to maintain 120o angles at the vertices. Grain 
boundary migration then tends to occur because of the curvature operational to reduce 
boundary surface tension so that any grain with number of edges above six will tend to grow 
because of concave and below six will incline to shrink because of convex sides.   
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It is clear that any reaction rate, particularly at the beginning of its acting-ion-exchange, must 
depend upon the size of the solid grains, which undergo transformation, growth or dissolution. 
Reaction rate, r→, should thus be inversely proportional to the particle size, r, in the form of a 
certain power law, i.e., r→ = rDr-3, where Dr is the characteristic reaction dimension, which 
can be allied with nonintegral fractal .  It is obvious that a mere use of strict integral 
dimensions, such as r1 and r2, would be apparent oversimplification. Moreover, we have to 
imagine that the initial rate is directly proportional to the extent (true availability) of ready-to-
react surface/interface as well as to its coarseness (i.e. roughness as a kind of another 
characteristic non-integral dimension, again). It seems that such a concept can be 
discriminated as rather useful to describe the responding behavior of a reacting object toward 
the impact of reaction at the same time as the characteristic fractal dimension relates in -self 
the sum of all events occurring during the overall heterogeneous process. There, however, is 
not a regular polyhedron with plane sides being exactly the tetrahedral angle 109o28’ between 
the edges. The nearest approach to space filling by a regular plane-sided polyhedron in 3-D is 
obtained by Kelvin ideal tetracaidecahedra spaced on a body centered cubic lattice, but even 
that the boundaries must become curved to assure equilibrium at the vertices so that a grain 
growth is to occur. It can be even illustrated by beer frost, which can be of two kinds (at-once 
draft beer with more fluid characteristic and the one of already aged beer with a more rigid 
structure) and which apparently differentiate in experts’ taste being capable to self-adjust by 
boundary migration and gas permeate through the cell membranes to equalize pressure of 
adjacent bubbles. 

The most common kinetic models are associated with the shrinking core of a globular particle, 
which maintains a sharp reaction boundary. Using a simple geometrical representation, the 
reacting system can be classified as a set of spheres where each reaction interface is 
represented by curve. We assume that the initial reactants’ aggregation must be reached by 
(assumingly) well distributed (reacting) components (often through diffusion). Any such an 
interfacial (separating) layer, y, bears thus the role of a kinetic impedance and the slower of 
the two principal processes, diffusion and/or chemical interface reaction, then become the 
rate-controlling process  responsible for the over-all reaction progression. We may indicate 
that that the above discussed kind of `as-belief` models depict both the ideal situation of only 
single reaction-controlling mode as well as the spherical representation for all reacting 
particles. Though this simplification has no any investigational authorization such theoretical 
models sometimes (and from time to time even routinely) provides surprisingly good fitting 
for kinetic experimental data (not accounting on a common inspection misfit often adjusted by 
means of simultaneous direct observations, such as microscopy). It can be rationalized by 
certain model coincidence when assuming an improved geometrical fitting if we incorporate 
some additional symmetry features such as an adjustment of some regularity of pattern-
similar bodies (globe-prism-cube-block-hexahedral-dodecahedral etc.). It somehow helps us 
to authorize the relation truthfulness and applicability of such oversimplified models when 
applied to more cogent (irregular) structures, which we often decline, or at least, are anxious 
to observe visually. Even symmetry generalization does not facilitate above modeling to the 
full-scale matching of real morphologies to be witnessed in practice.  

Exercising we can manage to survive with a simplified model-free description using blank 
modeling pattern (below sown SB equation) or we ought to adapt for another philosophy of 
modeling the reaction mechanisms either learning how to employ more complex mathematics 
or providing  a range of functions instead numerical values of mere activation energy. The 
future development may become different than that we presuppose. 
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3. Use of a typical fractal geometry in describing reaction mechanism 
Always existing perturbations on the reaction interface can be imagined to encounter a driving 
force to accelerate growth that is usually expressed by the negative value of the first 
derivative of the Gibbs energy change, ΔG, with respect to the distance, r. For small super-
heating/cooling, we can still adopt the concept of constancy of the first derivatives, so that 
dΔG equals to the product of the entropy change, ΔS, and the temperature gradient, ΔT, which 
is the difference between the thermodynamic temperature gradient (associated with 
transformation) and the heat-imposed gradient at the reaction interface as a consequence of 
external and internal heat fluxes. Because ΔS is often negative, a positive driving force will 
exist to allow perturbations to grow, only if ΔT is positive. This pseudo-thermodynamic 
approach gives the same result as that deduced from the concept of zone constitutional 
undercooling and its analysis is important for the manufacturing advanced nano-materials 
such as fine-metals, nano-composed assets, formation of quantum low-dimensional 
possessions, composite whiskers, tailored textured configurations and growth of oriented 
biological structures. 

The physical-geometrical models also neglect other important factors such as interfacial 
energy (immediate curvature, capillarity, tensions, nano-grains radius  and particularly 
internal and/or external transport of heat and mass to and from the localized reaction 
boundary, which may result in the breakdown of planar reacting interface, and which anyhow, 
at the process termination, are responsible for complex product topology. Various activated 
disturbances are often amplified until a marked difference in the progress of the tips and 
depressions of the perturbed reacting interface occurs, making the image of resultant 
structures irregular and indefinable. It creates difficulties in the correlation of traditional 
morphology observations with anticipated structures, becoming rather different from the 
originally assumed (simple, planar, 3-D) geometry. Depending on the directional growth 
conditions, the so-called dendrites (from the Greek ‘dendros’ = tree) develop, their arms 
being of various orders and trunks of different spacing due to the locally uneven conditions of 
heat supply. This process is well known in metallurgy (quenching and casting of alloys, water 
and weather precipitates (such as snow-flakes formation or crystallization of water in plants) 
but also for less frequent types of other precipitation, crystallization and decomposition 
processes associated with dissipation of heat, fluids, etc.  

First we should notice that there are sometimes fussy effects of particle radius, r, which often 
encompass through a wide range of reacting compacts. Beside affecting measurable point of 
phase changes  the most of derived model relations stay either for a simply reciprocity (~1/r  
if the whole reacting surface is exposed to ongoing chemical events) or for the inversely 
proportional square (~ 1/r2 if the diffusion across the changing width of reactant/product layer 
became decisive). It is clear that for a real instance we can imagine such a situation when 
neither of these two limiting cases is unfailing so that the relation 1/rn becomes effective and a 
new non-integral power exponent, n, comes into view falling to the fractal region 1 ≤ n ≤ 2. It 
is somehow similar to the case of heat transfer across the layer d, which can similarly fall in-
between two optimal cases limited by 1/d and 1/d2. The associated cooling rate φ is essentially 
influenced by the heat transfer coefficient, Λ, and the thickness of cooled sample, d, and 
relatively less by its actual temperature, T. At the condition of ideal cooling, where we assume 
infinitely high coefficient of heat transfer, the cooling rate is proportional to 1/d2, while for 
the Newtonian cooling controlled by the character of phase boundary, φ correlates to 1/d, 
only. In practice we may adopt the power relation φ = 1/dn (where n is a nonintegral 
experimental constant 1 ≤ n ≤ 2). 
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We can presuppose that transport properties due to fractal nature of percolation changes 
incorporate into physical laws dynamics. For an enough randomly diluted system, we can 
even admit that the localized modes occur for larger reacting frequencies. Inherent state 
density then shows an anomalous frequency behavior and, again, the power laws can 
characterize their dynamic properties. On fractal conductors, for example, the density is 
proportional to Ld and approaches zero for L → ∞. If we increase L, we increase the size of 
the non-conducting holes, at the same time decreasing the conductivity, σ, which, due to self-
similarity, decreases on all length scales, leading to the power law dependence, thus defining 
the critical exponent, μ, as  σ ~ L-μ . Due to the presence of holes, bottlenecks and dandling 
ends, the diffusion is also slowed down on all length scales. Classical Fick Law, assuming the 
common example of random walker has also a probability to stay in place (using the standard 
relation, x2(t) = 2dDt, where D is the diffusion constant and d is the dimension of lattice) 
loses here its orthodox validity. Instead, the mean square displacement is described by a more 
general power law, x2(t) ≅ t2/dw, where the new exponent, dw, is always greater than two. Both 
exponents can be related through the Einstein relation, σ = e n D/(kBT), where e and n denote 
respectively the charge and density of mobile particles and kB is a rate constant. As a result, 
dw = d’ – d + 2 + μ, where d’ can be substituted by the ratio relation, log3-vs-log2, so that dw 
becomes proportional to log5/log2, which, however, is not so easy to ascertain in the standard 
integer-like cases.   

Many dynamical systems can regularly produce a chaotic behavior. One set of associated 
problems for us is the investigative concern in the direction of a difference equation called 
logistic mapping  obviously being the quadratic transformation, which comes in different 
forms, such as x → a x(1 – x). This name sounds a little peculiar today as its origin are in 
economics from which it gives us the term logistic to describe any type of planning process. It 
derives from the consideration of a whole class of problems in which there are two factors 
controlling the size of a changing population, x, which varies between 0 and 1. This 
population passes through a succession of generations, labeled by the suffix n, so we denote 
the population in the n-th generation by xn. There is a birth process in which the number of 
populated species (nuclei, insects and even people) would deplete resources, and prevent 
survival of them all. There is a negative depletion term proportional to the square of the 
population. Putting these together we have the non-linear difference equation. By defining the 
iteration is xn+1 = a xn(1 – xn) and we can illustrate the process graphically upon the 
superimposed parabola (x2) and straight line (x) in the interval 0 ≤ x ≤ 1. We can arrive to the 
two types of iterations by adjusting both the initial point, xo , and the multiplying coefficient, 
a. It can either exhibit a sensitive-irregular pattern or non-sensitively stable behavior. Very 
important phenomenon is thus sensitivity, which either can magnify even the smallest error or 
dump the larger errors, if the system is finally localized in the stable state. This behavior is 
called the sensitive dependence on initial conditions and is central to the problematic of 
chaos, though it does not automatically lead to chaos.  

The crucial difference between the discrete logistic system and its continuous derivative-like 
counterpart subsists in the fact that it is plainly impossible for the dynamics of the differential 
equation to be chaotic. The reason is that in the one-dimensional system no two trajectories, 
for the limit Δt→0, can cross each other, thus typically converging to a point or escaping to 
infinity, which however is not a general consensus in three dimensional system often 
displaying chaos. These types of differential equations are the most important tools for 
modeling straightforward (‘vector’) processes in physics and chemistry, though, no a 
particular analytical solution is regularly available. The associated relationship can be 
transposable to write the form of a common kinetic equation: dα/dt ≅ α(1 – α), where α can 
be the normalized extent of chemical conversion. Factually, this is a well-known form of 
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Prout-Tompkins self-catalyzed kinetic model naturally related to various aspects of 
contradictory chemical reactivity. However, life in the real science is not simple and almost in 
any physical-chemical system the state cannot be described by a single variable or equation 
characterized by an integral power exponent (=1), as shown in detail in the previous 
paragraph. Therefore it was obvious that for generalized purposes of chemical kinetics this 
logistic-like equation have got to be completed by the non-integral exponents, m and n, as 
completed in the advanced form of  the so-called  Šesták-Berggrenn (SB) equation dα/dt ≅ 
αm(1 – α)n. The involvedness of reactants (α) and products (1 – α) is attuned to their actual 
chemical transience (m) and fertility (n), which is timely adjusted by this type of power-law.  
It was shown that if a solid is involved with acting interfaces the formation and growth of 
nuclei are describable by the above equation with m=2/3 and n=2/3 showing certain extension 
and correlation for m = ½, 2/3, ¾, 4/5, …, 1 giving n = 0.774, 0.7, 0.664, 0.642, …., 0.556, 
respectively. This two-parameter model retains it physical meaning only for m≤1 which can 
be even correlated with the classical nucleation-growth equation (often abbreviated as 
JMAYK) being factually the special case of SB equation . The increasing value of the 
exponent m indicates thus a more important role of the precipitated phase on the overall 
kinetics. It also appears that a higher value of the second exponent (n > 1) indicates increasing 
reaction complexity; however, the temptation to relate the values of m and n to a specific 
reaction mechanism can be doubtful and should be avoided without complementary 
measurements. There exists a relationship between the JMAYK integral exponents  
r=0→1.5→2→3 and SB exponents keeping on the respective values m-n = 0-1→0.35-
0.88→0.54-0.83→0.72-0.76. 

 
4. Construal roots of classical thermodynamics: heat and entropy  
Thermodynamics (from the Greek thermos = heat and dynamis = force) is closely associated 
with energy, E (ergon = action and  energia =activity) and with efficiency limiting the 
production possessions of all heat engines (in a specific meaning of ‘energy transducer’) 
whose manufacturing know-how (information) has gradually developed along with the 
societal information content of progressively civilized society. The capability to represent 
time and space and number has become the precondition for having any experience 
whatsoever.  The domain of thermodynamics thus bears the specific characteristics of human 
cognition resulting from our capability to imagine abstractly, either with numbers or mere 
words, which is a key feature of our societal consciousness. To try to deal seriously with 
energy problems is, however, like trying to write an objective political treatise on any 
controversial subject. Nevertheless, we can trace in the history of the human race that all 
major advances in civilization have been accompanied by increases in the rate of energy 
consumption retaining, however, a historical understanding of heat (and temperature). In 
many instances the availability of low-cost energy and its inconsiderate and inefficient 
utilization has led to disastrous ecological effects albeit securing luxurious life. Therefore 
energy must be understood in its wider thermodynamic scale, possibly related to its 
information content. It is assumed that the energy of any macro-system which issued to 
transform it to more likely forms exhibits its lowest Gibbs (free) energy, G, and the reason for 
its availability is certain storage of improbability. The fight of a man against nature is 
therefore a fight for lower entropy, S (and consequently better information), not merely for 
energy which is, more or less, plentiful.  

As shown above the classical Greek classification assumed all things being combinations of 
four basic elements not distinguishing energy and matter so that when heating a metal one 
was simply adding more "fire" to it. Plato (427-347) seemed to already make a distinction 
between fire and heat and Aristotle (383 – 322 BC) apparently differentiated temperature from 
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the quantity of heat even though the same word was used for both. Aristotle and later 
philosophers paid attention to the notions "spirit, breath" which by some were identified with 
ether and by others with fire, which was always considered as a basic compositional element. 
Demokritos (460-370 BC (and his teacher Leukippos) already tried to assume its dependence 
on the shape and arrangements of elementary particles (~atoms).  Theophrastos  (287 BC) 
proposed three stages of fire: glow, flame and lightening while Galen (129-199 AD) brought 
out an idea of four degrees for becoming warm and cold with a "neutral point", which were 
equal parts of ice and boiling water. Practical knowledge of the effects of fire progressed 
more in the time between Theophrastos and the later architect Vitruvius (27 BC) than it had 
had in several centuries previously, as would be expected in a highly developed civilization 
such as that of Rome (assuming its aesthetic  aspects and personal comfort of life). The 
Pythagoreans distinguished the notions of matter and form, linked through a process of 
development. In contrast to Plato and Aristotle they believed that form had no separate 
existence but was imminent in matter; their philosophy and scientific ideas dominated 
Western thoughts for two thousand years until a radical change was brought about by new 
discoveries in physics, astronomy and mathematics (e.g. Copernicus, Galilei, Descartes and 
Newton) assuming the world as a perfect machine governed by exact mathematics.  

The need for controlled fire became important in regulating the temperature regime of 
furnaces necessary in early metallurgy. About two centuries after the foundation of the 
Charles University (Prague 1348), Stolcius introduced a world first specialization called 
"chimiatrie". The Bohemian educator Comenius (1592-1670) distinguished three degrees of 
heat (calor, fervor and ardor) and cold (frigus, algor and one unnamed) with a reference 
room-temperature norm (tepor), and the highest stage "ardor" meant an internal degradation 
into atoms". He stated an almost modern definition of thermodynamic experiments "..to 
observe clearly the effect of heat and cold, let us take a visible subject and let us observe the 
changes that occur while heated or cooled, so that the effect of heat and cold are apparent to 
our senses...". About the same time Mylius proposed that the highest stage of fire is melting, 
and he emphasized that the value of effects is multiplied with increasing temperature. 
Comenius also first observed non-equilibrium character of such thermal treatment and 
analysis “…by a well burning fire we can melt ice to water and heat it quickly to very hot 
water, but there is no means of converting hot water to ice quickly enough even when exposed 
to very intense frost ..” noting thus the phenomenon nowadays called undercooling. It, 
however, is difficult to trace and thus hard to say if it was possible (though likely) to 
disseminate the idea of caloric from Amsterdam (when Comenius mostly lived and also died) 
to Scotland where a century later a new substance, or better a matter of fire, likewise called 
caloric was thoroughly introduced by Joseph Black (1728-1799, and his student Irvine. It was 
assumed, e.g., that caloric creeps between the constituent parts of a substance causing its 
expansion and thus explaining the resistance of the particles to crush together under the ever 
presented force of gravity. 

In accordance with Bacon, Boyle (1627 - 1691, a cofounder of the British Royal Society in 
1662 and the journal Philosophical Transactions in 1665), who is known for introducing the 
theory of gases, tried to change the traditional alchemistic assumption of four basic elements, 
and he almost approached the current roots of these theories, namely that fire is equated with 
heat and the other three elements with the traditional macroscopic phases of gas, liquid and 
solid. Together with Hooke, Locke and Newton they stated that heat was caused by certain 
vibrations of inherent particles which idea, however, was rejected in favor of the still 
persisting erroneous assumption that there was a certain material basis to heat (fluid theory).  
A self-consistent continuum theory of matter can thus be taken into consideration and traced 
from ancient times, based on macroscopic experience only. 
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The phenomenon of combustion was known for many centuries but its widely accepted 
theory, was put forward by Becher (1635-1682) and Stahl (1660-1734), assumed that all 
inorganic substances consist of three ‘earths’: the mercurial, vitreous and combustible. The 
latter was termed by Becher "terra pinquis" and the essential part of Stahl's subsequent theory 
was that when substances were burnt, the “terra pinquis” (called ‘phlogiston’) escaped, and 
readily combustible substances were supposed to contain large portion of it. During the so 
called phlogistic’s period, which may be taken to be the period of about one hundred and 
twenty years after the year 1660, no attention was  paid at first to the relation between the 
weights of reactants and products, and an attempt was made to explain the inherent puzzle 
that phlogiston could posses a negative weight. In 1773 Priestley isolated a gas that supported 
combustion which was named "fire air" commonly called "dephlogisticated air" which is 
nowadays known as oxygen. Cavendish (1731-1810) discovered "inflammable air" 
(hydrogen) and Lavoisier (1743-1794) determined the compound nature of water. They both 
contributed more than others toward the overthrow of the phlogistic theory whose absurdities 
now seem to be ridiculous, but it should be borne in mind that such an idea was at that time 
undoubtedly valuable and, moreover, is closely allied to the modern concept of energy.  

Quantitative experiments with heat began after the invention of a reliable thermometer (closed 
capillary, liquid-in-glass) and Richmann (1744) established the calorimetric mixing formula 
that expressed how bodies at different temperatures are balanced at an intermediate 
temperature. Until the work of the Scot Black (1728 - 1799), the notions of heat and 
temperature were not distinguished, and together with Magellan (1722 - 1790) he introduced 
the concepts of latent heat and heat capacity, respectively, to explain how heat is absorbed 
without change in temperature and what heat is needed to increase a body's temperature by 
one unit. They, however, still maintained the material basis of heat although Black saw the 
great advantages of the progressive Lavoisierian theory of combustion and gradually released 
himself from the fetters of phlogistonism. However, a mathematical theory of the caloricum 
was presented as late as in 1824 year by Carnot, based on the efficiency of a reversible heat 
engine and assuming a conserved heat material. 

The early basis of thermodynamics can be found in the first formulation of conservation laws 
(Descartes) assuming conservation as something general between and within the systems) 
which was probably first discovered by the little known Bohemian physician Marek (Marcus 
Marci, 1596-1667). The amount of motion was expressed by the product of mass and 
velocity. The Bernoullis  (Johann) 1735 (as well as Daniel in his book Hydrodynamica 1738) 
stated the conservation law of vital force (‘vis viva’ used simultaneously with the Newton's 
force called ‘vis mortua’) which had been introduced and explained by Leibniz 1686 in the 
case of the "vital" force conservation during the elastic collision of balls by its transformation 
into deformation. Obviously it failed, however, in all cases when heat appeared as a result of 
inherent friction.  

     Towards the end of eighteen century Lavoisier, Helmholtz and Laplace described both 
theories of heat equally suitable to comply with a theory of temperature measurements 
because it was only determined by the state of the system under study (introduction of the 
term ‘calorimeter’). Also the founder of theory of heat engines,  Sadi Carnot (1796-1832) 
first explained  the motion of a piston in his thermal engine by transport of heat as a fluid 
(conservation of caloric) from a state of lower to higher "tension" and this idea was supported 
also by Clapeyron (1799 - 1864). Rumford in 1798 was first to evaluate the mechanical 
equivalent of heat, but this was not accepted until proved by Mayer (1814-1878) and by Joule 
(1818 - 1889 who also applied it to the transformation of electrical work) as well as by 
Helmholtz (1821-1894), better  known for stating that energy can neither be created nor 
destroyed. Following a textbook by Poncelot (1826),  Rankine  introduced the term ‘energy’ 
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(1853, but this was not generally accepted for vital force = actual energy, which was later 
renamed as today's kinetic energy and its meaning transposed to all forces expressing the 
capability of a system to perform a mechanical motion and consequently producing a motion 
measured by the product of a force and trajectory: potential energy (William Thomson 1824-
1907 who actually introduced the term thermodynamics). The term force remained reserved 
for Newtonian systems only if  having sustained to be within a science of changes and 
developments valid until today.   

A similar understanding was anticipated for the internal motion of particles (i.e., molecules 
and atoms) because heat was also a measure of transfer of motion from one system to another. 
Between the kinetic and potential energies of macroscopic bodies and those assumed at the 
level of a molecular motion within the bodies there is, however, an essential difference 
because they are qualitatively different forms of motion, differing in the degree of self-
organization. In contrast to mechanical motion, treating bodies as uniformly moving particles 
(which affect the state of a collective system moving in the ordered direction as whole), the 
transfer of heat is seen as a change of random motion of inherent particles (regarding the 
initial and final states that differ in the degree of particles disorder). It was necessary to 
develop such a description for the practical need of transformation of heat into work as 
applied to machines in then arising spheres of manufacturing. Boyle and Mariot (1679) 
introduced the constancy of the product of pressure, P, and volume, V.  This was later 
improved by accounting for a temperature, T, effect by Amontons (1702), Charles, Dulong, 
Gay-Lussac and Regnault (1847), in the form of so called state equation of gases: PxV ≈T.  
Finally it was found that the same change of a system's energy can be achieved by various 
combinations of thermal and mechanical transfers yielding the definition of a state function 
called ‘internal energy’ U, (Clausius 1851) depending exclusively thus on the state of the 
system regardless the way through which the final state was achieved .  
Consequently the way for a practical utilization was opened by Carnot (1824) who proposed a 
four-cycle engine (see below Figure) based on two (non-identical) isothermal and adiabatic 
terms. For a unidirectional (ordered) motion of a piston there arose the validity of the notion 
that the change of internal energy ΔU equals PxΔV defining thus the state variables P and V. 
Similarly for multi-directional (disordered) heat motion (flow) we can analogously write ΔU 
= TxΔS which then necessarily leads to the definition of a new extensive variable called 
entropy, S, to complete the pair with the already known intensive temperature, T. 
Consequently  it has followed that any such a thermal engine can work only between two heat 
reservoirs (having definite input and output at the different temperatures T1 and T2) providing 
the ‘efficiency’ never exceeding ξ=(T2 - T1)/T2 (while the entropy in such a reversible process 
is conserved). However, a new target has been focused toward alternative thermodynamics 
based on the historical caloric in the meaning of entropy. In the framework of the caloric 
theory the elementary derivation of the efficiency of real heat engines reads ξK = 1 – √(T2/T1) 
showing that its formulae is a direct consequence of the linearity of Fourier’s law of heat 
transfer. 
If there is an alteration in the system forcing it to go away from equilibrium than such a 
change can occur only at the expense of the displacement of another coupled system in the 
opposite direction towards equilibrium. If such a system proceeds in a given direction while 
opposed continuously by a force field tending to reverse it, the system can produce useful 
work done on the expense of disordering entropy. It is covered by the second law of 
thermodynamics, which it is frequently expressed in terms of the Gibbs' energy using 
equation, ΔG = ΔH - T ΔS, where ΔG has the form of above mentioned Gibbs (free) energy 
change representing a maximum work so far attainable and H is the enthalpy change (i.e., the 
change in system heat content, Q, at constant pressure as a result of energy absorbed and/or 
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evolved). Although the changes can be measured, the entropy itself appears as an abstract 
mathematical quantity whose reality is difficult directly measure, likewise visualize because 
entropy is somehow outside the range of our common sense and experience. Entropy should 
be understood, however, as a function of internal make up (structure) of the system, its 
organization and disorganization, rather than merely a phenomenological function of the 
system heat content and temperature (Q/T). 
 
Carnot textbook thermodynamic cycle on the classically assumed temperature, T, versus 

entropy, S. Solid arrows show the power cycle 
while the dashed arrows show the opposite heat 
pump (refrigeration cycle). Similarly assumed 
business cycle (replacing conditions of the 
minimum Gibbs energy by the maximum 
economic prosperity, can be anticipated by using 
a non-conventional representation of T (= 
Tolerance) as the mean property of a society. 
Imagining that products are manufactured in a 
cheap (lower) market and then sold in a more 
affluent market (at a higher T).The shaded area 
represents useful work (either energy (heat= Q) 
or simply profit (money=Q). Become familiar 

with the dotted line illustrating a non-equilibrium processing due to the delays caused by, 
e.g., thermal conductivity (Cruzon-Ahlborn diagram). 
In conclusion we can remind an often cited humorous abbreviation of the energy 
consequences of the three laws of thermodynamics saying what cannot be done:  
 "In the heat-to-work conversion game the first law says that we cannot win, in best we can 
reach an equal result, the second one says that an equal result can be achieved at absolute 
zero only and the third law says that the absolute zero can never be attained" 
 
5. Universal logarithmic measure and statistical approach 
The logarithm (as well as the exponential function) has become one of the most frequent and 
important mathematical operate. Its history dates back to the early demand for a reliable 
computation (navigation, astronomy, trade) which led to the discovery of a logarithmic 
function (Kepler and his reckoner Burgi in Prague 1603-1612) upon a comparison of 
arithmetic and geometrical progressions. It was later improved by Napier (1614) and Briggs 
(1628) until its functional approval by and Mercator (1628) and Jacob Bernoulli (1745, 
studying the logarithmic spiral, followed by Huygens). In order to make logarithms easier 
Napier had already devised rectangular rods inscribed with numbers, which became known as 
"Napier's Bones". By 1620 Gunter had devised another scale plotting logarithms on a line. 
Using two of these inscribed on a rule, multiplication and division could be done by simple 
adding and subtracting lengths using a pair of dividers. Shortly afterwards Oughtred placed 
the two scales side by side so that one could slide the other one relatively each other making 
thus the first slide rule, which has become a widely applied standard hand-held device, which 
was extremely useful logistic gadget keeping the brainpower involved (preceding manual 
exploit invented by the era of computers). 

 
 As a matter of interest in 1848 Thompson-Kelvin suggested a logarithmic temperature scale 
"Th" based on the formula of the Carnot cycle efficiency,  ξ  = ΔT/T = const1 ΔTh.    After 
integration for   ξ= const1 dTh = dT/T one can obtain Th = const1 log T + const2  where both 
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constants are determinable by means of the conventional fixed points, e.g., freezing and 
boiling points of water, having thus the Th unit equal to 1. Although complicating the 
description of the mechanical energy of a molecule, it, however, would solve the difficult 
authentication of the validity of third law of thermodynamic because T = 0 would be replaced 
by Th = ∞, a more realistic approach toward inaccessible zero. 
 
 On the other hand, logarithmic functions played a significant role in describing the natural 
increments. The most important milestone was the comparison of a phenomenological 
definition of entropy, S, as introduced by Clausius with a statistically defined analogous 
quantity by Boltzmann (1879) defined as a logarithm of the number of microstates (W) 
corresponding to a given macro state. It enabled a generalized view to thermodynamics and 
reaction kinetics revealing purpose of logarithmization, in which we have achieved an 
important procedure enabling the combination of two subsystems into the total one ensuing 
summation of two partial disorders (S’+S”) while the final number of microstates is the 
product of entering microstates of the respective subsystems (W’s). 
 
Another important discovery was the physiological law by Weber (1846) and Fechner (1860), 
which stated that a logarithmic function describes in general the responses of living creatures 
to external excitations. By a thoroughgoing analysis of conflicts it was proved that the 
measure of a psychological category called conviction have got to  be the logarithm of the 
number of  reasons as also introduced by a less well known Czech priest Šimerka (1882) [23]. 
Correspondingly, investigation of the transmission of telegraph signals led to the theory of 
information defined as a logarithm of the number of possible messages, Hartley (1928) and 
Shannon (1948). A unifying mathematical description due to Markoff (1907), Chinchin 
(1953) and Kolmogoroff (1947) showed that all these processes observed and connected with 
information, entropy and chaos had a common statistical nature. It evoked an idea that all the 
natural processes taking place not only within thermodynamic structures but also in nature 
biology, chemistry, psychology and information have a deeper connection than was ever 
thought before. 
 
As a matter of interest, the microscopic understanding of entropy (S  ≈ log WP, where WP is 
the number of possible particles’ ordering) can be presented in a certain correlation with the 
Weber-Fechner law for logarithmic responses of organisms, i.e., feelings (p) versus stimulus 
(i) in the form of  Δp = (p1-p2) = log (i1/i2). Such a global logarithmic relation (assuming, e.g., 
generalized information content where   I ≈ - k log WC where WC is the number of possible 
message coding) has thus a common feature differing only in the value of the multiplying 
constant, k, and its physical meaning (i.e., units). In  statistical physics, k is equal to the 
classical Boltzmann constant (K=1.38x10-23  Joule/Kelvin), while for the case of  information, 
k can be expressed as the ratio 1/log 2 called ‘bites’ or simply made equal to a less convenient 
unit called ‘nats’. Consequently the above mentioned thermodynamic efficiency of a 
thermodynamic engine, most useful in the advancement of human race, can be transformed 
into  information gain, Igain , based on the actual and maximum efficiency,  Igain = log (1 -  ξ act 
/  ξ max) which one can ever achieve and can be enumerated to the conversion factor for one 
[Joule/Kelvin] unit to equal 1023 bits.  .      

 
6. Statistical thermodynamics and information links 
As shown, the above mentioned entropy can be analyzed not only in classical terms of heat 
content of a system within traditional domain of thermodynamics but also in terms of the 
system probability (statistical physics, again applied to thermodynamics) and/or toward the 
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organization structure (‘information content’). Recalling the third law of thermodynamics 
(Nernst 1864-1941) we know that when temperature is approaching the value of absolute zero 
(K = 0), entropy also diminishes (S = 0). However, it was experimentally shown that for 
certain inorganic molecules that there can exist exemption for a particular modification, such 
as that for N2O, which can have either S=0 or S=5.76 [J/K] at T=0. Therefore we cannot 
completely exclude a concept of introducing more complexity into the zero temperature state 
of a perfect crystal, thus violating its traditional understanding. It can be imagined as adding 
more information to an already perfectly ordered system by making it more organized. 
Therefore we cannot reflect the idea of the existence of a kind of hypothetical conversion of 
energy to structural information and hence the possibility of accepting the concept of negative 
entropy (negentropy).  
 
We may disorganize a system by applying heat or alternatively by otherwise disordering its 
structure upon withdrawing information of (its inner) ordering. For example,  when ice is 
heated, it first melts, then boils, and on further heating it provides steam and above the 
melting point of platinum (2000 K) it becomes a plasma of ions and electrons. At an even 
higher energy level, the integrity of the atoms themselves becomes compromised, and at a 
sufficiently high temperature, nuclear matter can be observed to "boil" again to yield a plasma 
of quarks and gluons (a ‘quagma'); with entropy eventually approaching almost an infinite 
value. On the other hand, if we cool  ice down to the temperature of absolute zero where 
entropy become zero (reaching an ideally ordered crystal with no thermal vibrations), its 
energy apparently cannot be decreased by further withdrawal of heat. There, however, 
remains information about its (perfect) structure, its occupation of space, and there is no 
theoretical reason why one may not further decrease entropy by the "addition of information". 
It looks impossible, but we can equally well imagine a force field, which would "freeze" the 
constituents to total immobility at higher temperatures, too, as we know it from the subject of 
constrained glasses. In fact, we can actually identify such a phenomenon as we can 
approximate an imagined force field holding atoms in a relatively immobile state at elevated 
temperatures, recalling certain organic molecules in which the resonating "pi" clouds of 
electrons act as an inter-atomic force stabilizing the positions of atoms. The best examples, 
however, are met in all biological systems that, for example, absorb heat not to provide 
energy but to maintain a stable temperature so as to minimize externally induced entropy 
changes. Whether looking at the DNA molecules and related genetic or metabolic systems, 
cellular organization, the evolution of organisms, or ecosystems, the process is the same: there 
is an entropy modification by inserting information as the simple systems become more 
complex, more differentiated, integrated, both within the internal organization and with the 
environment outside the system, evolving itself to became thermodynamically increasingly 
improbable.  
 
Let us continue to analyze the meaning of entropy by beginning with Boltzmann's 
investigations, later modified by Schroedinger (1944), who suggested that a living organism 
is "fed upon a negative entropy", arguing if the W is a measure of disorder, D, its reciprocal 
1/D can be considered a direct measure of order (Or). According to Stonier (1990) 
organization or structure is a reflection of order. Organization and information, I, can be 
assumed to be closely interwoven although information is both a more general and abstract 
quantity bearing a  conceptual necessity to be freely altered from one form to another (the 
structure of a written text can be different due to various alphabets but the information 
contained remains the same). Upon a first approximation assuming a linear dependence, d, 
than I = d Or or D =  1/Or = d/I.  By a rearrangement when S = k log (d/I) we can define the 
fundamental relationship between information and entropy as follows:  
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I = d exp (-S/k). 

The consequence of such a fundamental equation and the related plots is the fact that the 
inherent constant, d, represents the information constant of the system at zero entropy, 
recalling a perfect crystal of ice at 0 K, d = Io, which is not so hypothetical, assuming that Io is 
a constant for all values of I and S within the system, but it may not be constant across 
systems. This becomes intuitively apparent when one compares such a single crystal of ice 
with that of DNA. Surely at any comparable temperature below melting or dissociation, 
including 0 K, the DNA will definitely contain more information than ice. Returning to the 
fundamental equation rewritten as   

S = k log (I/Io), 

which emphasize a quantitative expression of order/disorder, the ratio between the 
information content of the system when its entropy is zero, and the actual information content 
of the system at any given entropy value may be restated as a generalized probability function 
to correspond to Boltzmann's original W (originally derived, however, for gases in which I 
would never exceed Io and therefore S would have never become negative). 

Let us calculate the change of entropy between a perfect crystal of ice at 0 K (S=0), and its 
vapor state (Svap) at the boiling point (373 K) which is equal to about 200 [J K-1 mol-1] of 
H2O. Using  the relationship between information and entropy and  the Boltzmann's constant 
(K=1.38x10-23 [J/K])  we obtain  I  =  Io exp (-1.45x10)25  or in the binary base        I   =   Io 2 -
(2.1x10)25 . Note that the increase in entropy is shown by negative sign in the exponent 
indicating a loss of information. Because the exponent is to the base 2, assume that this 
exponent may be stated as a bit and then, on contrary, the information needed to organize a 
mole of water steam into a perfect crystal of ice would require an input of ~1025 bits or on 
average of about 35 bits per single molecule. It covers, however, a complicated process of 
trapping gaseous molecules existing in a "cloud" state by means of a complex arrangement of 
electric and magnetic fields. The randomly moving molecules become fixed by the force 
fields into a regular array. This is a general characteristic for crystalline state formation in 
general and there is a spectrum of crystalline states ranging from a powder upto a perfect 
crystal usually  classified by its X-ray diffraction (XRD) pattern.  Moreover, a gas consisting 
of molecules contains also an information residue because the organization intrinsic to 
molecules affects their behavior as a gas, similar to that of ions in plasma. 
 
7. Information content and occurrence in biology 
However, we are not always aware that any organization of a system drives it away from 
equilibrium into a less disordered state, which does require the application of energy to a 
system which may result in one of the four possible changes:  

* The energy is merely absorbed as non-specific heat thereby increasing the entropy. 
 *The input of energy causes the system itself to become more highly organized  (for example, 
when a phonon is absorbed, an electron is shifted to an outer shell, causing the atom to 
achieve a more improbable thermodynamic state)  
 *The system performs physical (mechanical, electrical) work mostly on 
the basis of human innovative ideas 
 *The system performs information work by creating an organized (organic) living cell.  
 
The growth of organic nuclei is metabolic and interstitial and far more complex. For example, 
the DNA molecule produced, from a string of simpler molecules of nucleotides, aminoacids 
whose sequences represent a series of messages, may be isolated in a test tube as a crystal 
containing all the necessary information for reproducing a virus or a baby. Here we can 
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envisage that such a structure, thermodynamically as improbable as a perfect crystal at 
absolute zero, can be created to exist at room temperature in the form of a perfectly organized 
organic crystal. Restricting our protein to be composed of the 21 essential aminoacids only, 
we arrive at 21200 possible primary structures being equivalent in binary terms to 
approximately 878 bits per molecule. (In contrast if language  consisted of only ten-letters 
words, the total vocabulary available would amount to 2610  requiring a mere 47 bits per 
word). The entropy change can also be measured for denaturation of a molecule of enzyme 
from biologically active to inactive states, which involves about 900 [J/K]. The exponent of 
the information ratio can be interpreted again to represent an information change of 155 bits 
per molecule. If these information assumptions prove to be correct, that the bits per molecule 
lost when a perfect ice crystal is vaporized =35 or when a trypsin molecule inactivated =155, 
then one may calculate that an entropy change of approximately 6 [J/K] is required to bring 
about the required loss, an average of one bit per molecule, so that we can assume that a 
single unit adjust as 

[J/K]  = 1023 bits. 

The information which is processed by a human cell interacting with a strand of DNA is the 
organizational pattern of the carrier of information independent of human minds. Information 
existed for billion years prior to the advent of the human species, and for million years that 
information has been processed. DNA itself would be useless unless the information is 
semantically processed by a living cell. If information has an independent pattern meaning 
(reality), it may not involve any interpretation in relation to the inherent text (i.e., semantics). 
Information can thus be considered to be somehow distinct from the system which interprets 
it (yet assuming a dichotomy between the information intrinsically contained in a system and 
the information, which may be conveyed by the system to some acceptor). Thus information 
may even organize information, which is a process occurring in our brains, or may take place 
in the process of self-organization in nature and likely in advanced computers in some 
(near/distant) future.  

In regard to paternal interpretation we can venture to say that information appears to be like 
energy; both exist independently of our existence and both do not need to be perceived to 
exist or to be understood. Energy is defined as the capacity to perform work and it is the 
nature of energy supplied or withdrawn which determines the nature of the changes occurring 
in the system acted upon.  Information is defined as the capacity to organize a system or 
maintain it in an organized state. Similarly to the existence of different forms of energy 
(mechanical, chemical, electrical, heat, light) there exist different forms of information. 
Energy is capable of being transferred from system to another likewise information may be 
transformed from one form to another. The information contained by a system is a function of 
the linkage binding simpler into more complex units. Thus all organized structures contain 
information, and on the contrary no organized structure can exist without containing some 
form of information. Information is an implicit component of virtually every single equation 
and constants governing the laws of physics. To measure distance and time properly, an 
organized frame of references must be available and thus the measurements of space and time 
establish information about the distribution and organization of matter and energy. An 
organized system occupies space and time, therefore, the information content of a system is 
also proportional to the space it occupies: "the universe appears to be organized into a 
hierarchy of information levels" as proposed by Stonier in 1994.  
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8. Thermodynamic laws, irreversibility and systems’ behavior 
The recent impact of computers has changed our perception of information as something 
purely static because inside computer information appears to have a dynamics of its own. 
Traditional physics learned in this century to accept the surprising idea that energy may be 
converted into matter. It brought an important consequence into nuclear physics with the 
possibility of gaining new forms of energy. This relativistic theory, however, left a problem 
how to explain motion solely in terms of matter. This new knowledge certainly has not 
affected our experience of how to obtain work: one always needs to apply energy. However, it 
gradually become evident that for obtaining useful work, one needs to apply not only energy 
but also information, and the applied energy must either contain information itself, or act on 
some organized subject and/or device (thermodynamic machine – engine as transductor -  
energy ‘metamorphoser’), which then takes the action of a basically unchanging edifice called 
‘energy transducer’, which is commonly developed and invented through the skill and 
experience of mankind generations and thus necessarily containing information. Information-
less heat can thus be transformed to the other form of (information containing) energy. Beside 
thermodynamics there arose and is growing a new category casually called information 
physics. 

 
As shown the above mentioned systematic can be analyzed not only in classical terms of heat 
content and heat transfers treated within traditional thermodynamics but also in terms  of 
organization structure (information content). Similarly to heat engines (understandable as 
information transducers) we can analyze the way how material properties are monitored 
during an experimental investigation. For example in a widely used thermo analytical (TA) 
experiment, measuring the temperature difference between the sampled material and an inert 
standard (DTA), we can compare various instrumentation means (i.e. similarly to various 
organizations available for information transducers). Although temperature is always an 
unavoidable (basic) parameter we can see that there is not too many alternatives for its 
controlling, i.e., isothermal (dT/dt = 0), nonisothermal (dT/dt = constant) and/or superimposed 
various oscillation modes (eventually to be added with sharp temperature changes due to 
quenching or explosions). It is because we can only improve TA intelligent instrumentality 
employing temperature (DTA) and/or heat (DSC) monitoring system but we cannot change 
the information content of the entirely applied reagent, i.e., heat (because it equals zero). On 
the other hand, we can mention another well-known technique traditionally used to classify 
structures (XRD) where, measuring directional distribution of x-rays as diffracted by matter, 
one obtains not only  information on the level of molecular structure but also on the level of 
superstructures (the supramolecularity as expressed by the arrangement of molecules in a 
crystal and the assembly of crystals in polycrystalline bulk) including special aspects of 
orientations, size and defects of individual crystalline blocks. In addition we can 
simultaneously play with temperature (using a low or high temperature chamber) not 
mentioning the know-how state of the XRD instrumentation itself. Although the temperature, 
as the above emphasized widespread and obligatory parameter, has universal applicability in 
all physical/chemical measurements, it is generally seen too vague to gather interested 
scientists (such as those involved in thermal analysis) in a more wider membership while a 
more specialized XRD can count their active members in higher orders showing different 
stages of information capabilities as accepted within societal culture, too.    
 
In the above mentioned classical thermodynamics, irreversibility, although an important 
feature, is always associated with energy losses and wastes due to flows, hysteresis, etc.,. 
Prigogine (1971) introduced a fundamental change of this view in his theory of dissipative 
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structures by showing its applicability in living systems operating far from equilibrium. The 
characteristics of a dissipative structure cannot be merely derived from the properties of its 
parts being a consequence of self-organization. The system's flow processes are interwoven 
through multiple feedback loops, and the corresponding mathematical equations are 
nonlinear. In the theory of chaos, the linear equations of classical thermodynamics can also be 
analyzed in terms of point attractors and whatever the initial conditions are, the system will be 
driven (attracted) towards a stationary state of a minimum entropy production to be as close to 
an equilibrium state as possible. Such a system is completely predictable by the above 
mentioned thermodynamic laws which are valid even for the conditions of steady states close 
to equilibrium, not only for constant T (dT/dt = 0) but also for its steady increase and/or 
decrease (dT/dt = constant). Outside the linear region (arbitrary dT/dt) the situation 
dramatically changes because the arising nonlinear equations have often more than one 
solution. This means that a new situation may merge at any moment, which mathematically 
means, that the system encounters bifurcation points at which it may branch off into an 
entirely new states which are often dependent on the previous history.  It provides a key 
characteristics for a biological system being thus sensitive to small changes in the 
environment, the relevance of previous development, existence of critical points during its 
progression and last but not least unpredictability of the future. 
 
Going further, there is another restriction for obtaining an useful technical work provided by 
man regarding the critical flux density of energy as presented by Kapica (1894 -1984). It 
limits the speed for an energy transfer between systems, which is very important for the 
construction of advanced heat engines, such as turbines etc., and their practical applications 
(e.g., the altitude at which the jet-airplane can fly). It certainly cannot be separated from other 
conditioning given by the level of technology (suitable material availability) and the possible 
impact to the environment (due to the finiteness of the Earth surface and its biosphere in 
which we are living). No less important became the description of the organization of our 
human race itself although not well developed yet and thus being made on a very simplified 
mathematical level. 
 
9. Generalized many-particle  systems: thermodynamics and society 
 
Viewing perceptible activities of human population on the surface of earth from a greater 
distance, it would be possible to observe and compare the behavior of societies as systems of 
thermodynamic-like particles. Metals, a similarly viewed society of different species of 
atoms, can be described by functions derived long ago within thermodynamics so far well 
determining the state of integration and/or segregation of resulting mixtures (alloys). In 
analogy to the vast variety of problems analyzed in the associated field of material science, 
similar rules can be established useful for the applications to various problems in segregated 
societies now governed, however, not by mathematically well defined functions but by 
‘human feelings’ (sociology) and, however, not convenient to consider as yet. For example, it 
may be the integration of foreign workers in different states or integration of women in 
leading positions of politics, business or science. It may help to give solutions to long-lasting 
conflicts in binary societies like former Northern Ireland or Africa colonies, nonexistent 
USSR or the Yugoslavia, etc. It may be extended to develop transitional terms of traditional 
thermodynamics in to sociology, economy or even to some military thoughts. The societies 
would exhibit different states depending to the degree of their development and organization 
and can show characteristic quantities, which may appear to have a certain similarity to those 
features already known in thermodynamics.  
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Illustrative figure exemplifying aggregation of variously assumed particles observed from various 
distance showing from left the gecko adhesive polymeric fibers, the crowd of people somewhere in 
India, fallen leaves in Japanese garden and porous Germanium structure.  

Therefore, let us move to the matching area of our interest which is closely related to the 
established field of phase diagrams as well as to problems associated with energy absorption 
and liberation during the formation of mixtures (solutions). Mixing (mix) pure components of 
A (x %) and B ((1-x )%) is accompanied by a change of the Gibbs (free) energy, ΔGmix  = 
ΔHmix

ex - TΔSmix
id  being composed of two terms expressing its non-ideal (ex - excess) and 

ideal (id) contributions. Then, because ΔHmix
id  =  0,  we can traditionally write, ΔGmix

id    = - 
TΔSmix =  RT (x lnx + (1-x) ln(1-x)). Assuming a so-called regular solution we have ΔHmix

ex  

=  x(1-x). Whereas the mole fraction, x (concentration), can be directly measured, certain 
assumptions must be made regarding the interaction parameter, ω, which must evidently be 
zero for the mixture exhibiting ideal behavior because the components A and B behave 
equally. 

Such a simple model of regular A-B mixtures is conveniently based on the logarithmic law of 
entropy with the addition of the non-ideality term, ΔHmix

ex , which is usually dealt with in 
terms of cohesive energy, E, providing that   ω =  (EAB + EBA - EAA - EBB) which, in 
addition, expresses the interactions between the inherent pairs of components A and B. 
Therefore the entire meaning of the functions describing ΔS and  ω  depend only on the 
particular system under observation. For example an A-B alloy will be stable, if G (depending 
on the alloy composition x) is at its maximum, (resulting from either the positive or negative 
interaction energy between the A-A, A-B and B-B neighbors. For a strong A-B interaction ω  
will be positive; a strong A-A and/or B-B attraction will lead to a negative sign resulting in a 
limited alloy solubility, all well described in the textbooks of metallurgical thermodynamics 
[35]. (Certainly, we are not considering here further complications, what it could be called 
“the oil and water model”, where one group, the water, wants to get rid of the other group, the 
oil, while oil does not particularly want to be with its own kind and would stay mixed with 
water, as happens when an emulsifier is used to amend the interaction conditions). 

Surprisingly, there can be found statistically well compiled evidence by Mimkes  (1993) that 
such a regular solution model can also be satisfactorily applied to describe the intermarriage 
data of  binary societies consisting of partners (= components), e.g., girls and boys in 
different societies (= mixtures) such as: immigrant foreigners and domestic citizens in the 
middle Europe, religious Catholics and non-Catholics inhabitants of  British islands or 
African (black) and non-black citizens of the USA. The observed structural analogy is due to 
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the general validity of mathematical laws of statistics of mixing which allows one to translate 
the well-established laws of thermodynamics into the social science where the state of binary 
societies is determined by above mentioned feelings, i.e., the maximum of mutual happiness 
and/or satisfaction. 

Case A, Order and sympathy,  ω > 0 (e.g. crystal):  In rock salt the attraction of the ion 
components A (sodium-Na) and B (chlorine-Cl) is much stronger than the attraction between 
the similar pairs of Na-Na and Cl-Cl. The maximum of the (negative) Gibbs energy is given 
for equal numbers of both components at x=0.5. It is well-known that due to the strong  Na-Cl 
attraction the rock salt crystallize in a well ordered ABABAB... structure. This is associated 
with a negative enthalpy change accompanied with the heat liberation. Comparable case in 
society:  A group of English-speaking tourist is visiting Japanese fair. They are more attracted 
to English-speaking sellers and domestic buyers to Japanese speaking sellers. Mutual 
happiness (including economic gain) will be low if there are few sellers or few buyers. The 
maximum of mutual satisfaction will be at equal numbers of all kinds of buyers and sellers. 
Each group gets a certain degree of excitement from the shopping process when buying and 
selling; emotion possibly bears a certain analogy with (or relation to) the above mentioned 
heat of mixing.   

Ancient philosophy: water and wine, fire together with air 

Case B, Disorder, integration, indifference and apathy  ,ω  = 0 (e.g. alloys): There are no 
interactions between the neighbors at all. The Gibbs energy is negative as a result of entropy 
disordering effect, only. Such an ideal solution can be exampled for silicon (Si) and 
germanium (Ge) in which the arrangement is random. In  societies, there can be found two 
kinds of solution:                                                     

 Indifference: Equal partners are as attractive or repellent as different partners which leads to 
( ω  =) EAB + E BA -EAA - EBB = 0 .                            
 Apathy: Attraction of all partners is zero so that  (ω =) EAB  = EBA  = EAA  = EBB  = 0 .  
    For example, in a downtown supermarket in Kyoto we will find a random distribution of  
men and women. For busy shoppers a short cashier line will be more important than male 
and/or female neighborhoods. It corresponds to indifference, and the society of shoppers is 
mixed by chance or is integrated. 
 Case C, Segregation and antipathy,ω  < 0 (e.g. alloys):  The mixture of gold (Au) and 
platinum (Pt) will segregate into two different phases. The (negative) Gibbs energy exhibits 
two maxima, one for Au with few Pt atoms, the other with Pt and few Au atoms. The degree 
of segregation is not generally a full 100% unless the equilibrium temperature is close to 
absolute zero. On the other hand there is  a Tmax (x) temperature needed to completely 
dissolve or integrate a given composition x of two components which can be derived upon the 
derivation dG/dx yielding Tmax(x). In societies: Mutual happiness of a society of e.g. black 
and white neighbors would again show two maxima: one maximum is obtained if the 
percentage of black neighbors is low and the white people feel at home, on the contrary, the 
other maximum is obtained at a high percentage of black neighbors, where blacks feel at 
home. To attain a maximum of happiness the town will segregate into areas mostly white with 
just few black renters and the areas mostly black and few white renters. In this way, both the 
black and white people would feel mostly at home. In general, the degree of neighborhood 
segregation will not be 100%. This can happen only if tolerance between different groups is 
close to zero; thus resulting in ghettos, e.g., the pure ethnic Moslem and/or Serbia homeland 
areas.  
The above grouping can further be discussed in more detail in terms of the extreme values of 
interactions, e.g., when   is much greater than zero, it yields a hierarchy, and for its highly 
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negative values, it result in an aggressive society. Upon simulating the classical (T-P) phase 
diagram of matter (solid-liquid-gas), we can define analogous states of societies, i.e., 
hierarchy-democracy-anarchy, cf. end table. Such thermodynamic-like considerations offer, 
certainly, a wider source of inspiration relating, for example, P to political pressure and V to 
freedom, the constancy of their multiplication showing (similar to Boyle's law) for the higher 
pressure, a lower freedom and vice versa. Associating P with the pressure of political 
relations, then temperature can also be characterized as a measure of extent of internal 
proceedings: the warmer the international proceedings the lower the number of possible 
collisions. Two neighboring states developing with different speed would mutually interact 
(quicker accelerating the slower and vice versa) and the warmer the international proceedings 
the slower would be the possible number of collisions.  
 
10. Extended thermodynamic thoughts in economy 
In like manner to assuming above that feelings govern the behavior of societies, we can 
broaden our considerations to economics where the achievements of best prosperity can be 
assumed to be similar to the minimum of free energy, see end Table [36]. For example, if two 
markets with different standards of living (with the mean property designated as T) are 
combined, the new standard of living would fall in between the former values. A good case 
can be shown by the unification of Germany where a uniform standard of living can only be 
obtained by stirring and mixing partners from the both sides. Let us recall the Carnot cycle in 
the previous figure. Manufacturing a product like cars, furniture or other advanced goods  
from single input parts requires comparable labor (assumed as a change of entropy) in any 
country. The price of merchandise, however, depends on the quality of labor, tools and 
generally on the living and technology standards, T. This may be pictured in the same 
diagram, just replacing thermal power cycle by an assumed economy profit sequences. The 
useful work extracted from the heat Q may then represents  money gained by producing in a 
cheap market and selling in a more affluent market at the difference ΔT (of unequal 
economies) and (dashed) a non-equilibrium delay caused by transfer of matter replaced by 
economic hindrance. It implies that the rich are becoming richer ( ξ  >) but, on the other hand, 
job creation or agriculture support may install equalization ( ξ <).  
It certainly does not include all inevitable complications when assuming boundary conditions.  
Property known in physics as viscosity can be renamed within international relations as 
hesitation, a function of the density of population, speed of the information progress and the 
distance of possible collision centers from the places of negotiations (past East-West 
Germany relations stirred via Moscow communistic administration or Middle East conflicts 
taking place on the Arab-Jews territories but negotiated as far away as in New York).  
Understanding the free roadway as the mean distance between two potential ignition of 
collisions, we can pass to the area of transport phenomena observing inner friction as 
hindrance to the streaming forward characteristic, e.g., for the migration of people from the 
East/South to West. We can imagine a technology transfer which depends not only on the 
properties of state boundary (surface energy standing for the transferred meaning of  
administration obstacles) but also on the driving force which is proportional to the difference 
of the technology levels (North and South Korea) bearing in mind that the slower brakes the 
quicker and vice versa. Like in chemistry, nucleation agents (ideas, etc.) can help formation of 
societal embryos capable of further spontaneous growth. Surfactants are often use to decrease 
the surface energy similarly to the methods of implantation of production factories or easing 
of customs procedures (Well-developed western Europe against post-communistic eastern 
Europe). Human society often suffers disintegration, but the overall development can be seen 
in open loops (or spirals) which finally tend to unification upon increasing the information 
treasure of civilization. It is alike a technological process where the raw material first 
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undergoes through disintegration  followed by separation, flotation and other enrichments to 
upgrade the quality for an efficient stage of final production of new quality material.  
Such examples of brief trips to the nature of sociology could give us certain thoughts for 
improving the art of both the natural and humanistic sciences whose interconnections were 
natural until the past century where the notion of heat had been analyzed to become the 
natural roots of thermodynamics. Researching the analogy of physical chemistry to 
sociological studies of human societies is a very attractive area particularly assuming the role 
of thermodynamic links which, however, can be functional until the relation between inherent 
particles, independent people, is overcome by the conscious actions of humans because 
people are not so easy classified as are mere chemicals. Such a feedback between the human 
intimate micro-world to the societal macro-state can change the traditional form of 
thermodynamic functions which, nevertheless, are here considered only in a preparatory stage 
of feelings. Therefore this sociology-like contribution can be classified as a first and 
simplified approach to a problem that’s more adequate solution will, hopefully, not take 
another century as was the development of the understanding of heat and the development of 
thermodynamics. 

 
Table .________________________________________________________________ 
Symbols       Natural science       Social Science           Economy              Military  
     
  A-B         gold-platinum           black-white               sell-buy             NATO-Russia                                         
                silicon-germanium   Catholic-Protestant        rich-poor            North-South   
               natrium-chlorine            male-female          Europe-USA        SEATO-China  
   x           concentration (%)       minority size (%)   demand/supply     relation of forces 
  
ordering  
   ω > 0          compound                  sympathy               trade links             military treaty  
  ω  = 0         ideal solution             indifference            free market              neutrality       <   
  ω <  0          segregation                 antipathy         business/competition   military block   
 
functions  
    G            Gibbs energy        satisfaction/happiness       prosperity                  security  
    T             temperature          tolerance to chaos       mean property        reconciliation             
    Q               heat                    selfrealization/health        money                     weapons      
   EAA           cohesive E             tradition/heritage       profit/earnings            friendship 
  EAB >0       binding E                curiosity/love              investment            joint activity   
  EAB <0       repelling E               distrust/hate                    cost                       hostility  
   E=0           indifference                   apathy                  stagnation                 neutrality                                       
                                                     
                              stages 
                                   metallurgy                       anthropology 
                           disordering/solubility               integration  
                                solubility limit                    segregation 
                                phase diagram               intermarriage diagram                                           

⇐ states and state diagrams   ⇒ 
ancient philosophy          pressure vs temperature        political pressure vs living standard 
              air                                  gases                                      anarchy 
           water                                liquids                                   democracy 
           earth                                 solids                                     hierarchy  
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1. Some particularities of natural and artificial world of disordered materials  

Historically, glass is often viewed as a remarkable translucent substance though usually made 
from the simplest raw materials upon the effect of firing. Nature, itself, is the best instance to 
learn how different temperature changes can provide various glassy states, altering from very 
slow rates occurring within geological time scales (e.g. obsidians - glassy volcanic rocks 
consisting of natural acidic silicate glasses) to extremely fast, occurring as a result of fast 
energetically driven collapse (e.g., by impact of meteorites, yielding melted droplets then 
cooled to various tektites). Mimicking evolution, however, man became responsible for the 
distinction and later creation of further families of a wide variety of glassy and amorphous 
materials (geopolymers or biopolymers), which have gradually appeared through human 
creativity, particularly during last hundred years. Properly chosen procedure of rapid extraction 
of heat (often called quenching) turned up to be a efficient route for successful glass-
formation (vitrification, as a repeatable process) of almost all substances (thus allowing for 
the preparation of glasses from different sorts of various inorganic materials, including 
metals) in contrast to the traditional chemical approach, seeking just for an appropriate 
composition to vitrify under a customary self-cooling procedure.. 

The first natural glasses were formed as the Earth cooled and, therefore, predate creation of 
living organisms by about 1.5 billion years. Such primordial glasses were limited in composition 
and versatility just as were the first primitive unicellular organisms.  However, some 
compositions (in an unstable state of glass) survived unchanged for an enormously long period of 
time, similarly to certain strains of bacteria. A still open intellectual terrain ahead is apparent in 
each of the material classes associated with real bodies of  living organisms, being either 
promoted naturally or created synthetically - particularly interesting are glasses when 
assuming its rather curious but apparent degree of similarity with certain biopolymers (carrying 
out genetic information). Both are in a reinforced (thermodynamically unstable) state formed due 
to kinetic reasons, which remain influential until glasses transform into a stable structure (a melt 
of the lowest free energy) while biopolymers (occurring in living organisms) stop their role in 
life by death. Both glasses and biopolymers adapt to their environment and previous history. 
There is an almost limitless range of compositions of glasses and countless numbers of different 
living species, each family having particular molecular building blocks and severe structural 
rules, although some compositional restrictions of glasses were gradually overcome. Although 
the origin of glass is nevertheless lost in prehistorically obscurity, all imaginable glasses have 
been increasingly artificially synthesized, making thus the natural and man-made glasses 
indistinguishable. Another intriguing parallel can be drawn in their spontaneously apparent 
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emergence of new phyla or groups of species involving both the disordered state of glasses and 
highly ordered situation of biopolymers as well as they are often highly non-equilibrated 
status. It may involve our better understanding of possible convergence of glass and genes 
assuming known bioactivity of certain inorganic glasses, particularly their silanol-rich (Si–
OH) active surface capable of binding to living tissues owing to their specific composition, 
porosity, self-similarity, fractality and thermal pre-treatments. 

Various other silicate glasses were created naturally by accidental melting due to, e.g., the 
charge of lightening (‘lechatelierite’). Worth of noting are ‘obsidians’ (glassy volcanic rocks 
consisting of natural acidic silicate glasses exhibiting a high melting point) and ‘pumice’ (fumed 
volcanic glass), which were formed by terrestrial upshot of volcanism and have attracted the 
men’s attention since prehistoric times (as they were used as cutting tools, amulets or cult 
objects). Interesting enough is that the extent of natural glass on earth is in the range of a tenth of 
a percent with the ratio of about 4000 minerals versus few types of natural glasses while on the 
moon (and possibly also other planets) it is possible to identify only ~60 minerals where half of 
them are glasses. The frequency of glass deposits is at least one order of magnitude higher than 
that found on the Earth. 

The melt-cooling processes, traditionally seen as the totally responsible rote for the formation 
of classical glassy, are not the only vitrification methods which generate glassiness. Other 
non-crystalline materials are various alumina-silicates (based on the mixture of meta-kaolin 
with an alkaline activator, producing thus hardening pastes), which are frequently termed 
either as alkaline inorganic polymers, geo-polymers or as hydro-ceramics; exhibiting, among 
other interesting properties, amalgamated qualities, intermediate between those peculiar to 
cements with that characteristic of glass-ceramics and zeolites. 

Herewith we can specifically recognize various manners of disordering a regular network, 
which thus ensues disordered states of various cause and portrayal, often in low-dimensional 
systems (as thin layers), and including the particularity of quantum dots or wells, which, 
however, falls beyond the framework of this brief introduction. These processes are 
principally of macroscopic origin, bearing dynamic perspectives, although they can be related 
with the microscopic structure of matter owing to adequate theoretical models. Quite 
generally, one may state that non-crystalline states can be achieved by certain (seemingly 
contradictory) methods:   

(i) by maintaining already existing disorder in the liquid phase when applying fast heat 
withdrawal (such as a drastic freeze-in by melt radical undercooling), this way preventing 
phase (ordering) transition;  

(ii) by vapor (chemical/physical) deposition of substance from their gaseous state in order to 
form a disordered thin-film over a solid (cooled) substrate, such as hydrogenated amorphous 
silicon, a-Si:H, deposited by plasma-enhanced chemical vapour deposition, PE-CVD, etc. 
[5]), thus avoiding structural ordering of the deposited phase; 

(iii) by implementing disorder on a previously ordered network upon energetically driven 
structural disintegrative collapse, e.g., by intensive milling, particle bombardment, or by 
pressure induced amorphization;  

(iv) by creation of a disordered structure through variously accomplished chemical reactions 
including low temperature diagenetic and biotic processes, such as by sol-gel or trough 
aqueous amorphization response creating, e.g., natural hyalites and opals, diosyncratic wet 
copolymerization producing polysialates, etc.. 
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2. From continuum mechanics to a thermodynamic based perspective 

Dealing with pure substances we can easily distinguish and define perfect gases from real 
gases, while within liquids we may distinguish adequately among distinct classes of liquids, 
as electrolyte solutions, organic solutions, liquid metals, molten salts or ionic melts. 
Considering the solid state we can make a distinction between perfect and defective crystals, 
metals and ceramics and, certainly, we can recognize amorphous and glassy materials having, 
by the same arguments, intrinsic defects too, defined as deviations from the lowest energy 
bonding arrangements. However, we still lack a widely accepted conceptual borderline to 
distinguish states of matter thought to be intermediate between the classic concepts of solid 
and liquid. It is particularly noticeable that the concepts of glassy and amorphous solids 
appear often confused, having no adjusted convention for their exploitation in the published 
literature, while still lacking more widely accepted associated definitions.  

In 1968, a special commission nominated by the National Research Council of the U.S.A., 
proposed to define glass as an “X-ray amorphous solid which exhibits the glass transition, the 
latter being defined as that phenomenon in which a solid amorphous phase exhibits with 
changing temperature a more or less sudden change in the derivative thermodynamic 
properties, such as heat capacity and expansion coefficient, from crystal-like to liquid-like 
values”. As it can be appreciated, this definition suggests implicitly that all glasses are to be 
considered amorphous while the opposite is not necessarily true.  
There are two basic approaches when trying to describe a material substance in a scientifically 
sounding way. One can look into the substance as a static entity and try to examine it from a 
microscopic structural perspective; or we can examine the behaviour of the entire substance as 
it follows some kind of a course of action. Such a process can be of several kinds. It can 
subsist of a chemical-physical procedure, such as an ordinary thermal treatment (showing how 
the substance responds to heat fluxes) or a precipitation from various solutions (displaying 
chemically induced formation of non-crystalline precipitants typically by sol-gel). It can also 
be a less acknowledged process of whichever origin, for example, mechanical (how the 
substance responds to external forces applied as pressure and stresses), electromagnetic (when 
interacting with the electromagnetic fields), depository (how it responds to the physical beam 
epitaxial or to chemical vapour deposition). It may even result from particle bombardment 
(interacting with such relevant particles), from mechanical disintegration (responding to 
intensive milling) or can be a consequence from interactive biological processes (conveying 
with living organisms [4]).  
Herewith we can specifically recognize various manners of disordering a regular network, 
which thus ensues disordered states of various cause and portrayal, often in low-dimensional 
systems (as thin layers), and including the particularity of quantum dots or wells, which, 
however, falls beyond the framework of this brief introduction. These processes are 
principally of macroscopic origin, bearing dynamic perspectives, although they can be related 
with the microscopic structure of matter owing to adequate theoretical models.  
Macroscopically, and from a continuum mechanics perception, which deals with a material 
body response to external contact forces, a solid is a physical system which resists quasi-
statically to external stresses applied at the surface, although some kind of motion is generally 
expected. Such stresses are specified by the stress tensor and the extent of body motion can be 
theoretically related with the stress tensor by constitutive equations. A number of ideal 
materials may be defined as representing particular relations between the stress motion and 
the intact motion. These are theoretical models used to represent and approach the behaviour 
of real materials.  
A liquid does not responses to contact forces as a solid does, as it easily flows away, without 
resisting noticeably to the applied external stresses. In either case the volume of the substance 
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is expected to change only slightly due to the applied external forces, while the substance 
responds elastically, and we may often approximately assume that it does change at all. A 
crystalline solid never accommodates its natural macroscopic flow as glass does, even if 
extremely slowly. Although continuum mechanics allow us to theoretically treat solids and 
liquids under a unifying perspective, comprising intermediate cases as well, and under an 
experimental perspective, the rheological approach may be considered as pretty 
accomplishing the same; however, we still lack a comparable satisfactory unifying 
thermodynamic treatment.  
Of course, much of the apparent success of the continuum mechanics approach is actually 
elusive, as the whole collection of such idealized models may still be unable to perfectly 
translate the behaviour of some real materials, and intermediate cases may be particularly 
difficult to encompass within the continuum mechanics theoretical framework. On the other 
hand, thermodynamics tries to adopt a unifying perspective, has a general method that it tries 
to apply to all substances, which is less dependent on particular modelling hypothesis 
concerning idealized substances.  
From a classical thermodynamic perspective a single homogeneous substance in some definite 
state of matter is treated as a phase (a homogeneous region of matter, not necessarily 
continuous, which is part of the thermodynamic system) and we are mostly concerned with 
the evolution of the system’s macroscopic properties as a response to heat flow (heating or 
cooling). This may be also a convenient perspective to distinguish and characterize different 
materials. Statistical thermodynamics, also named statistical mechanics, bridges classical 
thermodynamics, as a phenomenological global approach, to a particles’ based approach 
relying in quantum mechanics. It is concerned with the interpretation and prediction of the 
macroscopic properties of matter in terms of properties of the microscopic elementary 
subsystems that compose it, such as molecules, atoms, ions, electrons, etc. Here we are 
mainly concerned with equilibrium properties (e.g. temperature, pressure, specific heat, 
viscosity, etc.) and the macroscopic system should comprise a large number of subsystems, 
typically of about the order of the magnitude of the Avogadro number, so that the statistical 
averages can provide a reliable description of the macroscopic system at its most probable 
state (thus in equilibrium, in the sense that it remains unchanged with time). The statistical 
thermodynamics approach has been quite successful working with gases (including real gases) 
and solids, but rigorous predictions of the thermophysical properties of dense fluids are 
currently difficult to obtain.  
Still another way to possibly classify material substances relies on stressing their natural or 
artificial nature, the raw-materials involved on their preparation, or the main features of their 
preparation method, as for instance, we distinguish between natural and artificial polymers; or 
from melted, metallic, and sol-gel glasses. Such approach treats differently substances that 
can actually be quite similar, either from a thermodynamic or from a structural perspective, 
and doesn’t transmit any insight on the structural nature, or on the main thermodynamic 
properties of the substance considered.  
For a general material outlook there subsists a widespread acquaintance with the measurable 
reality that near the melting temperature, Tm, the melts of most ready-to-crystallize solids 
possess viscosities less than 1 poise (while, for comparison, the anomalous water has that of 
mere 0.1 poise). It is worth to remark that metallic glasses do not show this characteristic 
reduction on viscosity; their melts remain very fluid, which requests the application of 
extremely high quenching rates (>10

6 
ºC s

-1 
in order to ever produce a noncrystalline solid). 

However, the moderate melt quenching of alloy compositions in the neighbourhood of deep 
eutectics, such as 80% of metals (Fe, Ni, Co, Mo, Cu, Cr) combined with 20% of glass-
forming metalloids (B, Si, P, C, Ge) produce technologically beneficial glasses (magnetic) in 
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which, however, the glass transition is seldom observed.  

Most melts can undercook by perhaps 10-20ºC below Tm, but the presence of impurities, 
slight disturbances, or even the mere contact with the container, will lead to a prompt 
crystallization. Low viscosity facilitates the diffusion of constituent species, which is 
unavoidable to make possible the necessary reconstruction of the fluid liquid web to that of 
rigid solid. The pre-nucleus (embryonic) sites, often existing in the melt, may enhance 
straight-forwarded crystallization, which is also favoured by their crystallographic orientation 
(e.g., lower symmetry, like monoclinic, which can bestow easier configuration and growth of 
such nuclei). Semiconductors are recognized materials to possess a large portion of pre-nuclei 
clusters in their melts, the extent of which can be handled by suitable annealing. Due to its 
atypical constitution, water, which exhibits an unusual pentagonal symmetry for the liquid 
containing clusters needs to transform to the hexagonal ice symmetry at a deeper under-
cooling (providing thus more time for the key symmetry reconstruction), being this one of 
extreme cases.  

The melt viscosity (η) tends to increase rapidly along with decreasing temperature and 
reaches the traditionally expected value near Tm in order of 107 poise. Diffusion dies down 
speedily and, for that reason, crystal formation turns out to be more and more intricate, but 
enabling, on the other hand, certain ‘stability’ improvement toward the ‘metastability’ of a 
supercooled liquid until the development of viscosity near η ≅ 1014 poise permits the headway 
of a freeze-in state of a metastably-rigid and radically-constrained glass.  

3. Specificity of various temperatures involved in the characterization of glassy state 
The supercooled liquid constitutes a metastable phase in a state of constrained internal 
equilibrium, while its free Gibbs energy is higher than that at the state of stable equilibrium. 
The free energy of the metastable liquid is thus kept at a local minimum, but not at an 
absolute minimum (that would imply the crystallization of the glass).  

In the transformation region, hereafter assumed to lie below the melting temperature (Tm) but 
above the Kauzmann temperature1 (TK), the specific volume depends on the thermal history of 
the material (e.g., annealing time). This dependency cannot be fully understood within the 
framework of classic thermodynamics, were the specific volume is treated as a function of 
state, thus depending only on temperature and pressure. Tool contoured this difficulty 
introducing the concept of fictive temperature, Tf , which corresponds to the extrapolated 
temperature of the supercooled liquid. The concept of fictive temperature associates itself to 
the assumption that the glass structure corresponds approximately to that of a frozen liquid, 
overcooled to Tf.  
                                                 
1 There are some important points related to the glassy region revealing the allied characteristic 
temperatures. Most common is the Kauzman temperature, TK, which is given as the intersection of 
extrapolated line for the equilibrium liquid with that of equilibrium solid. The so called Vogel 
temperature, Tv, is decisive the for moment where the shear modulus terminates its increase and the 
viscosity becomes infinite according to the Vogel–Fulcher–Tammann model. This implies a 
discontinuity where viscous flow ceases (on cooling), at a certain finite temperature (the Vogel 
temperature, Tv). For polymers it customarily lays 52 ºC below Tg but for inorganic glasses is about 
100ºC lower. The Kauzmann temperature, TK, may get coincidental with Tv if derived from the entropy 
plot. The temperature when the shear elasticity disappears is often located as the crossover 
temperature, Tcr, were the residue is only shear viscosity (or elongation viscosity), which, for an 
undercooled liquid, is independent of the extent of deformation (but correlated with the speed of 
deformation). 
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Considering a molar volume versus temperature plot (cf Fig. 1; the upper plot), and herewith 
the prolongation of the line of the supercooled liquid towards the equilibrium crystal line below 
Tg, which, according to the thermodynamic theory proposed by Gibbs and DiMarzio can well 
be considered as an equilibrium line between the supercooled liquid and the glass, it seems 
acceptable that over the extrapolated segment the fictive temperature equals the real 
temperature. As a melted glass under cooling enters the transformation region, a specific 
cooling rate may actually be selected so that a certain fictive temperature, Tf, located over the 
extrapolated segment range, can be reached by the supercooled liquid. Tf tends to decrease as 
the cooling rate decreases. Extrapolation for infinitely slow cooling carries out the fictitious 
temperature towards the line of solid state and that would conduct Tf down to a specific 
temperature, known as the Kauzmann temperature, TK. It is supposed that the glass transition 
would then present itself as a sharp elbow, thus without any curvature at all. This implies that 
TK represents a lower limit of the glass transition2. The glass transition would then lose his 
dynamic character (its time dependency), thus presenting itself as a static structural transition. 
 
 
 
 
 
 
 
 

                                                 
2 Actually the entropy versus temperature plot should be preferred for obtaining a TK estimate by 
extrapolation, but since the lines present some curvature in such a graph, the extrapolation procedure 
cannot rely on the straightforward linear extrapolation procedures being therefore more prone to error. 
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Slower cooling rates lied to glasses of lower enthalpy contents, and providing that 
crystallization does not occur, the isobaric heat capacity (Cp) is expected to present a step-like 
non-linear variation with some hysteresis, within a temperature range centred at the 
calorimetric Tg, decreasing from values close to that of the equilibrium liquid to values close 
to that of the equilibrium crystal, although a positive but relatively small gap is still expected 
(Figure 1; the bottom plot). Excess values for entropy, enthalpy, and Cp, are expectable for 
glasses below Tg,, as compared to the corresponding crystallized substance, and such excess 
are even expected to be retained below TK, although the observed gaps can somehow decrease 
as the temperature drops until they eventually vanish by absolute zero, as long as we assume 
that Nernst’s theorem is obeyed, what is still a question of debate for glasses in general. As 
Kauzmann first pointed out, such gaps are expected to be smaller and smaller for lower 
cooling rates, and eventually, for a sufficiently slow cooling rate, they are actually expected to 
vanish at a positive finite temperature (TK). 
Below TK the concept of fictive temperature loses its significance and any configurationally 
rearrangements typical of the glass transition are not expected to occur. It seems thus 
reasonable to consider that a glass kept below TK stays stable in a state of non-equilibrium, 
without change on its specific volume, and of course, no crystallization is anticipatable. 
Above TK, the glass is unstable with regards to the liquid supercooled liquid. In this sense, it 
seems possible to consider TK as the temperature that corresponds to the transition between 
‘glass’ (unstable) and ‘amorphous solid’ (stable).  
Illustrative pictures of a range of variety of glasses. Upper raw shows natural materials: 
single-crystals of precious diamond with inserted image of glassy carbon, fibres of melted 
basal rocks, impact-melted silicates-tektites (precious Czech Moldavites), volcanic-melted 
glass-obsidian and amorphous hydrous silica – precious Australian opal. Bottom raw of man-
made glasses shows the cut led-containing oxide glass (potassium Bohemian mountain 
crystal), colored vase, decorative window mosaic glass (art Novaeu in the Prague municipal 
house), fibers of metallic glass and hydrophilic gelled lens (developed in Prague by Wichterle). 

. 
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Fig. 1 Schematic 
typical plots for glass 
transition.  
Upper: molar volume 
versus temperature; 
glasses, A and B, with 
decreasing fictive tem-
perature (Tf 

A and Tf 
B) 

can be derived by 
decreasing the cooling 
rate; a TK estimate may 
be obtained as the 
extrapolation limit at 
null cooling rate; 
hysteresis effect is 
shown for glass B, only. 
Bottom: isobaric heat 
capacity (Cp) showing 
a step-like non-linear 
variation with some 
hysteresis at the 
calorimetric Tg (depic-
ted for glass B, on 
cooling). 
 
  
 
 
 
 
 

Taking in consideration the theoretical model proposed by Adam and Gibbs, TK may stand as 
the transition temperature of the supercooled liquid for the hypothetical case of a idealized 
“glass” with null (zero) configurationally entropy, and this transition would correspond to 
infinite relaxation time. It may be admitted that, in these idealized conditions, the glass 
transition would correspond to a discontinuity in the first derivative of the molar volume 
(transition of second order) while true crystallization occurs with discontinuity of the specific 
volume (transition of the first order). Since one cannot carry out experiments under such a 
limiting condition (while taking into account a theoretical point of view), and the glass 
transition is, in reality, still not fully understood, we must face extrapolations with some 
reservation.  

It is worth noticing that at TK only liberation motion frequencies are expected to freeze-in. 
These can be associated to the liquid's configurationally heat capacity. The higher frequencies 
are still expected to hold at lower temperatures, as they are associated with the vibrational 
frequency modes of the amorphous solid. However, the structural relaxation of the 
supercooled liquid is expected to be completed at TK. Bellow TK the ‘glass’ still shows higher 
specific volume and entropy than the corresponding crystalline solid, but in either case the 
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contributions for the specific heat are mainly vibrational. 
An ‘ideal’ glass transition can be interpreted as, more or less, resembling a second order 
phase transition, according to the Ehrenfest classification. The corresponding theory assures 
that the two coexisting phases (a gluey supercooled liquid and an extremely viscous glass) 
should then possess matching entropy, possessing, however, distinct specific heat. This 
implies that the two phases should then become structurally isentropic. Besides, the molar 
volume of these two phases must also tend to reach a common value. The jump verified in the 
specific heat suggests a certain congealment of some kind of structural movements at the 
Kauzmann temperature, which are expected to cease their contribution toward the specific 
heat. One may interpret the rise in the glass transition temperature (Tg) above TK for a ‘real’ 
glass transition as related with the period of time available for the observation of such 
freezing movements during typical laboratory experimentation.  
It is worth noting that a number of authors took into account that the inspired existence of 
some higher (presumably second order) transition should be regarded as somewhat 
speculative. Accordingly, bearing in mind that at the matching conditions of internal 
equilibrium, the heat capacity of the undercooled liquid is indistinguishable to that of the 
congruous stable crystal, it comes to pass defendable, instead, that the glass transition may be 
best thought as a first-order-like transition, although of a disordered type. The thermodynamic 
properties of such an undercooled highly vitreous melt possesses novel properties of an ideal 
glass structure, becoming therefore very similar to those of the crystalline state, as first 
noticed by Cohen and Turnbull. 
Studies based on mode coupling theory (MCT), developed by Götze and collaborators, and 
considering the percolation concept, showed that the temperature Tv of Vogel-Fulcher-
Tammann-Hesse (VFTH) equation (known as the above mentioned Vogel temperature) may 
be capable for an identification with TK , at least approximately. This conclusion also was 
corroborated by the fluctuation theory proposed by Donth and by a thermodynamic approach 
developed for the model of spin-glasse. Experimental results obtained by the technique of 
specific heat spectroscopy seem to support this identification as well. Taking Tv > 0K, B and 
ηo (a pre-exponential factor) as fitting parameters, the equation of VFTH expresses the glass 
viscosity as: 
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In the limiting case of Tv → 0K, the VFTH equation reduces to a familiar dependence of 
the Arrhenius type, where To is habitually determined from adjusted experimental viscosity data 
reported for T > Tg > Tv . For this reason, the attributions of physical meaning to the parameter of 
adjusting Tv can be questioned outside the range were the experimental data can be obtained. For 
a common window glass a typical value would be Tv ~ 249 ºC [54], while for the Pyrex® glass 
one could obtain Tv ~ 282 ºC. A study reported by Mohanty based on fourteen distinct glasses 
suggests that we will be able to obtain a rough estimate of TK considering that, as a rule of 
thumb, TK ∼ 0.78Tg (± 5.8% for the reported glasses).   
 

4. Some structural features of non-crystallinity and nano-crystallinity 
The basic reason for the failure of a liquid to crystallize can be attributed to the problem in the 
molecular arrangement, not so much in the liquid state (clustering) but predominantly in the 
formed crystalline state during the process of ordering, i.e.; the higher the crystalline 
symmetry of the phase to appear, the better the glass-forming ability of its parent melt. 
Furthermore, the probability of glass-formation increases with the formation of liquid 
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mixtures in which the Gibbs energy of the non-crystalline arrangement decreases, while that 
for corresponding crystalline phase to precipitate remains unchanged. The stronger the 
interaction among the mixture components, the deeper the depression of the freezing point of 
the solvent; while the viscosity increases, thus diminishing any possible nucleation. The 
component interaction, however, should not become too strong as to generate a new 
competing crystalline phase which would strolls toward decreased vitrification. 

An important role plays atypical states of ordering, either forming disordered matter, or 
modulated structures leading eventually to nanocrystaline makeup.  The ensuing concave 
internal curvature leads to contraction of surface atoms array often associated with an increase 
of the cluster thermodynamic stability. The size of clusters can be in order of hundreds atoms 
forming thus hypocrystalline but still nonperiodic web. Size-dependent nanoscopic 
phenomena such as nanoclusters’ energetic, thermodynamic and kinetic effects particularly 
due to the exclusive role overwhelming surface energy and associated changes in phase 
transition temperatures.  

A noteworthy alternative element crucial for non-crystalline randomness is the variation of 
bond angles sometimes assumed to become central in further distinguishing special 
(constrained) states of glassy and amorphous materials. The flexibility of covalent bond is 
largest for the two-fold coordination of group VI-elements and is lowest for the tetrahedrally 
coordinated group IV-elements. For instance, in the SiO2 glasses the oxygen atoms are 
bridging the Si-tetrahedral providing the essential flexibility, which is considered necessary to 
form a random covalent network (without exhibiting excess of strain). However, if such a 
network is formed without the flexing bridges contribution of the group VI-elements, the 
structure becomes amorphous (as in the deposited strain-confined films of, e.g., As2S3), which 
can exist in many various forms of non-crystalline configurations (often experimentally 
irreproducible). 

The highly constrained nature of the variously obtained amorphous films suggests that defects 
might not be randomly distributed but, instead, can be predominantly located at internal 
blocks, voids and as strain-relief interfaces between domains. In contrast to vitrified glasses, 
the CVD-produced amorphous films can thus exist in many non-crystalline configurational 
states, the thermal annealing of which can lower its strain energy, but, however, cannot 
transform the over-constrained amorphous configuration from one atomic layer to another. A 
drastic atomic rearrangement would need to be enforced to accomplish such an ‘unstructured’ 
reconstruction, which would, instead, materialize overlapping by more pertinent as well as 
unprompted crystallization.    

However, a possible interference of the so called ‘medium-range order’ or ‘modulated 
structures’ (often bordering upon nano-crystallinity) becomes particularly common in 
resolving various non-crystalline materials (pertinent for semiconductors), where the concept 
of homogeneous random network and its associated defects was most extensively studied. It is 
closely connected with the fashionable use of the prefix ‘nano’ (nano-technology, nano-
materials) touching the limits where the ordered and disordered states transpire factually their 
guaranteed delimitability. The standard observations, based on measurable crystallographic 
characteristics (XRD diffractograms) can provide data on the amount of crystalline phases 
(capable to detect the crystalline phase down to about 2 % within the glassy matrix, certainly 
under a certain crystal-size detectability). If not assuming here the capability to distinguish a 
minimum crystallite size (by traditional XRD peak broadening), nor we account for a 
specialized diffraction measurement at low diffraction angles (aiming to calculate the radial 
distribution function), we can direct our attention toward the critical amount of crystalline 
phase in the glassy sample. This issue is yet befitting the crucial question how to relevantly 
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define the boundary between yet ‘true glassiness’ and already ‘nano-crystallinity’. There 
became known a few proposals, but the generally accepted figure is, for long, the value of 10-

6 vol. % (less commonly 10-3 %), of crystallites to physically exist distributed within the glass 
matrix, as not yet disturbing its experimental non-crystalline characterization and consequent 
definition of glassines. The appropriateness of this value is, however, difficult to authorize, 
persisting its maintenance on basis of acute convenience and reiterated use.    

By the same argument, glasses exhibiting the so-called ‘short-range order’ can be viewed to 
also encompass intrinsic defects (interconnected islands, voids, domains interfaces, etc.) 
defined as a deviation from the lowest energy bonding arrangement. The extent and size of 
such structural inhomogeneities are specified within the so called medium-range-order, which 
is neighboring the nano-crystalline approach. Throughout freezing of such defected 
inhomogeneities certain complex processes can subsist, which stages we use to associate with 
a certain assortment of temperatures. Experimentally, they are determinable all the way down 
from the states of liquid equilibrium through the non-equilibrium undercooled liquids, down 
to the constrained state of glasses (below Tg).  

A needed definition of short-range order imposes that each constituent species (e.g. atoms) 
fulfils its chemical valence requirement (according to the so called 8-N rule; however, the 
stronger heteropolar bonds (e.g. As−S) are favoured over the homopolar bonds (e.g. S−S or 
As−As). It is worth noting that the constrained bond length survives within ~1% equivalency 
of the bonds existing in the long-range order on the corresponding crystal. We can distinguish 
a topological short-range order, in which the structural defects are subject to relaxation and 
annihilation at annealing temperatures close to Tg , which is usually associated with collective 
movements of constitutional species related to both the atomic or the whole cluster hauling. 
On the other hand, there is commonly a compositional short-range ordering, in which 
chemically similar species (such as Ni, Fe or Co in metallic glasses) can mutually exchange 
their atomic positions, often resulting in re-arrangement of the nearest neighbours, thus 
ensuing magnetic anisotropy, etc. Finally, there can happen a diffusional-driven ordering 
process, connected with mutual survival and disappearance of various structural defects, often 
shaped when the samples are inflicted to great temperature gradients (e.g. rapid cooling → 
quenching), which subsequently yields various structural adjustments due to relaxation of 
mechanical stresses and deformations. 

 

5. Pressure and temperature-induced amorphization 
Worth special noting is the transformation of a crystalline-to-amorphous phase, which can be 
achieved without going through the conventional steps of bulk-liquid melting-and-quenching. 
Such methods are envisaging the micro-processes involved, where, e.g., powdered particles 
could melt in their neighbourhood thanks to high temperatures locally achieved due to the 
plastic deformation. Such processes are hauling a lot of energy and, moreover, may include 
many other processes of interstitial incorporation and segregation into non-stoichiometry 
sites, defective links, etc. Such a process of amorphization can result from chemical, 
irradiative, thermal or pressure-induced disruption of the crystalline order, when the free 
energy of the crystal obviously exceeds that of an allied amorphous phase. Compressive 
amorphization was first discovered already 25 years ago when ice-crystals were observed to 
amorphize at 77K and 1GPa. There are numerous examples of amorphization of originally 
genuine well-crystallized materials, which is inducible by a variety of processes, ranging 
from bombardment with high energy particles, spray- and freeze-drying, dehydration of 
hydrates (common in pharmaceuticals), to continuous grinding and milling (grains 
miniaturization below perceptible nano-crystallinity), cold-rolling (common with metals’ 
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tryout), and experimentally recognized and thus applicable to an inquisitive assortment of 
materials. 

Rather different routes to non-crystallinity can be best monitored in the ring statistics of 
silica, which gets recovered after amorphization. These cases involve the breaking and 
reforming of bonds and its reconstruction. Usually, pressure induced amorphization signifies 
the existence of a metastable amorphous phase with a lower free energy compared to the 
parent crystal and that transformation into a more stable high-pressure crystalline phase is 
kinetically hindered. This metastable amorphous phase may correspond to high-pressure 
thermodynamic melting of the parent crystal phase at a significantly low temperature, where 
the Clapeyron slope for the melting transition (dP/dT) is negative. For instance, the 
metastable extension of the melting curve of SiO2 to higher pressures yields reasonable 
estimates of the amorphization pressure of quartz, which occurs around 30GPa at ambient 
temperature. Some correlations indicate that the denser the starting ambient for the crystalline 
phase, the higher the mechanical work needed to complete the route to obtain a denser glass. 

Worth of attention is the functional model by Ponyatovsky and Barkolov, where crystalline 
instability under thermobaric stress (shown by perturbation of P and/or T) is attributed to the 
coexistence of a low-density amorphous phase (= LDA) and a high-density amorphous phase 
(= HDA). The LDA and the HAD phases represent polymorphs with the same composition as 
the crystal but different density. Thermobaric amorphization was experimentally studied in 
zeolites, which readily convert to amorphous alumina-silicates under heating and/or at modest 
pressures. In the case of a zeolite collapse, order-disorder transitions are found dependent on 
the rate at which the thermobaric stress is applied. Whether amorphization is thermally 
induced isobarically or pressure-induced isothermally, the low-density crystalline structure 
should convert to a final high-density HDA phase via a low density LDA phase. The zeolite–
LDA transition is expected to be of the displacive type, while the LDA-HDA transition is 
reconstructive. 

Another fascinating finding is the noticeable fact that the temperature of isobaric 
amorphization, TA, shows a significant depression as the heating rate is reduced. This type of 
kinetic behaviour seems reminiscent of the comparable trend followed by the glass transition 
temperature, Tg, on varying the cooling rate. The relatively large scale of the changes in TA, is 
thought to suggest that this effect might be controlled by the viscosity of a very strong liquid. 
The idea of a perfect glass, with zero configurationally entropy, Sc, was first discussed by 
Kauzmann, in the context of melt-quenching, and coincides in Adam-Gibbs theory and with 
the discontinuity at the Vogel temperature (Tv) in the Vogel-Fulcher-Tammann-Hesse 
(VFTH) three-parameter viscosity relation (cf equation 1) were Tv > 0K, B and ηo (pre-
exponential factor) are fitting parameters, being Tv usually determined from adjusted 
experimental viscosity data reported for T > Tg > Tv .  

An interesting outcome of the comparisons between the dynamics of zeolite collapse, and that 
of structural relaxation in conventional melts, is that below Tg,  i.e., for very slow heating or 
for low pressure-increase rates, respectively for the isobaric and for the isothermal 
amorphization processes, zeolites are expected to collapse more rapidly than the final HDA 
phase can respond. In either case, highly ordered glasses with very low configurationally 
entropy, Sc, might be obtained if the LDA phase could be isolated. Indeed, Angell and co-
workers have speculated that the ideal glass state might be better approached via such a phase 
transition involving a kind of ‘superstrong’ liquid. If the LDA phase is chemically ordered, 
then the network will comprise only even member rings, and this compares with the 
chemically disordered HDA phase where odd member rings are required topologically to 
accommodate bonding contacts (as Al−Al or Si−Si). Zeolites and glasses amorphized from 
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them show a clear relationship between the size of secondary building units and features in 
the Boson peak, i.e., the Boson peak, accessed in the low-frequency range of vibrational 
spectroscopy, is hugely enhanced in low-density networks. If amorphization can ever bestow 
a practical route to the state of an “ideal” glass accomplished directly from the crystalline 
state, rather than via freeze-in from the liquid state, then the idea of Kauzmann glass might be 
better realized, though the specificity of such an ideal glassy state as recently have been 
argued.   

 
6. Vitrification versus crystallization: reduced temperatures and glass-forming 
coefficients 
For a quenched glass, the energy radial distribution function (often investigated by X-ray 
diffraction) depends on a general configurationally coordination, showing a minimum, which 
bottom lies higher than that of the minimum of a corresponding crystalline state because of 
the inherent strain energies. The barrier between the two main minima represents the kinetic 
hindrance preventing crystallization of the glass below Tg, which surmounting is only possible 
by a substantial atomic rearrangement. The amorphous deposited solids, in contrast, can exist 
in many near-crystalline configurationally coordination exhibiting thus multiple (but smaller) 
energy distribution of minima. Over-constrained state can be lowered by suitable thermal 
treatment (e.g. common annealing, which supports compacting the structure thus lowering 
and even overlapping the minima). In some cases, the mere temperature increase may yield a 
catalyst-like pseudo-crystallization to occur yet below Tg .  

Šesták revealed that quenched glasses disclose upon heating a regular glass transformation, 
Tg,, which is a noticeable step-wise deviation from the base line measured by, e.g., differential 
thermal analysis (DTA). Upon further temperature increase Tg is followed by crystallization 
as a base-line reversal deviation − peak (Fig. 2). On contrary, in amorphous materials the Tg 
effect is often overlapped by a too early crystallization, the last being shown by non-matching 
onset and outset of the DTA peak base lines. Worth repeating is that rapidly quenched 
metallic glasses does not habitually expose distinguishable thermal changes, which can be 
noticeably associable with the entire glass transition. 

 
 
 Ilustrative 
micro- 
photograhy of 
woven metallic 
structures made 
of metallic 
ribbons casted 
by drum planar 
method.  
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Fig. 2. Left: Plot of enthalpy, H, versus temperature, T (upper), which is accessible and thus 
characteristic as an experimentally obtainable DTA/DSC curve (factually representing dH/dT 
≈ ΔT). Solid line indicates regions of stable gaseous, liquid and solid phases; dashed lines 
designate regions of metastability (left: undercooling; upper: superheating). Thin line 
displays the unstable territory of constrained state of glass. Equilibration and rapid liquid 
cooling (RC) can result to either equilibrium or delayed crystallization (exothermic peak at 
T ′cr), or to non-equilibrium vitrification through the step-wise glass transition (Tg). Under 
consequent reheating DTA/DSC shows exothermic crystallization (Tcr) below the melting 
temperature (Tm). These points are serviceable in the determination of some material’s 
characteristics, such as reduced temperatures (Tg/Tm), or Hrubý coefficient: KH = (Tcr-Tg)/( 
Tm-Tg). A special meaning has the point TK (often called Kauzman temperature), estimated by 
intersection of extrapolated line for the equilibrium liquid with that of equilibrium solid 
(obtainable at the extrapolation limit of a fictitious null cooling rate). The distinctive 
amorphous phases (obtained, e.g., by vapour deposition, VD; or by mechanical disintegration 
of the crystalline state, MD) can behave differently because their enhanced reactive state is 
capable to promote (or catalyze) too early crystallization, thus overlapping with glass 
transition (an often neglected or experimentally misinterpreted effect). Right: typical traces 
depicted to illustrate a possible span of the glass transformation region distinctive for various 
dissimilar materials (oxides/non-oxides) and/or for different heating rates (β2>β1). If 
additional temperature treatment occurs, such glass gets pseudo-equilibrated (vertical shift of 
its glassy state: horizontal dashed line) and such a process is called thermal annealing. The 
DTA/DSC peaks responsible for glass crystallization (exotherms bottom left) can be of two-
fold character (bottom right) given by the simultaneous and/or consequent amalgamation of 
elementary processes involved in either the nucleation-and-growth (JMAYK) or the normal-
grain-growth (ANG) kinetics. 
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Well before the development of any generalized nucleation theory for condensed systems, 
Tammann already called earlier attention to a tendency revealing that the higher the melt 
viscosity at the melting temperature (Tm), the lower its crystallizability. Qualitatively, this 
tendency can be explained by an increased inhibition of motion or molecular rearrangement of 
the basic units of any melt with increasing viscosity. The quality of the glassy state is possible 
to quantify by examining the reduced quantities such as typically glass transition temperature 
(Tgr) given by the ratio Tg/Tm; a lower ratio reveals a higher difference of Tg and Tm thus 
showing a greater stability of the glassy state. Referring to a large set of available 
experimental data obtained for nucleation of several silicate glasses, Zanotto concluded that 
glasses having Tgr higher than ~0.58-0.60 display only surface (mostly heterogeneous) 
crystallization, while glasses showing volume (homogeneous) nucleation have Tgr < 0.58-
0.60. The reduced glass transition temperature was examined in more details by Sakka and 
Mackenzie, Wienberg, Nascimento, Cabral or Avrami and for metallic glasses by Davis and 
Lu. Determination of theoretical values of reduced temperatures were approached by Angell 
based on extension and extrapolation by means of application of the VFTH viscosity 
equation. 
Glass forming ability is noticeably related to the ease of the reverse process of devitrification 
possibly evaluable on basis of the difference between crystallization temperature Tcr 
(exothermal maximum) and the glass transition temperature Tg. Various examples reveal that 
this difference Tcr – Tg varies repeatedly with composition reaching its maximum value in a 
composition range which appears to provide best glasses. In order to make possible 
comparisons with glasses showing different Tg some authors weighted this difference Tcr - Tg 
by the reciprocal value of Tg leading thus the dimensionless factor (Tc- Tg)/ Tg. Even a more 
sensitive interrelation to the glass formation peculiarities can be found on basis of Hrubý 
coefficient, beforehand developed mostly for chalcogenide systems, which, however, is 
typically available only upon physical preparation of a given type of glass: KH = (Tcr - Tg)/(Tm 
- Tcr), where Tcr is the crystallization temperature and Tm  is the melting temperature. This 
criterion [40] has almost the same meaning as the difference (Tcr – Tg) alone varying, 
however, more rapidly when crystallization peak is shifted and taking into account melting 
temperature, which may not be too significant advantage as Tg and Tm are usually correlated. 
In order to make the criterion more sensitive, Poulain  took into consideration the width of a 
DTA/DSC peak, i.e., the difference between the onset of crystallization, Tx and its maximal 
value, Tcr, accounting, among other features, that more stabile glasses exhibit broader 
isotherms and thus a larger crystallization time and therefore a smaller crystallization rate. 
Finally, the new criterion appeared (Tcr - Tx)·(Tcr - Tg)/ Tg having the unit of [K] but able to be 
encoded dimensionless if weighted by Tg

2.   

It is worth noting, however, that the kind of crystallization kinetics may essentially change the 
curve shape and thus its testifying character. For example, Illekova shown the differential 
scanning calorimetry (DSC) curves obtained for two Fe-based metallic alloys of comparable 
composition and which are depicted for portrayal in Fig. 1 (right column, bottom). The 
quenched alloy (Fe75Si15B10, with relative atomic composition at.%) was produce as the 
fully amorphous ribbons and examined twofold: as-quenched and isothermally annealed, 
indicating a sharper (so called ‘Johnson-Mehl-Avrami-Yerofeev-Kolmogorov’ JMAYK-type 
of nucleation-growth) crystallization curve, which upon annealing shifts the peak position (as 
depicted in Fig. 2: right column, bottom). For the analogous (but now already nanocrystalline) 
ribbon of the comparable composition (Fe74Cu1Nb3Si13B9 at.% again - notice a difference 
in a small contribution of Cu and Nb), a broader DSC peak is obtained (indicating thus a 
different, so-called ‘Atkinson-normal-growth’ ANG-type crystallization kinetics), as depicted 
in Fig.2 (bottom right,  associated with a nanocrystalline grain-structure formation (often 
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called FINEMET-type alloys), which thermal annealing restrains that changes in the peak 
size, only.   

 
7. Specific case of amorphous inorganic polysialates  
X-ray amorphous inorganic polysialates (the so-called geopolymers) are cementitous 
composites, which are commonly produced by idiosyncratic wet copolymerization (i.e., 
synthesis via solution) of the individual alumina and silica component. Important role plays 
an alkaline activation process in which a powder material of an aluminosilicate nature, such 
as metakaolin or fly ash, is mixed with an alkaline activator to produce a paste that is able to 
set and harden in a short time. These materials, frequently termed alkaline inorganic 
polymers, geopolymers, hydroceramics, etc., constitute a new family of products which, 
among other interesting properties, are capable to produce qualities peculiar to cements with 
those of traditional ceramics and zeolites. Source raw material such as various minerals and 
industrial by-product materials may be defined as compounds or mixture of more components 

which are able to enter 
in reaction process 
with water and 
especially with 
activator, see fig 3.  

 
Fig. 3: Typical 

composition of usual 
raw materials used for 

alkali activation 
(according to [8]). 

 

Such a room-
temperature synthesis 
process takes place 
when aluminosilicate 
source materials are 
dissolved in aqueous 
solution at very high 

pH yielding thus mostly non-crystalline zeolitic-like precursor, which is also termed as 
copolymer. The reactive Si-OH based easy-soluble monomers in water-glass rather easily 
penetrate into the structure of inserted solid Al-compounds. This can be compared with the 
case of a high-temperature melting process of precursor glass batch, where conversely the 
rigid structure of quartz sand is diffusion-disintegrated by the penetration of Ca, Na, Al atoms 
from their more easily melted compounds thus braking up the original -Si-O-Si- structure. 
Both routes factually represent a mutually comparable type of vitrification reactions equally 
facilitating ionic interactions by either the movable hydrated ions or the diffusible atoms in 
the melted viscous state.  

Aluminosilicate gels (zeolite precursors) are mostly synthesized with the composition 
characterized by general formula Mm[-(Si-O)z-Al-O]n·wH2O, where Mm are modifying cations 
(mostly Na, K, Ca, Mg), n is the degree of polycondensation and z is structural ranking (1, 2, 
3, ...). Configurationally tetrahedrons SiO4 and AlO4 are mutually bonded by oxygen bridges 
forming thus Si-O-Al based chains and rings. The positively charged Mm ions ought to be 
compensated by the negative charge of four coordinated Al. Generated gel-like structure is 
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partially amorphous or nano-crystalline depending on both the amount of initial solid matter 
and its nature (character of raw materials) as well as on the condition of the reaction 
conditions (pH). The amorphous state is primarily favored for a higher concentration of solid 
precursor in the preparatory suspension.  

The gel subsequently hardens into rigid geopolymers (resembling the glass formation upon 
the melt solidification), which may be characterized in a number of ways, correspondingly 
applicable to classical glasses. For example, the description in terms of principal constituents 
(alumina and silica) [20-24], their structure (tetrahedral Al-O and Si-O units in random 3D 
framework), charge-balancing role of the tuning metallic (often alkali) ions, thermal glass-
formation characteristics and their macroscopic properties (moderately strong and hard, stable 
up to 1000 °C, etc.).  The specific circumstances of the low temperature synthesis such as the 
condensation temperature of alumina and silica resources at high pH and distinctiveness of 
various sorts of water-glasses are worth of a further clarification. XRD patterns of commercial 
melted glass and wet synthesized  inorganic polymer were compared showing broad peaks 
between17o and 34o 2θ (typical for amorphous phases) which for inorganic polymer is slightly 
shifted to the higher 2θ revealing questioningly its relatively more “dense” structure than that 
for analogous commercial glass. Deconvolution of the amorphous peaks in XRD patterns 
enables a more quantitative estimation of the degree of amorphicity. 

Certain formalism was developed in order to investigate structural units involved, mostly in 
the terms of fragments such as [-Si-O-Al-O-] called sialate units (or polysialate when 
condensed concurrently). Further suggested units contain different Si:Al ratios, such as [-Si-
O-Al-O-Si-O-] (sialate siloxo) and [-Si-O-Al-O-Si-O-Si-O-] (sialate disiloxo). The Si:Al 
atomic ratio implies 1, 2 and 3, however, non-integer ratios intermediate between 1:1 and 1:3 
may be anticipated as changeable combinations of basic units, provided that the content of 
charge-balancing cations is appropriate (often water content controlled). The units with Si:Al 
> 3 are designated as sialate and polysialate geopolymers. In the sense of majority of the 
Earth’s crust, which is composed of siloxo-sialates and sialates, the common feldspar series 
are albite-anorthite (NaAlSi3O8 – CaAl2Si2O8) describable as poly(sialate-disiloxo) for albite 
to poly(disialate) for anorthite. 

 

8. Hypocrystalline materials and their ‘mers’ framework 
So far not enough attention has been paid to the basic structural disposition though detailed 
studies on reaction mechanism are available. The inherent stoichiometry can be understood 
analogously to organic and/or inorganic –mers (known in classical polymeric chains). Such 
generalised spheres of the so-called hypocrystalline materials (an newly coined term more 
appropriate for an approved terminology) are specific of possessing the regular polyhedrons 
AOn (such as SiO4, AlO3, AlO4, BO4, BO3, PO4, etc.). Important is the linking function of 
bridges formed by all n atoms of oxygen. If oxygen is bridged with two central cations, A- 
(e.g. {SiO4/2} as AOn/2.) then i atoms of oxygen become bridged with A by a double bond (the 
so called terminal bonds, known from a single component glass composed, for example, of 
phosphorus oxides containing –mers of {O=P(-O-)3}. The adequate coordination formula 
ensues as {AOi/1O(n-i)/2}, where {PO1/1O3/2} may serve as an illustrative example of coinciding 
multifaceted stoichiometry. In the analogy with organic polymers, the group {AOi/1O(n-i)/2} 
can be considered as (n-i)-functional –mer.  

Similar attitude can be applied to geopolymers based on aluminosilicates composed of 
tetrahedral alumina and silica units. When condensed at ambient temperature the mer-units of 
AOn/2 become repositionable because of their concoction long lifetime this is comparable with 
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the degree of immovability at the high temperature state of melts. Similarly to oxide glasses 
of a randomly interconnected web (continuous random network) a relatively more complex 
copolymer system (containing supplements of moderating electropositive elements  typically 
alkaline oxides, M2O, or other metallic oxides) persevere the function of  modifying oxides.  
In oxide systems (melts/glasses/macromolecules) such additions to a single-component 
(tetragonally netted) solution result in the breakdown of bridging bonds A-O-A and formation 
of the so-called non-bridging oxygen. They can be described by set of equations:   

M2O ⇒ 2M+ + O2-  
M´O ⇒ M´2+ + O2-  

A-O-A + O2- ⇒ 2A-O-  
which are factually responsible for the dissociation concerning a single molecule of 
modifying oxide and the subsequent breakdown of bridging bonds (A-O-A). In the case of 
typical modifying oxides the equilibrium shifts toward the products and the arrangement can 
be easily derivable from melt/glass/polymer initial stoichiometry. 

The cation distribution affects the species in the silicate solution, i.e., the amount of 
monomers, dimers, etc.. Water glass enforced by few percent of Al-ions or partly substituted 
by P2O5 increases its penetrating reactivity. The study of vitrification of silicate solution 
indicates that the reaction commencement becomes associated with a concentration decrement 
as a result of separate phase growth. Comparing the molecular structure of reactants 
(metakaolinite and silicate solution) with the geopolymers, a complete rearrangement of 
molecular environment (short-range order of Al and Si) is evident. Alumina is likely altered 
from their distorted crystal order via certain intermediate species (associated with valences IV, 
V and VI) and linked to one SiO4 unit in metakaolinite forming the regular AlIV{Q4(4Si)} 
where Q’s are the standard representation of Si-based configurationally motives, see below . 
However, the Al atoms seem to attain a more symmetrical environment in final geopolymers 
than in the original metakaolinite. The most reactive species in silicate solution is likely the 
hydroxyl anion OH- (or H3SiO4

-), which can draw parallel thoughts toward the basis of 
bioactivity of inorganic materials and the coupled effect of non-bridging oxygen. It may even 
catch the attention of an innovative conception toward life creation on the Earth providing 
geopolymers as a new target biomaterial.   

 Accounting for the specificity of geopolymers, the charge-balancing metal ions factually 
make feasible the crucial polymerization in (-Si-O-Al-O-Si-O-) sialate-silixo chains where the 
atomic ratio remains Si:Al=1:1 (however, capable to increase up to 3:1). When reaching the 
value above 3, generalized polysilicates became comparable to melted (counter-partner) glass. 
This approach, however, has not been applied to a geopolymeric state due to yet unacquainted 
methodology. The difference between melted glass and condensed sialate-silixo polymers 
endures in the subsistence of a certain coordination of (-Si-O-Al-O-Si-O-) with both Si4+ and 
Al3+ cations in the four-fold coordination, which is unavoidably balanced by the presence of 
modifying cations. It is ranging from fully amorphous up to partly organized (modulated) 
compositions of hyper-crystalline states thus exhibiting definite nano-crystalline regions. 
Single and multiple Al-O-Al bridging cannot carry on to subsist, nevertheless, alternatively 
can survive in minerals such as above-mentioned albite (NaAlSi3O8) and anortite  
(CaAl2SiěO8).  

Worth another attention is still an apparent analogy with generalised (even organic) polymers 
mentioning the so-called mean degree of netting. Structural motives, Q, which appear 
throughout the melt-glass-polymers can be characterized by a coordination formula 
{AO(i+j)/1O(n-i-j)/2}, where j is the number of bridging oxygen atoms associated with a single 
central atom being ripped away by the action of oxygen produced through the dissociation of 
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modifying oxides (j ≤ n-i). In the case of silica glasses (i = 0, n = 4) there is a direct link 
between the concept of the so called Q-notation (i.e., Qk, k = 0, 1, 2, 3, 4) and a coordination 
formula, Qk ≡ {SiO(4-k)/1Ok/2}. Similar approach may become welcome for its alternative 
implementation to the circumstances of geopolymers, which fashion is still under prospect. 
Nonetheless, it was shown from NMR data  that Q4Si(2Al) and Q4Si(3Al) components can 
exist in alkaline geopolymers, the latter being the highest for the Si/Al ratio of 1.5. For higher 
concentration of Na and consequently lower Si/Na ratio in the activating water glass (and with 
Si/Al ratio measured in the polymer support) a feasible scheme points up that the hydrated 
sodium aluminosilicates bears a three-dimensional structure in which Q4Si(3Al) 
predominates. 

 

9. Some prospects of geopolymeric materials 
Optional and almost interminable attitude can be seen when incorporating phosphates instead 
silicates (where Si is totally or partially replaced by P) and/or borates as an alternative to 
aluminates though such logic has not been fully elucidated as yet. On contrary to the needed 
polysialate alkaline environment phosphates are formed by an acid-base reaction between a 
metal oxide and an acid phosphate. Virtually any divalent or trivalent oxide that is sparingly 
soluble may be used to form these phosphate geopolymers. As a good example may serve 
berlinite (AlPO4) being formed by the reaction between alumina and phosphoric acid as Al2O3 
+ 2H3PO4  ⇒ 2AlPO4 + 3H2O. It was also demonstrated that phosphate geopolymers of 
trivalent oxides such as Fe2O3 and Mn2O3 might be produced by the oxide reduction and then 
acid-base reaction of the reduced oxide with phosphoric acid. Such wide-ranging phosphate 
materials represent another variety of mineral geopolymers [69-70] possibly helping 
incorporation of Fe cations for magnetic applications.  

Relevance of BO and NBO  to polysialate or polyphosphate geopolymers coinciding of 
tetrahedral alumina and silicate or phosphate condensed units has not been so far studied nor 
analysed so that this would become the target of our next-door investigation. Notwithstanding 
the addition of acids, which occasionally accelerates the formation of gels, may support an 
idea that the gelling mechanism involves thorough cross-linking of preexisting (linear) 
polymers somehow in an analogous manner to organic polymeric systems. Various other 
activation processes were also investigated. However, any indistinct integration of theory of 
organic polymers, occasionally applied even to soluble silicates, may not assist a better 
interpretation of such aqueous inorganic systems. 

Vitrification of a geopolymeric reaction mixture can be well characterized by thermal 
measurements of the heat released, as schematically shown in Fig.4. The setting time 
decreases significantly as well as the amount of heat evolved during activation reaction 
because of the formation of geopolymeric structure gradually proceeding via solution. The 
first step is likely the dissolution of the basic aluminosilicates (in the 15-20M solutions of 
NaOH/KOH at ambient temperature). When water-glass (of the silicate modulus around 1.2) 
is added  polycondensation (stimulating both the setting and hardening) reveals acceleration 
by increased temperature. The effect of changing Na2O content shows similarity to that 
obtained for the change of the particle size of inserted metakaolinite. Interestingly the 
different activation effect was observed by DSC for either activator NaOH and KOH and that 
the reaction decreases with increasing water content. 

Strategy for geopolymers applicability as a matrix for reinforced composites (fibres, foam 
and/or ceramic) is different from the practice in similarly activated cements producing, 
however, analogous materials that possesses ‘cementitious’ property. It is foreseeable that the 
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structures of these alkali activated cement, alkali activated slag, fly ash, etc., are different 
resulting from different chemical-mechanistic paths. 

 
Fig. 4. Illustrative recording of thermal effects measured by DSC (Q200, Thermal 
Instruments) using the commercial materials: metakaolinite Baucit (by ČLUZ a.s.) and water 
glass Bindzil (by Vodni sklo a.s.). Left upper shows the effect of alternating the Na2O content 
(in wt. %) in the solution of alkaline activator on the induction kinetic employing granulated 
Baucit, while right bottom traces the changes associated with the adjustment of hardening 
temperature (according to [8]). Right DMA measurement carried out on the resulting 
pultruded composite (cf Fig 5) where the left curve is the storage modulus (MPa), middle 
curve is the loss modulus (MPa) and right curve is the Tan Delta. 

The calcium silicate hydrates is a major binding phase in Portland cements holding also 
somewhat unstable ettringite.  In dissimilarity the binding property of geopolymers results 
from the formation of a three-dimensional (mostly amorphous) aluminosilicate network 
containing sizeable tetrahedral unit with dwindling transport properties (causing thus a low 
mobility of particles). Therefore the viscosity of such dispersal heterogeneous system 
tolerates systematic formation of a required shape by slow rearrangement. The rates of partial 
polymerization reactions are in agreement with the rate of structure ordering processes. 
Depolymerization requires the formation of zeolite nuclei within a geopolymer micelle in the 
hydrous aluminosilicate gel. The time needed for such crystallization varies from a few hours 
to several days; ageing time at room temperature is about one day and crystallization time 
at 100 °C up to 100 hours (for the relevant glassy Na2O/K2O-Al2O3-SiO2 system the 
crystallization temperature is in range from 150 to 230 °C). The structure of amorphous silica 
is of a more open arrangement than that of closely related cristobalite.  Particularly, there are 
spaces on the surface sufficiently large to accommodate hydroxyl ions and such a reactive 
surface bears an ionic charge and silica is constantly being exchanged in equilibrium between 
solution and surface, which enables better physical-chemical interaction with the enforced 
fillers.  

Some practical aspects of geopolymeric composites can be seen from the matrix primary 
properties exhibiting the comprehensive strength of 100MPa, which is about twice that of 
cement but having only one-half its density. Filling with all-length polypropylene fibres 
increases its strength five times up to about 20MPa. For a plausible technological application 
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we introduces a special pultrusion technology in which the enforcing material is a yarn 
bundle, better a rowing of basalt fibres (2520 TEX, φ=13 μm), which is enforced through an 
extrusion nozzle to harden, see Fig 5.  For a weight ratio of rowing of about 80%, with matrix 
Baucis FG, the resulting banding strength reaches 360 MPa, which reliable for mechanical 
applications,cf. Fig. 5. (when expensive classical epoxy analogous composite is not more than 
twice better) [77]. The advancement of this geopolymeric composite is the excellent fire 
resistance (i.e. the high FST ≅ fire-smoke-toxicity).  Its dynamical mechanical analysis 
(DMA) provides good view on its elastic modulus (left), which gradually cure down to its 
stable value. The apex of the middle curve of loss modulus is sometimes used to determine 
the glass transformation temperature which, however, is for polysialates doubtful as for most 
amorphous materials the Tg is overlapped by crystallization consequences.  

A more detailed analysis of effects coupled with a potential glass transformation region is 
needed as its gives means to better solid phase identification. So far there were no attempts to 
look for a glass-formation coefficient, common in other types of glassy materials. We hope to 
achieve a better insight to the structure of geopolymers (and their modeling challenge) after 
furnishing our laboratory by new equipments, such as a rheological unit (ARES G2) enabling 
to work from liquid to solid state within temperature range -150 up to 600oC together with 
dielectric analyzer (Agilent) making possible to measure in wide range of frequencies. We are 
also waiting for an improved magnetic measurement in expectation to develop a 
geopolymeric matrix filled with magnetic particles to be applicable for the technology of 
magnetically conductive (thermally resistant) materials with the controlled relative magnetic 
permeability for high-performance electric motors. We also care for an improved process of 
hardening by cooperative ultrasound furnace.     

  

 
 

Fig. 5. Employed pultrusion technology showing from the left yet dry yarn bundle, in middle 
the rowing of basalt fibres, which is already dipped to the suspension matrix (Baucis FC+ 
Bindzil water-glass) and subsequently hardened in a furnace under applied tension to form 
the final oblong chip of about 20x20 mm.     
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The part two of the book is devoted to fiber structure and properties. Some nonconventional 
techniques have been explained to evaluate fiber structure and functional properties. Fiber 
cross-section analysis and characterization has been dealt in detail. The complex evaluation of 
cotton fiber quality based on utility value concept is explained. Characterization of thermal 
and mechanical behaviour of PEN fibers has been elaborated in one of the chapters. The 
possibility of replacing polyester fiber with some bio-fibers has also been explored. An 
investigation of the short time thermal shrinkage of industrial PET monofilament in wide 
range of temperatures has been included. From the kinetics of shrinkage curve maximum 
shrinkage rate is evaluated and characterized. A special chapter deals with some selected 
thermal and mechanical properties of basalt fibers and roving. The stochastic models for 
ultimate strength distribution and deformation at break of basalt filaments and multifilament 
yarns are discussed. The analysis of fibrous fragment evolved during abrasion of basalt weave 
is presented in detail. The collection of chapters dealing with a wide range of natural and 
synthetic fibers will give an insight into the production, properties and application areas in 
textile and allied fields. 
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Chapter – 4 
 

CROSS-SECTIONAL SHAPE INDICES OF FIBERS 

Jiří Militký, Dana Křemenáková and Jitka Nováková 
Technical University of Liberec, Halkova street No 6, 461 17 Liberec, Czech Republic 

 
1. INTRODUCTION 
It is well known that a lot of fiber properties are dependent on their geometrical features. One 
of the most important features having strong influence on some mechanical, transport, 
sorption and surface properties of fibers is shape of cross-section. It is well known that by the 
targeted modification of fiber surface, it is possible to dramatically improve wicking behavior, 
moisture regain and resiliency. Natural fibers and chemical fibers from natural polymers have 
usually complex cross section. Classical synthetic fibers are circular or nearly circular. New 
generations of synthetic fibers have usually specific cross-sectional shape according to the 
required purposes of their use. The review of standard methods for measurement of fineness 
and fiber cross section is given in work [6]. With advent of the image analysis it is simple to 
obtain very quickly the quantitative information about shape of fibers. Traditionally the fiber 
shape is quantified by the circularity, fullness or similar indices. These indices are not 
sufficient for complex shapes where for quite different cross sections the same values can be 
obtained or vice versa. The main aim of this contribution is to compare cross sectional shape 
indices based on fractal dimension [2-5] and indices from Fourier analysis [1] with classical 
indices [6]. In first two cases the image of cross sections is pretreated and transformed to the 
polar coordinates. Fractal dimensions are computed from analysis of variogram. For Fourier 
analysis the discrete Fourier transformation (DFT) is used. These indices are compared with 
simulated elliptical cross section having varying ratio of major and minor axes. The shape 
indices for 12 various fur hairs are compared. 
 
2. SHAPE DESCRIPTION  
It is well known that the appearance of two-dimensional (2D) objects is characterized by their 
shape characteristics. Shape information is what remains after location, orientation and size 
features of an object have been extracted. The shape indices or shape descriptors describe 
specific characteristics of shape. These descriptors should be different for different shapes for 
the purposes of discrimination. The 2D shapes can be described by the two different ways: 

a) Use of object boundary and its features in 2D plane (external representation) 
b) Description of the region occupied by object in 2D plane (internal representation) 

For both types of shape description object is characterized by its raster image (projection to 
the pixels region in the image plane), which is s result of image analysis. Good shape indices 
must have certain desirable properties as uniqueness, completeness, invariance under 
geometrical transformation (translation, rotation, scaling and reflection), sensitivity, 
abstraction from details (representation of basic features only) etc. Basic geometrical shape 
descriptors are connected with area (S), convex area (Sc), perimeter (O) convex perimeter (Oc) 
caliper dimensions and major/minor axis lengths (Lma, Lmi). From these characteristics well-
known shape indices are computed as: 
 
  Compactness = 4π*S/(O2),  
  Roundness (equal to the circularity) = 4π*S/(Oc

2), 
  Convexity = Oc/O, 
  Eccentricity EX = Lma/Lmi, 
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  Solidity = S/Sc 
 
Classical boundary indices as total absolute curvatures and bending energy of boundary are 
based on the quantification of the relative position of consecutive points on its boundary. 
Contour based boundary shape indices are based on the expression of the object boundaries 
in polar coordinates. Examples are indices based on the Fourier approximation or fractal 
dimension. 
Region indices as moment invariants are based on the definition of low order spatial 
moments. 
Details about these and other shape indices are given in [15, 16]. In the sequel the selected 
shape indices suitable for characterization of cross sectional shape of fibers are compared.  
 
3. STANDARD CROSS SECTION SHAPE COMPLEXITY MEASURES 
Standard measures of shape complexity are closely connected with definition of fiber relative 
surface area Sp, i.e. surface area on unit mass. For circular fibers having radius r is valid 
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Relative surface area Sp [m2 g-1] is dependent on the density ρ  and fineness T only.  
For noncircular fibers relative surface is dependent on the shape i.e. relation between 
perimeter Ov and fiber cross section area Sv, because  
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The classical definition of circularity c is used in this relation.  Circularity is defined as ratio 
of cross section area Sv and equivalent circular fiber (having the same perimeter) cross-
section area Se.  
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In the book [1] c is denoted as Hausner’s surface index. Circularity c is not really the only 
shape characteristic and depends for some shapes on the size of cross section (typical 
dimension of cross section). Typical examples are: 
1. For circular cross-section circularity is independent on size of sides and is equal to c = 1.  
2. For elliptic cross-section having major axis length 2a and minor axis length 2b=k*2a 
circularity is equal to 

2))1(*5.1(
*4
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kc

−+
=  .  

 
For the case b=2*a circularity is c = 0.8402. 
3. For squared cross-section circularity is independent of size of sides c = π/4  = 0.785.  
4. For rectangular cross section having sides lengths a and b=k*a circularity is equal to 
 



 
 

80

 2)1(
*
k
kc

+
=

π           (4) 

 
For the case b=2*a circularity is c = 0.698. For self-similar cross sections (extended or 
shortened in all directions identically) circularity is the same. For self-affine cross sections 
(extension or shortening is dependent on direction) circularity is dependent on the relative 
directional changes. 
In eqn. (3) so-called Malinowska’s shape complexity factor q is introduced. This factor is 
frequently used for characterization of fiber cross-section complexity in the textile 
applications [2]. It is clear that dependence between c and q is functional   
 

c
cq −

=
1          (5) 

 
Typical shape complexity factors q are shown in the fig. 1  
 

 

q = 0    q = 0,09-0,12     q = 0,45-0,5 
 

 
Fig.1 Shape complexity factors 

 
Instead of circularity it is possible to define ovality ck. The ovality is ratio of cross section 
perimeter Ov and equivalent circular fiber (having the same area of cross section) perimeter 
Oe . 
 

21/ckc    therefore     
Sv
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Ovck ===

*2 π
    (6) 

 

For more complicated shapes or higher differences in extensions on various directions 
circularity c is smaller and ovality ck is higher. For circular cross sections c=ck. In the book 
[1] ck is denoted as contour ratio. The reciprocal value of ck is usually called as Waddell 
degree of circularity. 
The main problem lies in the fact that the factors c, q and ck are not able to characterize shape 
complexity in all cases. It is no problem to select two quite different shapes with the same 
characteristics c, q and ck and vice versa.  
 
4. FOURIER SHAPE ANALYSIS 
Fourier shape indices are very popular for identification and classification of shapes. Before 
using Fourier approximation it is necessary to convert closed boundary of cross section to 
function. The simplest way is to use polar coordinate and transform {x, y) data to the radius r, 
angle ϕ  system (see fig. 2). This new coordinate system is useful for fractal dimension 
computations as well. 
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Fig. 2 Transformation of fiber contour to the polar coordinates 

 

The problems with Fourier shape analysis (see [12, 14]) can be avoided by the data 
centering, rotation of polar vectors by assigning the smallest angle to the smallest radius 
and normalization of polar coordinates [18]. 
Fourier analysis is based on the Fourier transformation from space domain d to the 
frequency domain ϕπω /2= . It is the primary tool for evaluation of periodicities by 
expressing signal r(ϕ ) by using the Fourier series of sine and cosine waves 
 

))*sin()*cos(()( 0 ϕϕϕ kbkaar k
k

k ++= ∑     (7) 

 
The first two terms have period 1, the second two terms have period 1/2, the third two terms 
have period 1/3 etc. The coefficient a0 is mean value of r(ϕ ) around the circle. One 
consequence of this is that the different pairs of terms are orthogonal (integral of their product 
is zero). This fact facilitates fitting of Fourier series to experimental data. The term ao can be 
made zero by centralization (i.e. subtracting of mean value). The eqn (7) is commonly written 
in the form 
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where  
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The elements Ak comprise the harmonic amplitude spectrum of the function r(ϕ ). This 
spectrum is used for creation of shape indices.  
For computation of Fourier coefficients the Fast Fourier Transform (FFT) can be used. This 
transforms returns the complex exponential form of the discrete Fourier transforms. The 
complex exponential coefficients in the vector RF are connected with Fourier coefficients by 
relations 
 
 )(*2 kk RFreala =   and  )(*2 kk RFimagb −=  
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where )( kRFreal  is real and )( kRFimag is imaginary part of complex vector RF. 
The two basic shape indices based on the harmonic amplitude spectrum are Fourier 
complexity and compactness. 
 
Fourier complexity FC characterizes the lobes on shape by the relative size of dominant 
harmonic AD=max(AK). The larger the AD the more complex is shape.  
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The minimum FC is equal to zero for circular shape.  
 
Fourier compactness FK measures roundness of shape. For perfect circle ∑ = 0kA and 
therefore FK is expressed as  
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The compactness is from 0 to 1 (perfect circle). 

 
5. FRACTALS 
Most of man made objects are geometrically simple and can be classified as composition of 
regular geometric shapes as lines, curves, planes, circles, spheres etc. Some objects are not be 
approximated precisely by the regular geometric shapes. One category of these objects is 
called fractals. Benoit Mandelbrot has coined term fractal in the seventies [4]. (From Latin 
fractus, meaning irregular or fragmented). Fractals have two interesting characteristics. First 
of all, fractals are self-similar on multiple scales, in that a small portion of a fractal will often 
look similar to whole object. Second, fractals have a fractional dimension, as opposite to 
integer dimension of regular geometrical objects.  
The fractional (fractal) dimension D of curve can be evaluated by the following way. Let the 
number )(δN  of line segments of length δ needed to cover the whole curve in plane is 
measured. The length of curve is estimated as δδδ *NL )()( = . In the limit 0→δ  the 
estimator )(δL  becomes asymptotically equal to length of curve L independent of δ . The 
Hausdorf - Besicovitch dimension D (fractal dimension) of this curve is the critical dimension 
for which the measure )(δdM  defined as 
 

d
d NM δδδ  )()( =         

 
changes from zero to infinity [3]. The value of )(δdM  for d=D is often finite and therefore 
for sufficiently small δ  is valid 
 
 DD LN −≈≈ 1 )(or               )( δδδδ       
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The fractal dimension is then computed as 

 
δ
δ

log
)(log1 LD −=          

Some techniques for fractal dimension computations are summarized e.g., in [5, 6].  

6. FRACTAL BASED COMPLEXITY MEASURES 
Existing algorithms for measuring fractal dimension BD  are either based on geometrical or 
stochastic approach. They correspond to alternative definition of this dimension. Geometrical 
algorithms consider the cross section boundary as object. Stochastic algorithms assume that 
this curve can be considered as fractional Brownian function.  
One of the most common methods for calculating the fractal dimension of a self-similar 
fractal is the Box counting method. By covering a structure with boxes of length Bl  the fractal 
dimension BD  is given by  
 

)ln(
)(ln(

lim
0 B

B
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where )( BlN  is number of boxes needed to completely cover the structure. Covering of objects 
by the boxes in various topological dimensions is shown on the fig. 3. Fractal dimension BD  
corresponds to the slope of the plot ).ln())(ln( BB l vs  lN  Therefore a number of boxes follows 
a relation 
 

BD
BOB lNlN −= *)(          

 
where ON  is equal to number of boxes required to cover structure for .1=Bl  this quantity is 
called topothesy of Hausdorf measure. The objects can be therefore characterized by the pair 
of numbers BD  and ON . Fractal dimension measures degree of fragmentation or irregularity in 
multiple scales [9]. It characterizes roughness and the branching complexity of the shapes.   
 

 
 

Fig. 3 Principle of Box counting algorithm 
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Some problems with fractal dimension estimation by the box counting algorithm are 
summarized in [8]. For discrimination between objects sharing the same fractal dimension but 
having different appearance, the lacunarity characteristics has been proposed [4]. This 
measure characterizes textural complexity of objects. 
For expression of non-fractal shapes complexity the Hausdordf fractal measure ON  is often 
useful. In the work [7] it was proposed to estimate fractal complexity FC from linear 
dependence of cross section length l(r) on ruler size r (divider step method).  The cross 
section length can be estimated from number of boxes multiplied by their side length i.e. 
l(r)=N(lB)*lB. The fractal complexity is therefore computed from the relation 
 

FC
l
l

lN
B

O
B +=)(          

The FC is then estimated as intercept of regression N(lB) on the 1/l. 
Some problems with fractal dimension estimation by the box counting algorithm are 
summarized in [8]. For discrimination between objects sharing the same fractal dimension but 
having different appearance the lacunarity characteristics has been proposed [4]. This measure 
characterizes textural complexity of objects. 
For expression of non-fractal shapes complexity the Hausdordf fractal measure ON  is often 
useful. In the work [7] it was proposed to estimate fractal complexity FC from linear 
dependence of cross section length l(r) on ruler size r (divider step method). 
The stochastic approach to fractal dimension estimation is based on the variogram of r(ϕ ) 
function (called often as structure function) which is defined as one half variance of 
differences (r(ϕ )  - r(ϕ +h) )  
 
 )]()([*5.0)( hrrDh +−= ϕϕΓ       
 
where D(.) is variance operator. 
The variogram is relatively simpler to calculate and assumes a weaker model of statistical 
stationarity. Several estimators have been suggested for the variogram. The traditional 
estimator is 
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where M(h) is the number of pairs of observations separated by lag h. Problems of bias in this 
estimate when the stationarity hypothesis becomes locally invalid have led to the proposal of 
more robust estimators.  
Two dimensional fractal dimension FD is then number between 1 (for smooth curve) and 2 
(for rough curve. For Fractal curves is valid  
 

 
FDhch −≈ 2)(Γ         (13) 

 
where FD is fractal dimension. The fractal dimension FD is simply computed as slope of 
linear dependence of log (G(h)) on log(h). The linear least squares method is used.  
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7. SIMULATION STUDY 
The aim of simulation study was to investigate of influence of circular cross section shape 
deformation on the circularity, fractal dimension and Hausdorf fractal measure. The elliptical 
shapes having various ratios of major and minor axes length (parameter k) were created by the 
following simple procedure in MATLAB  
 
for ii=1:100; 
  aa=1+.1*(ii-1); 
xa(:,1)=aa.*cos(tt)'; 
xa(:,2)=bb*sin(tt)'; 
end 
 
For computation of fractal dimension BD , Hausdorf measure ON  and complexity FC the 
program SHAPE in MATLAB has been created. The initial box size is equal to the 1/3 of 
maximum dimension of objects and side of boxes is halved till no box contains more than 2 
points. Regression is realized by linear least squares.  
Typical generated cross section shape for k = 10.9 is shown in fig. 4.  
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Fig. 4 Elliptical cross section (k=10.9) 

The results of box counting algorithm for this shape are shown in the fig. 5. 
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Fig. 5 Results of Box counting algorithm for shape from fig. 4 
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It is visible that the dependence in logarithmic scale is nearly linear till limit resolution when 
the number of boxes is independent on their dimensions. For computation of D and ON  the 
portion of data lying above resolution limit were used.  The dependence of ON on reciprocal 
box size in natural scale is shown in the fig. 6. 
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Fig. 6 Dependence of number of boxes on their size 

 
The last four points were used for computation of complexity measure FC. The results of 
whole simulation for k in the range from 0 to 10.9 are shown in the fig. 7 and fig. 8. 
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Fig. 7 Dependence of selected complexity measures on elliptical shape axis length ratio (k) 
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Fig. 8 Dependence of FC values on elliptical shape axis length ratio (k) 
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Based on the results of this simulation study and other studies it can be summarized that: 
 

- The classical circularity is not very useful for description of cross section shape 
complexity due to nonlinear nature. 

- Fractal dimension of non-fractal shape is practically equal to one. For self-similar 
objects can be fractal dimension one of characteristics of complexity.  

- The Hausdorf fractal measure is nearly linearly increasing function of cross section 
ellipticity.  

- The measure FC is in this case not useful due to nonlinear nature and higher 
imprecision caused by the sensitivity of intersect on deviation from linearity. 

 
One source of this no ideal behavior of fractal measures can be box-counting algorithms 
because it is not generally independent on orientation and scale of objects [8]. The 
dependence of selected shape indices on the axis length ratio in wider range of elliptic cross 
sections forms is shown in the fig. 9.  
 

 
Fig. 9 Shape indices for elliptical cross sections 

 
It is clear that the fractal dimension is near 1 and shows no increasing complexity due to 
ellipticity enhancing. The courses of compactness and circularity are very similar. Interesting 
behavior has Fourier complexity growing from zero to plateau starting from axis length ratio 
about 20.  
 
8. COMPARISON OF INDICES 
For comparison of various shape indices the selected fur hairs having nearly elliptical cross 
section were used. The following furs are tested (red fox - 2 varieties, silver fox - 2 varieties, 
rabbit – 2 varieties, polar bear, brown bear, chinchilla, cat, mink, nutria). For these 12 
different materials the FK (variable 1), FD (variable 2), FC (variable 3), EX (variable 4) and c 
(variable 5) were computed as average values from bundles containing about 120 individual 
hairs. In the fig. 10 so-called combined graph is given. This graph contains position of all 12 
furs in the space of first two principal components. The principal components were created 
from mean centered data (covariance matrix). The lines represent the directions and length of 
all 5-shape indices marked by corresponding number.  
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Fig. 10 Combined graph of principal component 
 
It is clear that the individual furs have no tendency to create clusters (similar positions in the 
principal component space). There are similarities between indices no 3 (FC) and 4 (EX) and 
weaker similarity between indices no 1 (FK) and 5 (c). The fractal dimension FD (no 2) is far 
from other indices. The correlation map containing paired correlations between indices is 
given in the fig. 11. 
 

 
 

Fig. 11 Correlation map for shape indices 
 

The high correlation between indices no 3 (FC) and 4 (EX) and weaker correlation between 
indices no 1 (FK) and 5 (c) is clearly visible. The type of dependencies between indices is 
visible from scatter diagrams in the fig. 12.  
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Fig. 12 Scatter diagrams for shape indices (Corresponds to row and column numbering)  

The nonlinearities are very small and therefore the all shape indices excluding fractal 
dimension FD are exchangeable because give nearly the same information. Due to the 
simplicity of computation and clear meaning is for these furs sufficient to use circularity and 
fractal dimension only. 
 
9. CONCLUSION 
The classical circularity c is suitable for nearly elliptical cross sections. The fractal 
characteristics of fiber cross-section shape could be useful especially for more complex 
shapes or finer discriminations. It will be probably necessary to use pair of values BD  and ON . 
One of advantages of box counting is simplicity to use images. Therefore, it can be possible to 
analyze the cross section of fibrous bundles. According to the scale factor (box size) it can be 
possible to analyze individual fibers fractal based complexity or clustering tendencies in 
fibrous bundles. For multilobal shapes Fourier shape indices should be more suitable. One of 
the advantages of variogram is simplicity. There is no problem in analyzing the cross section 
of fibrous bundles.  
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Appendix: Shape indices for real polyester fibers 

  
Fig. 7 Fiber cross sections  

 
Results from program SHAPE 

 
semiaxes ratio =    1.1913. 
excentricity =   0.543487. 
Number of nodes fft =   2. 
shape complexity fft =   0.0285816. 
compactness fft =   0.767135. 
rel max. periodogram =   144.493. 
fractal dimension mean =   1.22658. 
fractal dimension fin =   1.12015. 
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Fig. 8 Variation of shape indices of cross sections from fig. 7 
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Chapter – 5 
 

COTTON FIBER QUALITY CHARACTERIZATION BY COMPLEX 
INDICES 

 
Jiří Militký and Dana Křemenáková 

Faculty of Textile Engineering, Technical University of Liberec, Liberec 461 17, 
 
 

1. INTRODUCTION 
The cotton classification is a system of standardized procedures for measurement of raw 
cotton properties (physical attributes) that affect quality of processing (spinning mainly) and 
quality of products (yarns). There exist a plenty of standards and HVI techniques for 
characterization of cotton fibers. Despite of some differences in measurement principles it is 
possible to specify basic cotton fiber properties having potential influence to the cotton 
quality or spinning ability.  The main problem with utilization of these properties for quality 
characterization is multivariate character of information, various units and lack of 
transformation to the utility scale. One of the first attempts to create aggregated criterion of 
cotton fiber quality was fiber quality index (FQI). Some other criteria are based on the 
regression models connecting fiber properties with parameters characterizing spinning ability 
or quality of yarn (characterized by yarn strength). Examples are spinning consistency index 
(SCI) or premium discount index (PDI). The main problem with all above mentioned 
characteristics of cotton fiber quality are due to strong dependence on the units of individual 
cotton properties and methods for their evaluation, utilization of dimensional parameters 
based on the limited amount of experimental data and no defined ranges (limits).  According 
to the general definition, the quality is characterized by several properties expressing the 
ability of a product to fulfil functions, it was designed for. The degree of quality (complex 
criterion) is often expressed as utility value U. Evidently, general quality of textiles is 
characterized by many of various utility properties Ri (i = 1,…m). These are such properties 
that make it possible for the product to fulfil its function. Utility value U∈<0, 1> aggregates 
then in some certain way partial quality properties. The importance of these properties is 
generally dependent on the spinning technology. 
The purpose of the paper is to describe the complex evaluation of cotton fibre quality (cotton 
quality index U) based on utility value concept. The other empirical complex characteristics 
of cotton fiber quality are also computed. The program QCOTTON written in MATLAB is 
briefly mentioned. The comparison of selected complex criteria is demonstrated on the two 
set of real data. First set are results of the US crop study of 1997 and 1998 and second set are 
typical cotton varieties used in the Czech Republic for rotor yarn creation.Quality is very 
frequent word used in industry as synonym for good product, technologies etc. Strictly 
speaking this word is frequently misused or misinterpreted. In some cases word “quality” is 
used for expression maintainability, reliability or economy of production. Especially in the 
textile branch, it is necessary to define quality very precisely because textile products (e.g. 
weaves) can be used for various applications (ranged from clothing to wipes). One of general 
definition of quality is:”Quality express ability to fulfill needs of applicability“. Therefore 
before speaking about quality it is necessary to specify the potential target application of 
textiles.  
The quality of the textile fibers is dependent on the aims of evaluation: 
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• Fiber producers: quality means the achievement of required technological parameters 
(geometrical evenness, fineness, shrinkage, mechanical and physical parameters etc.). 

• Textiles producers: quality means the ability to fulfill requirements of technologic 
operations and process ability (friction, surface properties, cohesion, selected 
mechanical and physical properties, and evenness). 

• Consumers: fiber quality is hidden in the properties and comfort of fabrics (hand, 
wearing comfort, thermal comfort, transport properties etc.).  

 
Natural fibers: controlled changes of properties are very difficult (selection, breeding, gene 
manipulation) and therefore the quality is oriented to the process ability, yarn characteristics 
(especially strength) and mixing potential. 
Chemical and synthetic fibers: by variation of fiber geometry (fineness, cross section profile, 
texturing) and spinning conditions (rate of production, drawing degree, temperature, forming 
conditions) is possible to markedly change majority of properties. The chemical modification 
is another way to change of properties. The general definition of quality according to the aim 
of utilization can be used here for ranking and classification. 
According to the general definition, the quality is characterized by several properties 
expressing the ability of a product to fulfill functions it was designed for. The degree of 
quality (complex criterion) is often expressed as utility value U (Militký (1980)). Evidently, 
general quality of textiles is characterized by many of various utility properties Ri (i=1,…m). 
These are such properties that make it possible for the product to fulfill its function. Utility 
value U∈<0, 1> aggregates then in some certain way partial quality properties (Arrow (1971), 
Cerny (1980)). 
The purpose of the paper is to describe the complex evaluation of cotton fiber quality (cotton 
quality index U) based on this idea. The results of HVI measurements are used as input 
information. The applicability of cotton quality index is demonstrated on the simulation-based 
and practical examples. 
 
2. COTTON FIBER QUALITY 
In 1907 an international group of cotton industry representatives recommended to establish 
uniform cotton standards to “eliminate price differences between markets and make the 
farmers more cognizant of the value of their products”. In response to requirements of 
standardization the cotton grade standards and cotton classification systems were elaborated 
and authorized by US Dept. of Agriculture.  
The cotton classification is system of standardized procedures for measuring raw cotton 
properties (physical attributes) that affect quality of processing (spinning mainly) and quality 
of products (yarns). The classification system of US cottons is described on the net 
(http://www.cottonic.com/CottonClassification). 
There exist lot of standards and HVI techniques for characterization of cotton fibers. It is 
known that there are some differences in the principles of measurements and the results of 
AFIS and HVI spectrum apparatus. The differences exist between measurements of fiber 
strengths based on the bundles concept or single fiber concept as well (Militký (2004)). 
Despite these differences it is possible to specify basic cotton fiber properties having potential 
influence to the cotton yarn strength (Rasked (2002)):  

 
Fiber length (expressed as upper half mean UHM [mm], 
fiber length uniformity (expressed as uniformity index UI [%]), 
fiber strength (as bundle strength STR [cN/tex]), 
fiber elongation at break (EL [%]) 
fiber fineness and maturity (expressed by micronaire reading (MIC [-]), 

http://www.cottonic.com/CottonClassification�
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short fiber content (SF [%]), 
thrash content TR [%]. 
  

The importances of these properties are generally dependent on the spinning technology. The 
relative weight b of above listed properties (as importance percentages divided by 100 and 
then standardized - sum of weights should be one) are given in the Table 1. 
 

Table 1. Contribution of cotton properties to the yarn strength 
 

Property/ weight 
 

Rotor 
yarn 

Ring 
yarn 

UI [%] 0.20 0.22 
MIC [-] 0.16 0.17 
UHM [mm]  0.14 0.24 
STR [g/tex] 0.28 0.22 
EL [%] 0.09 0.06 
SF [%] 0.06 0.06 
TR [%] 0.07 0.03 

 
The values in the Table 1 were derived from pie graphs presented in the work (Rasked 
(2002)). The main problem with utilization of above-mentioned properties for quality 
characterization is multivariate character of information, various units and lack of 
transformation to the utility scale.  
One of first attempts to create aggregated criterion of cotton fiber quality was fiber quality 
index (FQI ) expressed by relation (Anonym (1983)) 

 
FQI = (fiber strength*length)/fineness     (1) 

 
South India Textile Research Association proposed modified version in the form (see. 
Majundar et. al. (2005))) 

 
FQI = (fiber strength*length*uniformity*maturity coefficient)/fineness 

 
For HVI results FQI is expressed in the form 
 

* *UHM UI STRFQI
MIC

=        (2) 

 
Some other criteria are based on the regression models connecting fiber properties with 
parameters characterizing spinning ability or quality of yarn (characterized by yarn strength).  
The spinning consistency index (SCI) is connected with cotton HVI properties through 
regression model (Anonym (1999)) 

 
414.67 2.9* 49.1* 4.74* 9.32* .95* 0.36*SCI STR UHM UI MIC Rd b= − + + + − + +    (3) 

 
Where Rd is reflectance degree and b is yellowness of fiber. Based on the regression equation 
relating fiber properties with yarn strength the premium discount index (PDI) was derived. 
The PDI expressed in the standardized fiber parameters (see. Majundar et. al. (2005)) have the 
form 
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*22.15* 4.75* 4.37* 11.9 20.78* 7.8*s s s s sPDI STR EL UHM UI SFC MIC= − − + − −  (4) 
 

where subscript (s) denotes the standardized variable (mean value subtraction and division by 
standard deviation). The multiplicative analytic hierarchy process (MIA) criterion (see. 
Majundar et. al (2005)) can be expressed by relation 
 

0.27 0.039 0.291 0.145

0.11 0.145

* * *
*

STR EL UHM UIMIA
MIC SFC

=      (5) 

 
In the book (Korickij (1983)) so called geometric properties index (IG) was introduced. This 
index is based on LVI measured properties  
 

IG = 0.1*Lm*UI*(1-SF/100)*MAT*(FI)-0.5    (6) 

 
where Lm is cotton fibers weighted mean length, FI is fiber fineness and MAT is maturity. For 
HVI measured properties IG can be expressed as  
 

* *(100 )
10000*

UHM UI SFIGa
MIC

−
=       (7) 

or 
* *(100 )*
1000000*

UHM UI SF MATIG
FI

−
=       (8) 

 
The relation (7) is very rough because the micronaire is combination of fiber fineness and 
maturity. Index IG correlates with yarn mass unevenness by empiric relation (Korickij 
(1983)) 
 

2100*
g P

ACV
I T

=         (9) 

 
where A2 = 11.7 for long staple cottons and A2 = 14.7 for medium staple cottons. TP is yarn 
fineness. Index IG correlates with yarn strength variation coefficient CVP by empiric relation 
(Korickij (1983)) 
 

3100*
4*P

g P

ACV
I T

=         (10) 

 
where A3 = 3.85 for long staple cottons and A3 = 4 for medium staple cottons. Cotton yield 
during spinning is expressed by relation 
 

95.4 2.9*B TR= −         (11) 
 

Complex quality index (IK) expressing the spinning ability of cottons is then defined as 
combination of IG and B with inclusion of cotton fibers price C. 
 

4
4 * * /gIK A B I C=         (12) 
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where A4 = 0.0108 for long staple cottons and A4 = 0.0141 for medium staple cottons. These 
relations were derived from Russian cottons and LVI measurements.  
The main problem with all above mentioned characteristics of cotton fiber quality are: 

 
1. strong dependence on the units for individual cotton properties and methods for 

their evaluation, 
2. utilization of dimensional parameters based on the limited amount of experimental 

data (from the past crops), 
3. no inclusion of individual fiber properties importance for individual spinning 

technologies. 
4. no possibility to change parameters for new crops without tedious experimentation 
5. no defined ranges (limits) for quality indices. 
 

Our approach based on the utility function concept is more general and can be easily modified 
for the future (the properties of cottons are dependent on time progressively and change in 
positive sense due to breeding and genetic manipulation) 
 
3. UTILITY VALUE CONCEPT 
Evaluation of quality based on complex criterion (cotton quality index U) is closely related to 
the well-known problem of complex evaluation of variants (Cerny (1980)). For complex 
evaluation of variants, the X matrix of the (n x m) order is available containing for individual 
V1,.....Vn variants ( X matrix rows) the values of selected R1,.......Rm characteristics ( X matrix 
columns). 
The xij element of the matrix thus expresses the value of the j - th characteristic of Rj for the 
i-th variant of Vi. The aim is to sort individual variants in the order of their importance. In 
economics several different methods are used in this field and most of them are based on 
preferential relations (Cerny (1980)). A special technique is the so called "useful effect 
method" or "base variant method". Base variant practically represents an ideal state where 
individual characteristics get optimum values. 
By means of oj (j = 1,...m) values for individual characteristics of a base variant, 
dimensionless standard quantities uij are calculated. If the increase of the Rj characteristic is 
accompanied by the increase of quality, the standard quantities are calculated according to the 
relation 

min( ,1)ij
ij

j

x
u

o
=         (13) 

In opposite case, the dividend and the divisor are interchanged. As U(R) = U(u) is 
aggregating function a suitable weighted average is used. Generally a question may arise 
whether a suitable aggregating function really exists (Arrow (1971)). 
Modification of this approach for expressing textiles quality is shown in the work (Militký 
(1980)). The procedure for prediction of cotton fibers quality from point of view of the yarn 
strength is described in sequel. 
Let us have K utility properties R1 ,...,RK (cotton fiber properties selected in the Table 1). 
Based on the direct or indirect measurements it is possible to obtain some quality 
characteristics x1 ,...,xK (mean value, variance, quantiles etc.). These characteristics represent 
utility properties. Functional transformation of quality characteristics (based often on the 
psycho physical laws) lead to partial utility functions 
 

( , , )i iu f x L H=         (14) 
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where L is value of characteristic for just non acceptable cotton (ui = 0.01) and H is value of 
characteristic for just fully acceptable product (ui = 1). Cotton quality index (U) i.e. utility 
value is weighted average of ui with weights bi 

( , )i iU ave u b=         (15) 

Weight bi corresponds to the importance of given utility property (Dobrov (1977)) and is 
closely connected with area of cotton application. The weighted geometric mean used as 
average has following advantages: 

• For zero value of ui is also U = 0. This means that combinations of other utility 
properties cannot replace non-acceptable utility property. 

• Geometric mean for not constant ui is always lower than arithmetic mean. This 
reflects evaluation based on the concept that the values of utility properties close 
to unsatisfactory cottons are more important for expressing the quality than those 
close to optimum cotton. 

Basic steps of utility function computation are: 
• Selection of characteristics xi corresponding to utility properties Ri, 
• Determination of preferential functions u(xi) expressing "partial quality" for 

chosen utility property, 
• Assessment of the importance of individual utility properties via weights bi, 
• Proper aggregation, i.e., determination of the U function. 

For the cases of cotton fibers quality utility properties and weights are already selected (see. 
Table 1). For aggregation the weighted geometric mean can be used and therefore the 
preferential functions u(xi) have to be proposed only. Partial utility function is in fact 
psychophysical variable expressing the sensation of quality induced by (measured) 
characteristic of cotton property. The computation of preferential functions is dependent on 
the measurement scale and property type. 
Ordinal characteristics - in this type of scale, classification has been introduced, but 
differences are not quantified. Grades are awarded by the comparison with etalons. Usually 
the higher the grade; higher is the partial quality. 
Cardinal characteristics - are usually expressed in physical units. There are two types of 
cardinal characteristics. 
One-side bounded characteristics are those where after the Hj value has been exceeded utility 
does not change any more (fiber strength, length, etc.). After standardization the partial utility 
function is computed e.g. by using Harrington preference function 
Two-sides bounded characteristics are those where on both sides from "the optimum" partial 
utility decreases (e.g. fiber micronaire). 
The nonlinear transformation to preference functions for cardinal utility values is given in the 
work (Militký (1980)). For expressing quality of cotton fibers it is sufficient to replace 
standardization and nonlinear transformation to the partial utility function by the piecewise 
linear transformation. 
For one side bounded properties quality is monotone increasing or decreasing function of 
quality characteristic x and therefore the piecewise linear transformation has form shown on 
the Fig. 1. For the case of LB (lower is better) properties were limits selected according to the 
known ranges published e.g. in (Rasked (2002)). 
 

Trash content TR [%]     L = 6  H = 2 
Short fiber content SF [%]   L = 18  H = 6 

For the case UB (upper is better) properties limits were selected according to the known 
ranges published e.g. in (Rasked (2002)) 
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Strength HVI STR [g/tex]   L = 23  H = 31 
Length UHM [mm]    L = 25  H = 32 
Uniformity index UI [%]   L =77  H = 85 
Elongation EL [%]    L = 5  H = 7.7 

u(
x)

xL H

0.1

1

 
Fig. 1 Transformation for one side bounded cotton properties (L is lower limit and 

H is upper limit) 
 
For two side bounded properties quality is monotone decreasing function of property value x 
on both sides from optimal (constant) region and therefore has the piecewise linear 
transformation form shown in the Fig. 2. 

u(
x)

xL1 H1 L2H1

1

0.1

 
Fig. 2 Transformation for two side bounded cotton properties (L1, L2 are lower limits and 

H1, H2 are upper limits) 
 

For this case limits were selected according to the known ranges published e.g. in (Rasked 
(2002)) 
 

Micronaire MIC [-]  L1 = 3.4, H1 = 3.7  L2 = 5, H2 = 4.2 
 

The weighted geometrical average U characterizing cotton fibers quality i.e cotton quality 
index is then simply calculated by the relation 

m

j
j=1

 = exp (   *ln (  ) )jU b u∑        (16) 

When forming the aggregating function U from experimentally determined values of 
individual utility properties, the statistical character of the xj quantities should be considered 
and the corresponding variance D(U) should be also determined.  
 
4. PROGRAM QCOTTON 
Program QCOTTON written in MATLAB is based on the above-proposed procedure. The 
Bootstrap type technique described in (Meloun and Militký (2011)) has been applied for 
computation of the statistical characteristics of cotton quality index. This technique is based 
on the assumption that for each utility property Rj the mean value xj and variance s2

j are 



 
 

99

determined by standard treatment of the measured data. The procedure of the statistical 
characteristics of cotton quality index U estimation is divided into the following parts: 

I. Generation of x(k)
j  (j=1,.....m) values having normal distribution with mean values xj 

and variances s2
j. The pseudorandom number generator built in MATLAB is used.  

II. Calculation of the cotton quality index U(k) using the relation (12). 
III. The steps I and II are repeated for k=1,.....n (usually n=600 is chosen). 
IV. Construction of a histogram from the values U(k) (k=1,.....n) and computation of the 
estimators of E(U), D(U). 
 

5. SIMULATION RESULTS 
The influence of micronaire changes and upper half mean changes to the cotton quality index 
of some ideal cotton fiber is shown in the Fig. 3. 

 

 
Fig. 3 Influence of MIC and UHM on utility value 

 
In accordance with expectation increase of UHM leads to better quality expressed by U value. 
Micronaire influence is more complex because a smaller value indicates immature cotton and 
higher values are for too coarse cotton. The distribution of U for the idealized case when 
relative errors of measurement CV are 3 % for all properties are given in Fig. 4. 

 

 
Fig. 4 Distribution of U values for measurements with 3 %precision  

 
There are visible differences between the U values for rotor and ring yarn weighting 
coefficients. 
 

Complex criterion (weights for rotor) :  
Mean   lower limit   upper limit  
0.49 ¨  0.4.86   0.494  
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Complex criterion (weights for ring ) :  
Mean   lower limit   upper limit  
0.479 ¨  0.4.75   0.484  

The differences between both types of weights are not so high but the confidence intervals are 
not overlapped and conclusion is “this cotton is significantly better for rotor yarn production”.  
 
6. EXPERIMENTAL PART 
For evaluation of proposed cotton quality index and comparison with other quality criteria the 
two data sets are selected. 

Data set I 
The results of the crop study of 1997 and 1998, which includes 33 sets of cottons (Majundar 
et. al. (2005)) were used for comparison of U with some other cotton quality indices. For 
different cotton varieties the International Textile Center (USA) evaluated all the 
characteristics required to computation of cotton quality index U excluding trash content (in 
evaluation of U the value TR = 2 was selected). The quality of data was investigated by 
multivariate exploration techniques (Meloun, Militký and  Forina (1993)).  
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Fig. 5 Mahalanobis distance for cotton varieties properties  

 
The Mahalanobis distance (Meloun, Militký and Forina (1993)) for all cotton varieties are 
shown in Fig. 5. It is clear that all points are below the limit for highly influential points. 
Based on the cluster analysis the data were divided into two groups as is shown in Fig 6a. 
These groups are visible in the projection into first three principal components. 
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Fig. 6 Multivariate exploration of cotton varieties properties from HVI  
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In the smaller group (7 cotton varieties) are cottons having extra high STR, higher UHM and 
lower SCF i.e. this group contains cotton varieties of higher quality.  

 
Data set II 

The 15 typical cotton varieties used in Czech Republic were selected (Militký (2004a)). Their 
basic properties obtained from HVI apparatus are graphically summarized in Fig. 7.  

 
Fig. 7 Cotton varieties properties from HVI  

 
From mechanical properties and geometry point of view the cotton GIZA 70 is the extreme. 
This fiber has highest strength STR.  

 
7. RESULTS AND DISCUSSION 
It is useful to discuss the results for each data set individually, because the purpose of 
evaluation is slightly different. 

Data set I 
The cotton quality index U for all cotton varieties are given in Fig. 8.  
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Fig. 8 Computed cotton quality indexes (utility values)  
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It is visible that according to the cotton quality index cotton varieties are separated into two 
groups. In the low value of U are cottons with very low UHM (No. 7, 13, 33) or very high 
micronaire (No. 7, 14, 20, 33). The comparison of U with FQI is shown in Fig. 9a. 
Corresponding correlation coefficient for ring yarn is r = 0.434 and for rotor yarn is r = 
0.408. The comparison of U with SCI is shown in Fig. 9b. Corresponding correlation 
coefficient for ring yarn is r = 0.692 and for rotor yarn is r = 0.693.  
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Fig. 9 Computed cotton quality indexes (utility values)  
 

The comparison of U with PDI is shown in Fig. 10a. Corresponding correlation coefficient for 
ring yarn is r = 0.473 and for rotor yarn is r = 0.510. The comparison of U with MIA is 
shown in Fig. 10b. Corresponding correlation coefficient for ring yarn is r =  0.538 and for 
rotor yarn is r =  0.530. 
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a)        b) 

Fig. 10 Computed cotton quality indexes (utility values)  
 

The best correlation exists between U and SCI. Other correlations are highly significant as 
well. In each cases are visible the outlying points with very low values of U. Main reason of 
this deviations are higher low limits for UHM (25 mm) and low higher limit for MIC (5) used 
for computation of U. 
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Data set II 
The correlation matrix between basic HVI parameters is given in the table 2. 

 
Table 2. Correlation matrix between HVI parameters 

Variable STR EL UHM MIC 
STR 1 -0.25851 0.925335 -0.16529
EL -0.25851 1 -0.39094 -0.18283
UHM 0.925335 -0.39094 1 -0.30175
MIC -0.16529 -0.18283 -0.30175 1

 
The strength STR correlates strongly with length of fiber expressed by UHM. The other 
parameters are not significant. The relation between UHM and HVI cotton strength (STR) are 
shown in Fig. 11. 
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Fig. 11 Relation between UHM and HVI cotton strength  

 
The utility value for all cotton varieties are given in Fig. 7. Because the short fiber content 
and trash content were not measured their corresponding optimal values are used (TR = 2, SF 
= 6) 
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Fig. 12 Computed cotton quality indexes (utility values)  

 
It is visible that according to the quality indices cotton varieties are separated into two groups. 
In the low value of U are cottons with very low strength (No. 8, 9) or very low maturity (No. 
1, 2, 10). The greatest U value is for USA 2121 (No. 13) variety. The differences between 
ring and rotor yarn quality are not very high. 
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8. CONCLUSION 
Described procedure for evaluation of cotton quality index (U) can be very simply modified 
for other selected properties or other set of weights. This is important for future cotton 
varieties. Based on preliminary results it will be probably necessary to solve problems with 
some cotton varieties having small micronaire due to fineness and relatively high strength. 
For these cases it will be necessary to add restriction to the L1 and H1.  
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1. INTRODUCTION 
Polyesters are the major group of man-made fibres with high performance properties for 
engineering end use [1]. Glass transition temperature of poly(ethylenetrephtalate) (PET) is 
slightly above 80oC, which indicates that below this temperature are fibres in glassy state [1]. 
This can have  serious limitation for application of PET fibres at elevated temperatures [2]. 
Blends of PET and PEN have been attracting increasing interest because they combine the 
superior properties of PEN with an affordable cost structure of PET. It is known, that 
introduction of even low level of 2,6,naphthalene units in place of terephtalate moieties acts to 
disrupt crystallinity, increase Tg, improve static chain packing, and decrease local segmental 
mobility in the amorphous phase of copolymers. Replacement of benzene ring by the 
naphthalene one in polyester leads to the improving barrier properties and tensile modulus. 
Basic structural and mechanical characteristics of PEN fibres have been presented [3]. The 
polyethylene 2, 6 naphthalate (PEN) is relatively new polyester on the market having rigid 
naphthalene ring in its backbone. This polyester exhibit higher glass transition Tg (about 
123oC), higher crystallization temperature (194oC) and higher melting point (270oC) than 
PET. The elastic modulus of crystalline regions of PEN in direction parallel with chain axis is 
145 GPa. This is about 40% higher than corresponding modulus for PET 108 GPa.  Mixture 
of these polyesters form random copolymers due to trans-esterification during melts 
processing. The glass transition temperature of PET/PEN increases linearly with volume 
fraction of PEN [4]. It is, therefore, possible to control properties associated with Tg by 
incorporating PEN in PET. The addition of PEN improves gas barrier properties as well 
(McDowell & all (1998)). In contrast to PET, which crystallizes into only one crystal 
modification, PEN has two different crystal modifications. The α modification is triclinic with 
density 1407 kg/m3. The β form is triclinic as well but with different cell parameters. This 
form has higher density 1439 kg/m3. The molecules in this modification are therefore densely 
packed but are not fully extended along the chain direction. Crystalline phenomenon may 
occur during the fibre formation processing. Due to increased take up speed velocity of 8000 
m/min the initial modulus is increased to 30 GPa, tenacity up 0.8 GPa and deformation at 
break 10%. At take up speed of 2000 m/min the properties are quite different. Modulus is 
about 3 GPa, tenacity about 0.3 GPa and break elongation about 100 %. [5]. For application 
of PEN in the tire cords and other structures it is often required to know behaviour under 
cyclic loading with dependence on frequency and temperature [6].  
The main aim of this contribution is measurement and characterization of thermal and 
mechanical behaviour of PEN fibres. The influence of PEN content on thermal and 
mechanical characteristics is analyzed. 
 
2. PROBLEMS OF POLYESTER FIBER MODIFICATION  
Main activities in the development of synthetic fibres are in the area of the physical and 
chemical modifications. In this section the general aspects of fibre modifications specific to 
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the polyester fibres are discussed. The term ”modification“ is used to designate a deliberate 
change in composition or structure leading to an improvement in some fibre properties. The 
main aim of modification can be: 
* To obtain new properties, such as affinity for cationic dyes, 
* To enhance some positive properties, such as resistance to ultraviolet radiation, 
* To suppress some negative properties, such a reducing the pilling tendency. 
 
In spite of the great number of existing modification methods no consistent classification is 
available as yet. From the general viewpoint, however, it would appear advisable to classify 
the modification methods by the production steps at which they are applied. The following 
classification scheme results [6]: 
1.  Modification during the  course of polymer preparation 
• Preparation of copolymers, 
• Using additives, 
• Reducing the molecular mass. 
2.  Modification in course of fibre preparation  
• Readjustment of drawing and setting conditions, 
• Change in speed of spinning, 
• Texturing, 
• Change in cross section geometry, 
• Change in fineness, 
• Bi-component and multi-component fibre production. 
3.  Modification after fiber production   
• Grafting, 
•  Plasma etching, 
•  Controlled surface changes. 
4.  Combined modification 
 Hollow micro porous co- polyester fibres containing additives 
Details about these modifications are summarized in the book [1]. The description of 
modification effect on fibre properties is complicated by the fact that modification impacts  
not only fibre structure and fibre properties but also conditions of fibre preparation.  The main 
issues can be summarized as follows: 

 It is difficult to measure structural parameters which directly influencs a given property (tie 
chain) 

 The properties are distinctly dependent on chemical composition of fibbers (chain 
flexibility) 

 Structural parameters are measured in static state whereas properties are usually 
determined in a dynamic state 

 Structure is changed during the measurement of some properties 
 
Influence of co-monomer on fibre properties can be divided to the following categories 
A.  Co-monomer has no effect 
B. Co-monomer  has indirect effect 
C. Only the Co-monomer  concentration matters (equilibrium melting point) 
D. It is the type of  Co-monomer  that matters (Tg, dye ability) 
E. Co-monomer  type and concentration have  simultaneous impact 
 
Modification generally affects other technologically important characteristics such as the 
process of fibre preparation, molecular mass of melt, degree of melt degradation and rate of 
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crystallization. It is therefore difficult to separate effect of chemical modification from 
modification of technological parameters. Effect of combined physical and chemical 
modification on the basic structural characteristics and dye ability of modified fibres is 
described [6]. 
 
3. PET/PEN FIBERS AND THEIR PREPARATION 
It is known, that introduction of even low level of 2,6,naphthalene units in place of 
terephtalate moieties acts to disrupt crystallinity, increase Tg, improve static chain packing, 
and decrease local segmental mobility in the amorphous phase of copolymers. These results 
are supported by the geometrical structure of the two units (see Figure 1). 
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Fig. 1 Dimensions of 2,6 naphthalene (A) and terephtalate (B) units 

The molar volume of PEN (VPEN = 182.4 cm3/mol) is higher than molar volume of PET (VPET 
= 144 cm3/mol). The amorphous density of PEN (ρaPEN = 1327 kg/m3) is lower than 
amorphous density of PET (ρaPET = 1333 kg/m3). The crystalline density of PEN (ρcPEN = 
1407 kg/m3) is lower than density of PET (ρcPET = 1440 kg/m3). The 2,6, naphthalene unit is 
substantially larger and does not fit into the unit cell of PET. The bulky kinked 2,6 
naphthalene units in PEN are much less mobile than the terephtalate units. Amorphous phase 
free volume and local segmental mobility are reduced due to PEN presence. At  temperatures 
around 60oC or higher the motion of rigid naphthalene ring occurs. One possible motion is 
hindered rotations of the naphthalene rings about the backbone. Another possible motion is 
interlayer slippage of the naphthalene rings. During the deformation of PEN, the naphthalene 
rings are rapidly aligned parallel to the surface of the fibres and also occurs at highly localized 
regions. The subsequent slippage can leads to necking behaviour during deformation. The 
naphthalene portions exhibit higher creep compliance. 
The fibrous samples having various content of PEN were prepared under comparable 
conditions. The five distinct samples of PEN/PET fibres described in Table I have been used. 
Selected properties of these fibres are indicated.  
 

Table 1. Basic characteristic of PET/PEN samples 
Sample PEN content 

[%] 
Intrinsic 
viscosity 

Boiled water 
shrinkage [%] 

Dry air – 1800C 
shrinkage [%] 

A 0 0.625 0.4 2.7 
B 5 0.56 1.4 4.7 
C 10 0.586 1.2 7.0 
D 15 0.582 2.2 8.4 
E 20 0.61 2.2 14.5 

 
It is clear that the fiber shrinkage increases with increasing PEN content. Shrinkage is 
generally associated with the relaxation of the oriented amorphous chains and the removal of 
residual stresses formed during processing of fibres. Stress induced crystallization can reduce 
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the shrinkage as well. Because both shrinkage temperatures are above the start of motion of 
naphthalene rings the shrinkage processes are facilitated. 
 
4. THERMAL ANALYSIS 
Thermal behaviour was investigated from DSC traces measured on the Perkin Elmer DSC 6 
apparatus. The melting peak has been characterized by melting temperature Tm [0C] (at peak 
maximum) and heat of fusion Hf [J/g] (area under peak). Glass transition temperature Tg has 
been characterized by the point of inflection on the first endothermic bend on DSC trace. 
Results are summarized in Table 2. 
 

Table 2. Thermal properties 
Sample Tm [0C] Hf [J/g] Tg [0C] 
A 254.77 51.35 77.62 
B 246.996 43.082 79.59 
C 236.235 49.16 82.52 
D 227.37 35.815 85.46 
E 214.016 36.479 87.4 

For miscible blends, the melting point of crystalline component is lowered with respect to 
pure component as result of interaction between polymers. In the PET/PEN blends near pure 
PET it is assumed that crystalline polymer consist only of PET. This assumption was proved 
experimentally [7]. The lowering of Tm is described by Nishi Wang equation: 

)
*

1(* 20 f
H

VB
TT

PET

PET
mm +=

     (1) 
where 0

mT is equilibrium melting point VPET=0.7477 cm3/g is molar volume , HPET = 121.24 
J/g is heat of fusion for PET. B is defined as interaction energy density while f is volume 
fraction of PEN in fibres. Value of B= -17.6 J/cm3 has been found in Saleh & Jabarin (2001). 
The values of 0

mT  are about 25-30oC higher than Tm for the same f. The value of B is directly 
connected with Flory Huggins interaction parameter: 
 

* /( * )PETB V R T=χ        (2) 
where R is universal gas constant. The small negative χ (-0.407 for 3000C) shows that the 
blend system can form a thermodynamically stable, compatible mixture at melting. The 
dependence of melting point temperature on concentration of PEN is given in Figure 2. 
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Fig. 2 Dependence of melting point temperature on PEN fraction f 
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The linearity of Tm on f dependence is clear. The least squares regression model has the form. 
 

256.101 202.256*mT f= −       (3) 
 

This linearity is probably valid in the restricted range of PEN concentration only. To validate 
the Nishi Wang equation the following procedure has been adopted: first the smoothed values 
Tms were computed from linear dependence of Tm on f. The T0m was predicted from Equation 
1 for  B leading to difference between T0m and Tms equal to 20 oC at f = 0.2. The 
corresponding B = - 327.6 J/cm3 is much higher. The dependence of Tms and T0m computed 
by  
this way on f are shown in the Figure 3. 
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Fig. 3 Dependence of smoothed Tms and predicted T0m on the PEN fraction f. 

 
It is well known, that the Tg of random copolymers is lowered due to presence of modifying 
units. Because the PET/PEN forms random copolymer its glass transition temperature is well 
described by the linear mixing rule defined by Gibbs-Di Marzio relation: 

( ) * *(1 )g gPEN g PETT f T f T f= + −       (4) 

where Tg(f) is in units [oC]. From published values TgPET=81oC , TgPEN=123 oC the  ideal Tg(f) 
can be predicted. In reality the dependence of  Tg is a function of   many factors such as  
molecular (molar mass and distribution) and structural components  and therefore these 
parameters should be computed for real polymers. The experimental dependence of Tg on f is 
shown in the Figure 4. 
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Fig. 4 Dependence of glass transition temperature Tg on PEN fraction f. 
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The linear relationship of Tg on f can be seen. The least squares regression model [8] has the 
form: 
 

77.402 50.86*gT f= +        (5) 
 
From these values the Tg of both polyesters has been computed as TgPET=77.43 0C, TgPEN = 
128.29 0C. 
 
5. THERMOMECHANICAL ANALYSIS 
In thermo mechanical analysis (TMA) the dimensional changes (expansion or contraction) are 
measured under defined load and chosen time. The TMA requires a high-resolution 
measurement of the linear displacement and excellent stability of measured conditions.  Most 
TMA instruments on the market are not sensitive to very small displacement. This was the 
main reason for construction of special device TMA CX 03RA/T at University of Pardubice. 
This device was developed to provide highly sensitive tool for reproducible measurement of 
subtle dimensional changes even at extremely long thermal exposure time. The sample is 
placed in a movable sample holder connected with displacement sensor. This measures 
dimensional changes of the sample. The instrument is fully computer controlled with 
programmable time - temperature profiles and loading in static or dynamic mode.  
Small pieces of compressed samples were placed in a silica oxide tube. The compressive 
creep measurement was obtained. In the Table III  shows  non isothermal creep at 
compressive load of 100 mN and rate of heating 3 oC/min. Impact of the  height on the 
temperature (time) for two limit cases are given in the Fig. 5 a and b. The upper line 
corresponds to the heating and lower one corresponds to the cooling conditions. For 
characterization of compressive compliance changes in relative height Hc were computed: 
 

20

20020*100
l
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H C

−
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where l20 and l200 are heights at 200C and 2000C. These values are given in Table 3. 
Higher HC corresponds to a higher compressive creep compliance. 
 

 
        a)                b) 

Fig. 5 Dependence of height on the temperature for a) PET,. b) PET / 20%PEN. 
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Table 3. Parameters of non-isothermal creep 
Sample Ttr 

[oC] 
T1 
[oC]

T2 
[oC] 

A1 
[ppm/ oC] 

A2 
[ppm/ oC] 

HC [%] 6 1*10 [deg ]Iα −

  TI [oC] 

A 114 73 111 -486.03 -9433.11 45.5 0.44 57.88 
B 121 93 139 -402.39 -6447.01 23.29 0.15 55.08 
C 122 77 146 -199.13 -6412.34 28.77 0.63 71.74 
D 111 80 137 -396.09 -5809.29 16.77 2.10 75.27 
E 115 92 135 -1209.1 -10607.9 53.6 5.44 77.48 

 
Ttr is transition temperature between low and a high temperature sensitive region, T1 is 
temperature of low sensitive region; T2 is starting temperature of high sensitive response. 
Parameters A1 and A2 are sensitivity coefficients (slopes of height vs. temperature 
dependences). Excluding sample E, Hc is a decreasing function of PEN content. The 
compressive compliance is therefore lowered by addition of small amount of PEN.  
 
6. THERMAL EXPANSION 
Temperature dependence of co-polyesters dimensional changes, h(T), were measured on the 
TMA CX apparatus. Typical h(T) curve is shown in Figure 6a. The axial thermal expansions 
were computed from well known relation: 
 

T
Th

l Δ
Δ

=
)(1

0

α
 

 
where l0 is initial sample thickness and ( )h TΔ  is first difference of dimensional changes. For 
computation of ( )Tα  and identification of the inflection point the derivative analysis has 
been used. The  data was first  smoothed by the robust 3R (three point repeating median) 
combined with Hamming windows (Meloun, Militký & Forina (1994)). The smoothed data 
was numerically derived by the three point central difference formula. Result for the Sample 
No. E is shown in the Figure 6b. The values TI and Iα computed as coordinates of global 
maximum on the second derivative curve. The mean of three repeating measurements are 
given in the last two columns of Table 3. 

 
Fig. 6 a) Typical h(T) curve for sample No. E b) First and second derivatives of h(T) 

 
The dependence of Iα  on the volume fraction of PEN is given in the Figure 7. 
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Fig. 7 Influence of PEN content on the axial thermal expansion of co-polyesters. 

 
The marked non-linearity of this dependence is probably valid in the restricted range of PEN 
concentration only. 
 
7. MECHANICAL PROPERTIES 
The fibre fineness has been measured on the apparatus Vibroscope (Lenzing). On the same 
samples the stress strain curves were evaluated by using the apparatus Vibrodyne (Lenzing). 
Ten fibres from each sample were tested. For characterization of tensile mechanical behaviour 
the following properties were evaluated: 
 
T Tenacity [cN/dtex] as load at break, 
E Elongation [%] as deformation at break 
IM Initial modulus [cN/dtex] as modulus at 10% deformation  
SM [cN/dtex] secant modulus as 100*P/E 
WT [cN/dtex] toughness as P*E/50 
Py [cN/dtex] yield point stress as stress in point with maximal curvature on stress strain curve 
εy   [%] yield elongation as deformation in point with maximal curvature on stress strain curve 
εp [%] plateau elongation as deformation corresponding the plateau in post yield region. 
 
Results of fineness and mechanical measurements are given in the Table IV and Table V. The 
coefficient of variation CV [%] is indicated in brackets. These coefficients show relatively 
high variability of measured characteristics mainly due to variability of geometrical 
characteristics of fibres (variation of titre). The elongation at break has very high variability. 
This variability partially hides the influence of PEN on the mechanical characteristics. 
 

Table 4.  Stress strain curve parameters 
Sample Titre 

[dtex] 
Tenacity 
[cN/dtex] 

Elongation 
[%] 

Modulus 10% 
[cN/dtex] 

Toughness 
WT 
[cN/dtex] 

A 6.09  [7.2] 26.7 [10.5] 107.8 [18.2] 96.4 [13.8] 14.39 
B 6.84  [12.5] 24.6 [8.1] 93.7  [18.6] 87.4 [9.4] 11.52 
C 6.74  [20.4] 30.2 [15.7] 64.2  [29.8] 98.6 [14.3] 9.69 
D 6.58  [16.9] 28.6 12.5] 52.9  [39.7] 95.7  [10.3] 7.56 
E 8.54 [19.4] 24.2 [12.7] 64.1  [46.3] 77.5 [11] 7.75 
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Table 5. Parameters in yield point vicinity 
Sample Yield stress 

Py [cN/dtex]  
Yield 
elongation εy   
[%] 

Plateau 
elongation εp 
[%] 

Secant 
modulus 
[cN/dtex] 

A 7.9 4.1 0.1 24.95 
B 8.2 4.87 3.1 26.64 
C 8.9 5 6.2 47.04 
D 9.1 5.1 12.1 54.06 
E 7.5 4.5 14.2 37.75 

 
Based on these results, the following conclusions can be formulated: 
 

• Stress strain curves are sensitive to the PEN content. Increasing the PEN content leads 
to the marked appearance of yield point and wider post yield plateau εp (deformation 
softening region). This has been shown previously by Militký & all (1991), that εp 
characterizes deterioration of recovery power. 

• Toughness and elongation at break of fibres are decreasing function of PEN content  
• Secant modulus, yield point stress and tenacity are increasing function of PEN content  

(excluding sample E with higher titre) 
 
The PEN presence therefore acts as reinforcing of chains, and increase ultimate mechanical 
properties. On the other hand, the standard co-monomers addition leads to decreasing of 
mechanical properties [1]. The post yield region behaves in accordance with slipping motion 
of naphthalene chains - necking formation. 

 
8. DYNAMIC MECHANICAL SPECTRA 
Due to high portion of plastic deformation it was necessary to pre-strain samples before 
dynamical testing. The pre-straining of 50% from deformation to break was selected. The 
measurements were obtained on the dynamic mechanical thermal spectrometer DMA DX04T 
in the tensile mode. The temperature dependence of tensile storage modulus and loss tangent 
were measured at constant rate of heating of 2.5oC/min in the range from 25 to 200oC.The 
frequency 10 Hz were selected. Typical storage modulus and tgδ  dependencies are shown in 
Figure 8. A single   maximum was identified on each of these curves. The values of these 
maximum for all fibres are given in Table 6. 
 

Table 6 Dynamic mechanical characteristics of fibers 
Sample E peak E peak 

temperature
tgδ 
peak  

Temperature 
of tgδ peak  

Unit [GPa] [oC] [-] [oC] 
A 69.7 146.7 0.256 119.9 
B 67.7 163.98 0.296 107.8 
C 50.7 196.92 0.215 122.5 
D 64.3 180.7 0.298 108.5 
E 69.1 168.4 0.345 107.2 
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Fig. 8 Dynamical mechanical spectra of A fiber 

 
The increase in content of PEN leads to decrease the temperature Tb of β-relaxation process 
corresponding to maximum on real modulus curve. This process is caused probably by the 
mobility of naphthalene rings. The temperature Ta corresponding to the maximum of Tan δ 
characterizes the α-relaxation process (dynamic glass transition). For pure PEN the value Ta = 
135oC and Tb = 70oC have been found (Canadas (2000)). For detailed description of dynamic 
mechanical behaviour it will be necessary to extend the range of frequency range. 
 
9. FLEX FATIGUE 
The flex fatigue life was characterized by the flex cycles to fibre failure FC [cycles]. 
Measurement was realized on the Flexometer device. The principle consists ofis flexing of 
individual fibre over an edge. Fibre is placed in tension by  a weight on  one end. A  weight 
of2 gram was used. The numbers of cycles required for fibres to fail FC were registered. The 
experiments were conducted at  standard conditions with ten measurements for each sample. 
The simple box plot was selected for graphical visualization of data and evaluation of dirty 
data. This plot is shown for all samples in Figure 9. 
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Fig. 9 Box plot summarizing FC data for all samples (FC are) on the y-axis. 
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The black squares are median values of FC (robust estimators of location and the white 
squares width is corresponding to data variance (interquartile distance). Because samples are 
ordered according to increasing PEN content, it is clear that rigid naphthalene rings have 
negative influence on the flex fatigue life FC. 
The second objective i.e. estimation of proper distribution of FC can be solved in EDA by 
using the so-called quantile-quantile (Q-Q) plot. Classical Q - Q plot is based on comparison 
of empirical quantile function Q(Pi) ≈ x(i) with chosen theoretical quantile function QT (Pi). 
For theoretical distribution functions of type FT((x-T)/S) is attractive to use standardized 
quantile function QTS(Pi) (see Meloun, Militký & Forina, (1994)). When empirical and 
theoretical distributions are in coincidence, the following relationship is valid: 
 

)()( iTSi PQ STx +=     
 
Here usually T is the location parameter and S is the parameter of scale and probability 
estimator Pi = i/(N+1). The so-called order statistics x(1) < x(2) < ... < x(N) are usedwhich are the 
sample values (assumed to be distinct) arranged in increasing order. The Q-Q graphs can be 
constructed for two and with some small difficulties for three term distributions. It is widely 
accepted that the fatigue data can be described by the Weibull distribution. In the Figure 10 
the Q-Q graph for this distribution is created (the threshold 25020 was selected from MLE 
estimator of this distribution parameter). 
 

Quantile-Quantile Plot of Sample E
Distribution: Weibull (1.742)
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Fig. 10 Q-Q plot for Weibull distribution (sample E). 

 
Similar patterns were obtained for all samples. The linearity of this graph supports the 
usefulness of Weibull distribution for this case. This distribution has simple form F(x) = 1 - 
exp[((T-x)/B)C]. The parameters of this distribution were obtained by minimizing the 
likelihood function. For all samples the shape parameter C was in the range 1.5-2.0 and the 
scale parameters B in the range 50000-180000 cycles. The threshold parameter T was in the 
range 25000-35000 cycles.  
 
10. CONCLUSION 
The properties of PET/PEN fibres are generally dependent on the content of PEN. 
Manyproperties are connected with improved thermal and mechanical characteristics due to 
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presence of naphthalene ring. On the other hand the crystalline phase is decreased  while the  
mechanical relaxation caused by the motion of naphthalene rings appears. As a result of these 
changes the increase of PEN content leads to increase in glass transition temperature. The 
lowering of melting point is due to interaction between both the polymers. The dependence of 
tgδ  on temperature T was evaluated. It exhibits only one maximum in the  range of 
temperatures investigated. The PEN content causes decrease of flex fatigue life. The main 
reason is probably due to higher stiffness and more aligned chains in amorphous regions. 
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Chapter – 7 
 

MECHANICAL PROPERTIES OF BASALT FIBRES 
 

Jiří Militký and Vladimír Kovačič 
Textile Faculty,Technical University of Liberec, Czech Republic  

 
1. INTRODUCTION  
Basalt fibers similarly as glass fibers are used for production of high temperature resistant and 
chemically inactive products. Basalt is used mainly for molded products (flag stones, pipes) 
with increased abrasion resistance, temperature resistance and chemical resistance or in the 
form of short fibers for insulation purposes (basalt wool). Application of the technology of 
continuous spinning leads to sufficiently even basalt filament yarns applicable in the textile 
branch. It is possible to use these yarns for production of planar or 3D textile structures for 
composites, special knitted products and also as the sewing threads. The main problems of 
basalt fibers preparation are due to gradual crystallization of some structural parts 
(plagioclase, magnetite, and pyroxene) and due to non-homogeneity of the melt. 
In this contribution the selected mechanical properties of basalt fibers obtained from two 
sources are compared. The stochastic models for ultimate strength distribution and 
deformation at break of basalt multifilament yarns are discussed. Thermal properties are 
investigated by the TMA apparatus. The analysis of fibrous fragment evolved during abrasion 
of basalt weave is presented. The basalt particles are too thick to be directly respirable but 
their length/diameter ratio is higher than 3 and therefore the handling of basalt fibers must be 
carried out with care. 
 
2. BASALTS 
Basalt is generic name for solidified lava, which is poured out from the volcanoes. The name 
is often applied to the solid rock and magma which on eruption becomes lava. Basalt rocks 
are melted approximately in the range 1500 – 17000C. Quickly quenched melt gets solidified 
to glass like nearly amorphous solid. Slow cooling leads to more or less complete 
crystallization, to an assembly of minerals. Two essential minerals plagiocene and pyroxene 
make up perhaps 80% of many types of basalt. Classification on basaltic rocks based on the 
contents of main basic minerals is described in the book [1]. Some of basaltic minerals are 
shown in fig. 1. 
 

       
    Plagioclase   Olivine 

Fig. 1 Some basaltic minerals 
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From the point of view of chemical composition the silicon oxide dominates, Al2O3 is next in 
abundance and CaO, MgO and FeO are closely similar and about 10% each. Other oxides are 
almost always below 5% level.  
According to the SiO2  content the basalt rocks are divided into three main groups: 
 

Alkaline basalts   up to 42% of SiO2   
Mildly acidic basalts   from 43% to 46% of SiO2 
Acidic basalts     over 46% of SiO2 

 
In fig. 2, the network structure of basalt is shown 
 
 

 
 

Fig. 2 Network structure of basalt 
 
The colour of basalt is from brown to dull green depending on the ferrous oxide content. 
Basalts are more stable in strong alkalis than glasses. Stability in strong acids is slightly 
lower. Basalt products can be used from very low temperatures (about –2000 C) up to 
comparatively high temperatures 700 – 8000 C. At higher temperatures the structural changes 
occur. 
 
2.1 Fiber tensile strength 
The fracture of fibers can be generally described by the micro mechanical models or on the 
basis of pure probabilistic ideas [2]. The probabilistic approach is based on these assumptions: 
 
(i)  fiber breaks at specific place with critical defect (catastrophic flaw), 
(ii) defects are distributed randomly along the length of fiber (model of Poisson marked 
process), 
(iii) fracture probabilities at individual places are mutually independent. 
   
The cumulative probability of fracture F(V, σf) depends on the tensile stress level and fiber 
volume V. The simple derivation of the stress at break distribution described for example by 
Kittl and Diaz [2] leads to the general form 
 
   F(V, σf) = 1 - exp(- R(σf)) 
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The R( σF) is known as the specific risk function. For famous Weibull distribution has 
function R( ) the form [3] 
 
   R(σf) = [(σf - A)/B]C 

 
Here A is lower strength limit, B is scale parameter and C is shape parameter (model WEI 3). 
For brittle materials is often assumed A = 0 (model WEI 2). Weibull models are physically 
not correct due to unsatisfactory upper limit of strength. More complicated risk functions have 
been tested as well [4,5]. Based on the preliminary computation it has been determined that, 
for strength of basalt fibers, the 2 or 3 parameter Weibull distribution is suitable. 
In some situations the bundle (roving) strength can be evaluated more easily. A lot of work is 
devoted to evaluation of the single fiber strength distribution from fiber bundle strength. The 
main assumptions are: 
 
1. Single fiber exhibits the unimodal (usually Weibull type) strength distribution, 
2. Stress-strain dependence of single fiber is linear with constant of proportionality named 
elastic modulus Ef, 
3. Distribution of the elastic modulus is independent of the distribution of strain at break of 
individual fibers. 
4. The applied load is distributed uniformly among the surviving fibers at any instant during a 
tensile test. 
 
Let F(ε) is the failure probability for a single fiber strained to value ε and below, No is the 
initial number of fibers in bundle and Ef is the mean value of fiber elastic modulus. The 
number of surviving fibers is then equal to 
 

*(1 ( ))oN N F ε= −        (1) 
 
The corresponding stress in fiber bundle is 
 

* * *(1 ( ))B o fN E Fσ ε ε= −       (2) 
 
Strain εM at the maximal bundle stress σM can be obtained from derivative of eqn. (2). After 
rearrangements the final relation has the form 
 

(1 ( ))
( )

M
M

M

F
p

εε
ε

−
=        (3) 

 
where p(εM) is single fiber failure probability density function. After substitution from eqn. 
(3) to eqn. (2) the relationship between maximum bundle stress σM, corresponding bundle 
strain εM and fiber strain distribution results 
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For known distribution of individual fibers elongation at break F(ε, a) it is then possible to 
estimate corresponding parameters a by using nonlinear regression.  
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2.2 Prediction of parallel fibrous bundle strength  
Simple approach to bundle strength modeling is used in the works [1] as intermediate step for 
prediction of classical one component and hybrid two component yarns. The following 
assumptions for fibrous bundle are used: 
  
1. The fiber strength obeys two parameter Weibull distribution. 
2. Fibrous bundle is composed from parallel straight fibers clamped at both ends. 
3. When a fiber breaks, the load is carried by surviving fibers (distributed equally among the 

rest of fibers). 
4. The changes of bundle geometry and dimensions during extension are neglected. 

  
The computation has two stages: 
 

1. Estimation of fiber Weibull parameters from experimental mean strength and standard 
deviation. 

2. Estimation of fibers strength in parallel fibrous bundle. 
 

Let the fiber distribution is Weibull two-parameter type [2] 
 
  ( ) ( )1 exp C

f fF Aσ σ= − −       (5) 
 
The symbol 1 ( )fF σ−  denotes probability of fiber surviving at strengths x σ≤ .  
In eqn. (1) A is scale parameter and C shape parameter.  
The mean fiber strength fσ  and corresponding standard deviation fs  are computed from 
equations 
 

( )
1 11C

f A
C

σ − ⎛ ⎞= Γ +⎜ ⎟
⎝ ⎠

       (6) 
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where Γ(.) is gamma function. For known σ  and fs  computed from experimental data, 
parameter C is evaluated by iterative solution of the equation  
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      (8) 

 
in the interval 1;9C ∈ . The estimated C is then substituted to equation (6) and from this 
equation A is evaluated. 
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For the computation of fibrous bundles distribution it is possible to use famous Daniel's result, 
that for large bundles (number of fibers in cross-section N is more that 100) bundle strength 
approaches to normal distribution [2] 

( ) ( )2

2

1 exp
22 .

b b
b

bb

H
ss

σ σ
σ

π

⎡ ⎤−
= −⎢ ⎥

⎢ ⎥⎣ ⎦
    (9) 

Mean strength of fibrous bundle bσ  is equal to  

( )
1 1.exp 1C

f AC
C

σ − ⎡ ⎤= −⎢ ⎥⎣ ⎦
     (10) 

Corresponding standard deviation bs  is  

( )
2

11 1exp 1 expC
b fs AC N

C C
− −⎛ ⎞⎛ ⎞= − −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
     (11) 

The factor of fiber strength utilization in bundle is defined by relation 
b

f

σφ
σ

=        (12) 

For the case of Weibull distribution of fiber strength and normal distribution of bundle 
strength the simple approximate relation for utilization of fiber strength in bundle was derived 
[2].  
 

( ) ( )exp / 1 , 0,909 vu
fu u u uφ = − Γ + =    (13) 

 
In eqn. (13) the symbol Γ(.) is gamma function and v f  is variation coefficient of fiber 
strength. 
It is interesting that utilization of fiber strength in bundle is function of variation coefficient of 
fiber strength only. The solid line in Fig. 3 is computed according to definition (12) and 
dashed line is computed by approximate relation (13).  
For example fiber strength variation coefficient 30 - 40% corresponds to utilization of fiber 
strength in bundle 0.54 – 0.60. In Fig. 3 the point of 35% fiber strength variation coefficient 
and 0.56 utilization of fiber strength in bundle is marked by circle. 
 

 

Fig. 3 Utilization of fiber strength in bundle 
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The fibrous bundle strength can be predicted from the single fiber strength by the various 
simulation based methods [1]. This approach was firstly described in the work of Daniels or 
the case when the loads to break are at disposal only [8]. 
For modeling of parallel bundle of filaments (fibers) the following assumptions are used: 
  
1. The single fiber strength Lf distribution is unimodal and obeys the known distribution 

F(Lf). 
2. Stress-strain dependence of single fiber is linear with constant of proportionality named 

elastic modulus Ef, 
3. Distribution of the elastic modulus is independent on the distribution of the strain at break 

of individual fibers (or is simply constant). 
4. Fibrous bundle is composed from N straight parallel fibers clamped at both ends. 
5. When a fiber breaks, the load is carried uniformly by surviving fibers (distributed equally 

among the rest of fibers). 
6. The changes of bundle geometry and dimensions during extension are neglected. 
 
From assumption that the applied load is shared equally between the fibers, the basic relations 
between single fiber and fibrous bundle strength can be expressed. Starting is comparison of 
quantiles estimated as order statistics. Fibrous bundle strength quantiles are defined as  
 

(1) (1) ( )....B B B NL L L≤ ≤ ≤ ,        (14) 
 
where ( )B iL  is i-th smallest bundle strength in the sample of N bundles. Single fiber strength 
quantiles are defined as 
 

(1) ( ) ( 1) ( )... ...f f i f i f N fL L L L+≤ ≤ ≤ ≤        (15) 
 
in the same manner.  
The stable bundle (with one break only) is defined by the following relation between quantiles  
 

( ) (1  / ) ( 1)B i f i N B iL L L− +≤ ≤        (16) 
 
For simulation of fibrous bundles strength the single fiber strength quantiles 

(1) ( ) ( 1) ( )... ...f f i f i f NL L L L+≤ ≤ ≤ ≤  are used. As can be simply derived, the stable bundle 
strength LB can be estimated from relation [8] 
 
 ( )max[  ( )]      ...= − + =B f iL L N i 1 for i 1 N      (17) 
 
For the estimation of statistical behavior of this estimator of bundle strength the parametric 
bootstrap is used. Principle is generation of j=1..B (usually B=100) random samples from 
distribution F(Lf) and estimation of corresponding LB (j) from eqn. (17). These values are then 
used for creation of distribution and computation of Bootstrap estimator of fibrous bundle 
strength (mean value of all LB (j)) and variation coefficient of fibrous bundle strength 
(standard deviation of all LB (j)). 
In the case when the elongations at break εi are at disposal, the modified simulation scheme 
could be used. Start is rearrangements of couples Lfi,εi according to ordered statistics ε(i). Let 
the index of fiber having breaking load ε(i). is denoted i i.e breaking load is Lfi. This simulation 
process is based on these assumptions: 
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1. First fiber break occurs at moment when the break elongation ε(1) is reached.  
 
2. The load in each survived fiber L*

i at deformation ε(1) is computed from relation  
 

 *
(1) (1)( ) f i

i
i

L
L ε ε

ε
=                  (18) 

3. The total load LT(ε(1).) bearing bundle at this point is simply sum of loads L*
i for all 

surviving fibers 
4. By this manner total loads LT(ε(i).) are computed for all i = 1..N  
 
Bundle strength LB can be then estimated from relation 
 
 ( ) imax[ ( )] /       ...T

B i sL L N for i 1 Nε= =      (19) 
 
where Nsi = (N-i+1) is number of surviving fibers. For the estimation of statistical behavior of 
this estimator of bundle strength the parametric bootstrap can be used as in previous case. 
Modified simulation scheme based on the elongation at break quantiles is presented in the 
work [11]. 
 
3. EXPERIMENTAL PART 
 
3.1 Basalt roving  
Commercial basalt filament roving 300 tex from company Kaneniy Vek (abbreviation KV) 
and basalt filament roving 330 tex from company Basaltex (abbreviation BAS) were used. 
The diameters of individual fibers extracted from these rovings were measured from 
longitudinal views by using image analysis. From mean values the mean number of fibers in 
roving was computed. Results are given in the table 1.  
 

Table 1.Geometrical and mechanical parameters of basalt 
Material KV BAS 
Fiber diameter [μm] 12.96 13.74 
Roving fineness [tex] 320 330 
Fiber fineness [tex] 0.336 0.377 
Number of fibers in roving 952 975 
Mean fiber strength [GPa] 3.58 2.79 
Standard deviation of fiber strength [GPa] 1.06 0.45 
Coefficient of variation of fiber strength [-] 29.61 16.29 
Mean bundle strength experiment. [GPa] 1.35 0.92 
Standard deviation of fiber strength experiment 
[GPa] 

0.13 0.06 

Mean bundle strength predicted [GPa] 2.13 1.97 
Standard deviation of fiber strength predicted 
[GPa] 

2.81 0.98 

Fiber strength utilization factor [-] 0.377 0.330 
Weibull scale parameter A 0.056 0.000732 
Weibull shape parameter C 3.77 7.32 
Transition temperature [oC] 500 499 
Mean thermal expansion [ppm/oC]  6.62 7.26 
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3.2 Tensile testing 
The strength of individual fibers and roving was measured on Instron TM4200 automatic 
testing device under standard conditions. The fibers were mounted into paper frame before 
testing. 65 measurements of fiber breaking stress σf [GPa] and corresponding fiber strain εf [-
] were realized. The basalt roving strength was measured under the same conditions. Also 65 
measurements of maximum bundle breaking stress σb [N/tex] and corresponding bundle strain 
εb [-] were realized. Results are given in the table 1.  
 

3.3 Thermo mechanical analysis 
In thermo mechanical analysis (TMA) the dimensional changes (expansion or contraction) are 
measured under defined load and chosen time. The TMA requires a high-resolution 
measurement of the linear displacement and excellent stability of measured conditions.  Most 
TMA instruments in the market are not able to be sensitive to very small displacements. This 
was the main reason for construction of special device TMA CX 03RA/T at University of 
Pardubice (se fig. 3). This device was developed to provide highly sensitive tool for 
reproducible measurement of subtle dimensional changes even at extremely long thermal 
expositions. The sample is placed on the movable sample holder connected with displacement 
sensor, which measures dimensional changes of the sample. Detail description of this TMA 
instrument is presented in the work [3].  
The instrument is fully computer controlled with programmable time - temperature profiles 
and loading in static or dynamic mode.  
 

 
Fig. 3 Apparatus TMA CX 03RA/T 

 
The dilatation curves i.e. dependence of height of basalt fiber L on the temperature were 
measured at a rate of heating 10 deg min-1 and compressive load 10 mN. These curves consist 
of two nearly linear portions connected at glass transition temperature Tg [3] and can be 
described by simple relation 
 

L = Lg + a1 (T - Tg)  for T below Tg 
 
L = Lg + a2 (T - Tg)  for T above Tg 
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The coefficients of linear thermal expansions a for region below and above Tg were 
computed. Results are given in the table 1. 
 
3.4 Analysis of emitted particles during basalt handling 
Based on the results of workshop held in April 1988 at Oak Ridge National Laboratory the 
fibrous fragments with diameter of 1.5 μm or less and length of 8 μm or greater should be 
handled and disposed off using the widely accepted procedures for asbestos. Fibers falling 
within the following three criteria are of concern [8]. 
a) The fibers are respirable. Diameters of less than 1.5 μm (in some cases less than 3.5 μm) 
allow fibers to remain airborne and respirable. 
b) The fibers have a length/diameter ratio R greater than 3. Short stubby fibers (particles) do 
not seem to cause the serious problems associated with asbestos. 
c) The fibers are durable in the lungs. If fibers are decomposed in the lungs, they do not cause 
a problem. 
Most of nonpolymeric fibers have diameter significantly larger than 3.5 μm but break into 
long thin pieces. Emission of particles, including fibers, occurs during handling. For 
simulation of these phenomena the abrasion of basalt weaves were made. 
The weave from basalt filaments was used. The fragmentation was realized by the abrasion on 
the propeller type abrader. Time of abrasion was 60 second. It was proved by microscopic 
analysis that basalt fibers are not split and the fragments have a cylindrical shape. Fiber 
fragments were analyzed by the image analysis, system LUCIA M. The fragments shorter that 
1000 μm were only analyzed. Results were lengths Li of fiber fragments. For comparison 
purpose, the diameters Di of fiber fragments were measured as well. 
Basic statistical characteristics of fiber fragment lengths are: 
 
mean value  LM = 230.51 μm, 
standard deviation σL = 142.46 μm, 
skewness g1 =  0.969 
kurtosis g2 = 3.97 
 
These parameters show that the distribution of fiber fragments is unimodal and positively 
skewed. The same results are valid for distribution of fiber fragments diameters. 
Basic statistical characteristics of fiber fragments diameters are: 
 
mean value DM = 11.08 μm,  
standard deviation σL = 2.12 μm,  
skewness g1=  0.641,  
kurtosis g2= 2.92 
 
Because the mean value of fiber fragment diameter is the same as diameter of fibers, no 
splitting of fibers occurs during fracture.  
It is known, that from point of view of cancer hazard, the length/diameter ratio R is very 
important. For basalt fiber fragments ratio is, 
 
 R  =  230.51/11.08  =  20.8. 
  
Despite the fact that basalt particles are too thick to be respirable the handling of basalt fibers 
must be carried out with care. 
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4. DISCUSSION 
The results in table 1 indicate that there exist significant differences between ultimate 
mechanical characteristics of basalt fibers from both sources. Predicted values of bundle 
strength and standard deviations are approximately two times higher than experimental 
values. Fiber strength utilisation factor is more than 0.5. (see Fig. 1). Experimental results are 
around 0.35 which is unacceptably low. One reason could be too approximate derivation of 
fiber strength utilisation factor and another is difficulty in obtaining roving strength (frequent 
damage in jaws). Thermo mechanical data are in accordance with previous experiments [4, 5].  
 
5. CONCLUSION  
In this contribution the selected thermal and mechanical properties of basalt fibers and roving 
were presented. The strength distribution of basalt filaments was modeled by the two 
parameter Weibull type model. Thermal properties were investigated by the TMA apparatus. 
The health problems with this class of fibers are not known. Very long thin fragments of 
basalt can be dangerous when inhaled. 
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Chapter - 8 
 

INFLUENCE OF COMONOMERS ON DYEING CHARACTERISTICS 
OF MODIFIED PET FIBERS 

Jiří Militký 
Dept. of Textile Materials, Technical University of Liberec, 461 17 Liberec, Czech Republic 

 
1. INTRODUCTION 
One of the disadvantages of polyethylene terephthalate fibers (PET) is their poor dyeability. 
Improvement may be achieved by using various modifying components (diols or dicarboxylic 
acids) in polycondensation [1]. A great number of different comonomers for the improvement 
of dyeability have been used [4]. Although the modified polyester fibers have been produced 
for many years, only fragmentary information is available on influence of modifying 
components on their structure and dyeability. 
The main problem is, that comonomers have influence not only on dyeability but also on 
formation and processability of fibers. Comonomers influence especially molecular weight of 
the melt, degree of degradation during spinning and the rate of crystallization. Therefore it is 
very important to prepare copolyester fibers under comparative conditions [3. 5]. 
In this work specially prepared copolyester fibers containing isophtalic acid (denoted by KI), 
adipic acid (denoted by KA), salt of 5-sulphoisophtalic acid (denoted by KS) and 
polyethylene glycol having molecular mass 3000 (denoted by PG) are used. 
The dyeability is characterized by means of dye concentration C90 after dyeing of fibers for a 
period of 300 min at 90oC and parameters of non-isothermal dyeing curve (rate constant, 
equilibrium concentration). 
The influence of type and content of individual modifying component on the dyeability 
characteristics are discussed. The molar contribution method for prediction of energy for hole 
formation in modified fibers is proposed. 
 
2. POLYESTER FIBER MODIFICATION 
In spite of the great number of existing modification methods no consistent classification is 
available at yet. From the general viewpoint, however, it would appear advisable to classify 
the modification methods by the production steps at which they are applied. The following 
classification scheme results [4]: 
 
Modification in course of polymer preparation 

1. preparation of copolymers, 
2. using additives, 
3. reducing the molecular mass. 

 
Modification in course of fiber preparation  

1. drawing and setting conditions readjusting, 
2. changing of spinning speed 
3. texturing, 
4. cross section geometry changing, 
5. fineness changing, 
6. bicomponent and multicompoment fibers production. 
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Modification applied to commercial fibers  

1. grafting, 
2. plasma etching, 
3. controlled surface destruction. 

 
Combined modification 
 (e.g. hollow microporous copolyester fibers containing additives) 
 
Details about these modifications are summarized in the book [4]. 
Main negative properties of polyester (PET) fibers are low water absorption, high pilling, 
static electrification and difficult dyeability. Suppressing of these properties needs generally 
some chemical modification. The non-modified polyester fibers are composed from 
terephtailic acid and ethylene glycol. Chemical modification is realized by the replacement of 
part of acid or glycol by other substances (comonemers). 
For PET fibers the main types of potential commoners are: 
 
adipic acid - concentration range 6-8 mol. % 
isophtalic acid - concentration range 10-15 mol. % 
5-sulfoisophtalic acid - concentration range 1-3 mol. % 
butyleneglycol - concentration range 8-10 mol. % 
polyethyleneglycol  - (80-150 units) - concentration range 5-8 weight. % 
pentaerythrytol - concentration range less than 1 mol. % 
 
The structures of basic modifying components are shown in fig. 1 

 
 

Fig. 1 The structure of adipic acid (a), sulfoisophtalic acid (b) and isophtalic acid (c) 
 
Modification generally affects other technologically important characteristics such as 
technology of fiber preparation, molecular mass of melt, degree of melt degradation and rate 
of crystallization. It is therefore difficult to separate effect of chemical modification from 
modification of technological parameters.  
The description of effect of modification on fiber properties is complicated by the fact that 
modification affects not only fiber structure and fiber properties but also conditions of fiber 
preparation. The main problems can be summarized to the following points: 
 

• it is difficult to measure structural parameters directly influencing given property (tie 
chain) 

• the properties are distinctly dependent on chemical composition of fibers (chain 
flexibility) 

• structural parameters are measured in static state whereas properties are usually 
determined in a dynamic state 

• structure is changed during the measurement of some properties 
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Influence of commoner on fiber properties can be divided to the following categories 
 

1. commoner has no effect 
2. commoner has indirect effect 
3. only the commoner amount matters (equilibrium melting point) 
4. it is the type of commoner that matters (Tg) 
5. commoner type and concentration have effect simultaneously 

 
The simplest chemical modification is the "unwanted" modification with DEG which is 
produced by the effect of side reactions during the production of PET fibers. This 
modification just increases the length and mobility of aliphatic chains. This leads to the 
formation of different configurations composed of trans-and gauche-conformations of 
individual groups in PET chains. In some patents it has been suggested, however, that it is 
possible to enhance dyeability by adding DEG intentionally during polycondensation. The 
effect of DEG content on the dyeability of PET fibers was studied in reference [9]. 
If ethylene glycol is replaced by higher diols a higher number of configurations will be 
formed in the chains. With growing number of methylene groups the chains will contain 
"shortened" spatial conformations, composed of trans- and gauche- conformers (called α-
forms) and "extended" planar conformations, formed from trans-conformers only (called β-
conformations). During deformation the α-forms will be elastically changed into extended β-
forms. The copolymers based on PET always contain a relatively high number of benzene 
nuclei in the para-position, which makes the chains more rigid. Likewise the polar forces, 
generated by ester groups, hinder the mobility of chains at low temperatures [10].  
Modification with isophthalic acid (see Fig. 4C) results in a 60° bending of polymer chains. 
This disturbs the straight zigzag structure of the chains portions and steric hindrances of an 
optimum chain arrangement are created. Up to an isophthalic acid content of 15% the 
viscosity of the copolymer melt does not practically change and hence the chain rigidity is not 
decreased. The reason is that the mean quadratic distance of chain ends, which is indirectly 
proportional to the viscosity, is maintained [4].  
A sodium salt of 5-sulphoisophthalic acid (see Fig. 4B) affects the steric arrangement more 
adversely. The voluminous polar sulpho-group increases the rigidity of polymer chains. This 
is evident from the steep increase in copolymer melt viscosity caused by even a small addition 
of this comonomer [4]. It appears, that the rigidity is caused by the polar nature of the -S03Na 
group.  
Chain rigidity can be reduced either by aliphatic dicarboxylic acids or by aliphatic diols 
containing a greater number of methylene groups. The application of dicarboxylic acids is 
more efficient because they reduce more rapidly the number of benzene rings per unit chain 
length. Of particular interest are modifications with the so-called isomorphous dicarboxylic 
acids. These acids exhibit the same length of elementary unit as the terephthalic acid but a 
lower rigidity. Examples of such acids are cyclohexane-l,4-dicarboxylic acid and adipic acid 
(see Fig. 4A) [4]. If an optimum amount of the isomorphous modification component is used 
(between 2 and 4%) the chain regularity will not be markedly disturbed but the chain mobility 
will be increased. It leads to the increase of the fibers drawing capacity. If an optimum 
amount of this component is exceeded, the particular effect will be lost and the isomorphous 
modification component will behave like an ordinary modification component. As the adipic 
acid content is increased the melt viscosity will decrease, suggesting that the chain flexibility 
will increase. Increased chain flexibility leads to a reduced glass transition temperature and 
improved dyeability [4]. On the other hand, however, dyeability can also be improved by 
combining increased rigidity with structure loosening. For instance, through combined 
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modification with isophthalic acid and a sodium salt of 5-sulphoisophthalic acid, fibers can be 
dyed by disperse dyes at boil without carrier. However, neither of the two components itself is 
capable to increase dyeability to such extent.  
It should be noted that most comonomers cause the non regularity of polymeric chains which 
is dependent on the actual separation of comonomer units. If we assume a statistical nature for 
the distribution of comonomer groups, based on the Markov model of a two-phase chain [11], 
the average number of PET units nE between two units containing the modification 
component is determined by the relation  
 

100
E

K

n
n

=         

where nK is the molar percentage of comonomer. The ethyleneglycol terephthalate i.e. PET 

unit has a length LPET = 1.075 nm. It is then easy to determine also the length of the PET 
polymeric chain E PETLp n  L  =  separating two units of the modification component.  
Block copolyesters are composed from long flexible polyalkyleneglycol segments. The 
ethyleneglycol –(CH2)2-0- group has an average length of 0.501 nm. Polyethylene glycol 
(PEG), having a molecular weight of 3000, has a degree of polymerization about 68. The 
“block” length of PEG is then 34.12 nm and this represents approximately the length of 32 
PET units. At higher concentrations of PEG blocks the distances between individual blocks 
rapidly decrease. At the concentration of 32.97 (weight) % the block lengths of PEG and PET 
are the same. These very simplified calculations are based on the assumption of an ideal 
arrangement of copolymer chains in unlimited length. Real fibers contain, of course, segments 
of higher or lower local comonomer concentrations. Moreover, the polymer chains have a 
finite length. Corresponding to a polymerizing degree of 80 is an average polyethylene 
terephthalate chain length of 86 nm. It is evident, that some chains will not contain any 
modification component at all.  
 
2.1 Effect of modification on the state of crystalline phase 
The presence of a comonomer has influence on the rate of crystallization and whole 
crystalline structures. Following possibilities exist: 
 

• mixed crystals are formed, (the comonomer is built into the crystallites);  
• crystallites are formed by the monomer units of the basic homopolymer only 

(comonomer units remain in the amorphous phase only);  
• crystallization is prevented (in this instance, however, the copolyester is 

unsuitable for preparation of textile fibers);  
• two independent crystalline structures are formed (this comes into 

consideration with block copolymers only).  
 

It is evident that increasing the relative molecular mass of the polymer leads to a retardation 
of crystallization. But the temperature corresponding to the maximum crystallization rate, 
Tcm, does not change in practice. The addition of a comonomer will shift Tcm towards lower 
values. Likewise the crystallization rate will be generally decreased markedly. Owing to the 
effect of a reduced glass transition temperature Tg and shifted Tcm, the crystallization rate of 
copolymers can be even higher. Privalko [7] has found that Tcm [K] is related to the glass 
transition temperature of polymers Tg [K] by the empirical relation Tcm = 1.26 Tg.  
Isomorphous modification components increase the rate of crystallization when used at lower 
concentrations. But at higher concentrations above 5 molar % with adipic acid, even such 
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modification components will decrease the crystallization rate. These conclusions are 
supported by the results of measurements of the dependence of the cold crystallization 
temperature Tc on the content of different comonomers [4]. The higher the value of Tc the 
more difficult will be the crystallization of a given system. Increasing of isophthalic acid 
content leads to the marked increase of Tc. In copolyesters containing a sodium salt of 5-
sulphoisophthalic acid, Tc increases proportionally to modifying component content. On the 
other hand, content of adipic acid, DEG and PEG decrease the Tc.  
The equilibrium degree of crystallinity at a given temperature is affected by the presence of 
comonomers to a much lesser extent. Thus, for example, it needs 10% content of isophthalic 
acid to cause a slight decrease in equilibrium crystallinity [4]. More distinct decrease in the 
equilibrium degree of crystallinity is caused by comonomers which increase the rigidity of 
chains (e.g. sodium salts of 5-sulphoisophthalic acid).  
The different crystallization rates of copolymer and homopolymer can play an important role 
in the course of fiber production, mainly during drawing and setting in a tensioned state. The 
crystallization hinders relaxation and disorientation of the chains and can thereby affect 
significantly the final structure of crystalline and amorphous phases in the fiber. The addition 
of a comonomer, built in statistically into the homopolymer chain, results generally in a 
reduction of the melting point Tm. It has been found that the compounds that are not 
introduced into the crystallites are DEG , PEG , sebacic acid and adipic acid [4]. Mixed 
crystals are formed by isophthalic acid and by 1,3-propylene-p-hydroxybenzoic acid [4]. It is 
evident that mixed crystallites can only be formed by chemically related units of more or less 
similar dimensions.  
Owing to its voluminous polar side group a sodium salt of 5-sulphoisophthalic acid will not 
be introduced into the crystallites.  
 
2.2 Effect of modification on the state of amorphous phase 
The majority of comonomers are not present in the crystallites but the amorphous regions 
always contain both components. This phase is characterized mainly by its mobility. Indirect 
information on the chain mobility in amorphous regions can be obtained from the values of 
glass transition temperature Tg The influence of various comonomers content on the Tg is 
schematically shown in fig. 6. The lower the values of Tg the lower will be the energetic 
barriers hindering mobility in the amorphous phase. A decrease in Tg is affected by [4]: 
 
-a decrease of the total energy of intermolecular forces between polymer chains (this energy is 
proportional to the cohesion energy density -CED);  
-growth of the flexibility of polymeric chains (flexibility is nearly independent of CED);  
-growth of the symmetry of polymer chains  
 
Marcinchin and Romanov [12] described an empirical relationship between the Tg of 
copolymers and the CED. Most of the modification components cause the chain irregularities 
(reduction of the CED) and introduce flexible groups to the chains. The mobility of polymer 
chains is generally increased by the presence of ether link -CH2-0-CH2 [4]. 
On the other hand, the mobility of chains is heavily restricted by the presence of 
voluminous side groups. Still more distinct is the effect of polar side groups [4].  
The glass transition temperature is also influenced by structural fiber parameters and relative 
molecular polymer masses. Increase in relative molecular mass is accompanied by a 
hyperbolic increase in Tg. The effect of the growth of crystallinity is more sophisticated. At 
low proportions of the crystalline phase (below 30% in PET a great number of small 
crystallites are formed and restrict the mobility of chains. This is accompanied by an increase 
in Tg. As soon as the amount of the crystalline phase exceeds a certain limit large crystallites 
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begin to be formed. Owing to their relatively low number the chain mobility is less affected 
and Tg decreases. In statistical copolymers the relation of Tg to the composition is generally 
not linear but it passes through a maximum or a minimum.  
In copolyesters, the relative number of the rigid benzene rings has a major influence on Tg. A 
modification replacing terephthalic acid will therefore reduce the Tg value much more 
markedly than modification replacing ethylene glycol. With a growing number of methylene 
groups in the polyalkylene terephthalate chains, Tg will show a more or less hyperbolic 
decrease [4]. In a block polymer containing PEG, the decrease in Tg due to increase of 
modification component content is relatively small [8]. 
The non-symmetric modification components are represented by sodium salt of 5-
sulphoisophthalic acid and isophthalic acid. A sodium salt of 5-sulphoisophthalic acid slightly 
increases the value of Tg (as compared with pure PET) but the presence of a greater number of 
diethylene glycol units in this copolyester is decreasing Tg markedly. The voluminous 
asymmetric sulpho-group strongly increases the polymer chain rigidity. The isophthalic acid 
will decrease the Tg value in copolyesters [4]. From the steric point of view both these 
modifications loose the amorphous phase structure, which results in improved dyeability.  
 
3. EXPERIMENTAL PART 
 
3.1. Copolyester fibers 
The following four basic modifying components were used: isophtalic acid (KI), adipic cid 
(KA), sodium salt of 5-sulpho-isophtalic acid (KSI) and poly (ethylene glycol) (PG). The 
copolyester with different contents of KI, KA, KS and PG were synthesized. For each 
comonomer three levels of concentration were chosen so that overall technological 
concentration range has been covered (see Table 1). From copolymers the fibers were 
prepared on a laboratory scale. Constant dynamic viscosity of the polyester melt was kept 
with the melt spinning and fiber forming as well as a constant spinning speed and similar 
conditions of drawing and annealing [1]. The dosing of melt was as high as 0.16 g s-1 with the 
take-up speed 5 m s-1. Then a drawing process in 2 steps in water baths took place having the 
total drawing ratio L = 4.4. The following annealing in the free state was made at 130oC (in 
hot air) for 30 minutes. 
 
3.2 Structural parameters 
The density ρ of single fibers was measured using a gradient density column at 30oC. 
Calculating the volume fraction of the crystallinity x, the ideal density of amorphous phase ρa 
and the ideal density of crystalline phase ρc were calculated independently by means of the 
modified molar contribution method [4]; it was made for particular fiber types differing both 
by the content and by the type of the respective co-monomer. Orientation factor of a 
crystalline phase fc was derived from WAXD (wide-angle-X ray diffraction) by means of the 
Hermans relation. The birefringence Δn was stated by using the compensator method by 
means of the microscope NV (Carl Zeiss, Jena) with the wave length 551 nm. In order to 
establish an orientation factor of amorphous phase fam, the well-known relation for two-phase 
model was used 
 
 n   f ) x + 1 ( + n  f x =n  0

aam
0
cc ΔΔΔ  

 
The intrinsic birefringence of crystalline region was chosen 0.24 = n 0

cΔ . The intrinsic 
birefringence of amorphous region n 0

aΔ  was calculated by using the idealized assumption, 
that [4]  



 
 

133

 

 
ρ
ρ

c

a
0
c

0
a  = 

n 
n 

Δ
Δ  

 
To characterize the orientation of an amorphous region, the average orientation of the 
amorphous phase was calculated, f ) x - 1 ( = f amm . The values of mean orientation factor fm 
are given in the Table 1. 
 

Table 1. Selected structural and dyeing characteristics of modified polyester fibers 
Comonomer 
Type 

Conc. 
(mol%) 

fm   
(-) 

C90  
(mg/g) 

K90 *103 
(1/min) 

C∞ 
(mg/g) 

Eh(1.5) 
(kJ/mol) 

PET 0 0.567 0.52 2.79 0.772 191.51    
KI 4 0.498 0.43 1.001 0.918 191.47 
KI 8 0.464 0.52 2.919 1.443 191.46    
KI 12 0.385 1.07 3.727 3.282 191.45    
KA 2 0.579 0.65 6.902 1.468 189.85    
KA 4 0.548 0.77 3.170 1579 189.50    
KA 6 0.522 1.30 11.560 2.830 189.11   
KS 1 0.556 0.47 2.589 1.027 191.5     
KS 1.5 0.647 0.74 5.968 1.33 191.5     
KS 2 0.589 0.66 1.951 2.452 191.63    
PG*) 3 0.483 1.46 2.780 3.059 190.69    
PG 6 0.558 2.48 1.244 5.237 189.16    
PG 9 0.488 10.37 1.658 16.483 186.52    

 *) mass % 
 
3.3. Isothermal dyeing 
To characterize maximum dyeability the isothermal dyeing at temperature 90 oC for 300 min 
was performed. The dye used was Palanilblau 3RE (2% o.w.f.). Dyeing process and 
spectrophotometric evaluation of mean concentration C90 are described elsewhere [6]. 
Resulting concentrations C90 are given in Table 1. 
 
3.4 Non-isothermal dyeing 
For estimation of kinetic and equilibrium parameters of dyeing, the nonisothermal sorption 
curves of Palanilblau 3 RE (2% o.w.f.) were measured. Dyeing started at temperature T1 = 52 
oC. In the first phase the constant rate of heating θ = 0.75 K min-1 was used.  This phase was 
finished at T2 = 97 oC (after time period t=60 min). In the second phase up to time t=400 min 
the temperature was constant (i.e. θ = 0). In selected times ti the mean concentrations Cti were 
determined spectrophotometrically. 
 
4. TREATMENT OF NON-ISOTHERMAL SORPTION CURVES 
Kinetic parameters of dyeing can be generally obtained from both isothermal and 
nonisothermal dyeing experiments. 
The macroscopic dyeing processes for selected fiber – dye systems can be described by 
isothermal uptake curve, i.e. dependence of mean dye concentration in fiber ct on time t at 
constant temperature T. From isothermal uptake curves at various temperatures it is possible 
to estimate the activation parameters of dyeing and dyeing mechanisms. Practical dyeing 
experiments are often realized under nonisothermal conditions and then the nonisothermal 
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uptake curves are obtained. Nonisothermal uptake curve is dependence of ct on t for known 
time-temperature profile T (t).   
Nonisothermal kinetics of dyeing may be described either by the diffusion or the rate type 
models. Both models are based on the assumption that the temperature dependent rate is 
constant only. In this simplest case the rate of dyeing can be expressed in the form  

 

 ) c ,c ( f ) T (K  = 
 td
c d

t
t

∞  

 
In this equation the K(T) is the temperature dependent rate constant and f(c∞, ct) is the kinetic 
term. Dyeing experiments are usually realized by using of the piecewise time-temperature 
profile in the form  
 
 0 1 1 T (  t ) = T  +  t   for T  <  T   and  t  <  tθ  
 1 1   T (  t ) = T    for  t   t≥  
 
where θ is the rate of heating. By the formal integration of the eqn. (3) the following relation 
results 

 

 
t tc

-1
t t

0 0

  (  ,  )   d  =  K [ T( ) ]   d  = F (  t )f c c c τ τ∞∫ ∫  

 
The form of kinetic term f(ct , c∞) is based on the selected diffusion type or overall dyeing 
type kinetic model. For dyeing of polyester and copolyester fibers by disperse dyes the 
Cegarra Puente rate model is suitable. This model leads to the final integral form 

 
 )] t ( F exp(--[1 c  = c 22

t ∞  
 
For the piecewise time – temperature profile (see eqn. (4) and (5)) and Arrhenius type 

model describing the temperature dependence of the rate constant 
 

 ) 
T R

E  - ( exp  K =K 0  

 
is integral F(t) in the form 
 
 0 1 1F (  t ) = G (  t ) - G (  T )   for  T < T  and  t < t  
 
 1 1 1 0 1  0F (  t ) =  exp (- E /R T  ) (  t - t  )+G ( T  ) - G (T  ) for t  tK ≥  

 
Here E is activation energy of dyeing, K0 is preexponential factor, R is universal gas constant 
and symbol G(x) denotes the integral 
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Very precisely the Gorbatschev relation can approximate this integral 
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2

0  R  xKG (  x ) =  exp  (  - E /  R x )
  (  E + 2 R x )θ

 

 
The error of this approximation (in the range 100 <= E <= 250) is under 0.1%. 
This nonlinear kinetic model has three adjustable parameters (c0, K0, E). These parameters 
have been estimated from experimental non-isothermal sorption curves (i.e. dependence of 
dye concentration in fiber Cti on time ti and corresponding temperature Ti) by the nonlinear 
least squares. Due to high correlation of estimated K0 and E the rate constants K90 for 
temperature T = 90oC were computed 
 

 ) 
363.15* R
E  - ( exp  K = K 090  

 
Estimated equilibrium concentration C∞ and computed rate constant K90 are given in Table 1. 
 
5. PREDICTION OF HOLE FORMATION ENERGY 
According to theory of absolute reaction rates the dye molecules diffuse into fibers across 
temporary holes formed by temperature activated local movements of polymer segments. 
Energy of temporary hole formation Eh (D) is therefore one of main parameters of diffusion. 
Based on the molar contribution methods this quantity can be predicted from chemical 
composition of polymeric chains only.  This method can be used for additive characteristics 
having the values (per mole of polymer) which represent the sum of contributions of 
individual atoms, bonds or typical groups of atoms. A list of additive characteristics is 
presented in [8]. The value of additive characteristics QM (per one mole of polymer) can be 
simply computed by using the relation 
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Q n Q
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where Qmi is molar contribution of the i-th group (or atom or bond) and ni is number of i-th 
groups per one mole polymer. Molar contributions Qmi for additive physical, optical, thermal 
and mechanical characteristics are presented in [8]. 
 
For amorphous copolymers the equation 
 
  Eh(D) = πν D2 Na 
 
is valid [6]. Here Na is Avogadro number, D is diameter of formed hole and ν is surface 
tension of polymer. Quantity ν can be computed by molar contribution method [6]. Estimated 
values Eh(1.5) for formation of holes of diameter 1.5 μm are given in the Table 1. 

 
 

6. DISCUSSION 
It is evident from Table 1 that energy of hole formation Eh(1.5) does not vary much and does 
not properly reflect the changes of dyeability. The same is valid for dyeing rate constant K90. 
On the other hand the concentrations C90 and C∞ can express the changes in dyeability of 
copolyester fibers rather well. For all copolyesters the value of C∞ grows with the growth in 
the amount of modifying component in fiber. These results can be explained by idea that 
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dyeing is primarily affected by overall accessible free volume. This quantity is characterized 
by maximum number of dye molecules penetrating into fibers up to near equilibrium (i.e. C90 
or C∞). It is interesting that the C90 correlates significantly with the glass transition 
temperatures of fibers in water. The kinetic parameters of dyeing as a K90 are not so 
important. The energy of hole formation Eh (1.5) is estimated for ideal amorphous state 
(undercooled polymeric liquid) and therefore reflects influence of chemical composition on 
chains only. In real fibers the structural changes caused by comonomers are probably more 
important. 

 
7. CONCLUSION 
To sum up the obtained results from practical point of view, it follows that: 
 

• Dyeability characterized by C90 or C∞ are dependent on type and concentration of 
comonomers selectively, 

 
• The modification with PG only is suitable for preparing of the fibers dyeable at boiling 

point without carriers. 
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1. INTRODUCTION 
Bio-fibers represent an emerging and innovative component of the textile value chain. They 
are characterized by new synergies and integration among various scientific disciplines 
involving materials, polymers, chemicals, biotechnology, agriculture, and consumer sectors. 
They are attaining a visible market presence and afford the promise of being a significant 
player in the path towards sustainability. As with most new developments, incorporating them 
into popular societal use will be challenging. The article will review major issues related to 
prediction of the technological substitution of old fiber production technology by the new 
technology. If a new technology begins to replace an existing technology without a major 
change in function, it will tend to go to completion usually at a constant rate of substitution. 
Diffusion theory predicts that the yearly relative capacity increase of the new technology 
decreases with an increasing market share. This theory is the basis for the most widely used 
analysis developed in the Fisher Pry model. The Fisher-Pry description and its variants have 
been widely used in the study of technology substitution. Although the model was introduced 
using empirical arguments, it is now a well-known fact that the model considers a special ease 
of logistic growth and can be obtained from the Lotka-Volterra competition equations. The 
MATLAB program for utilization of Fisher Pry and generalized model will be described. 
Estimates of the innovation diffusion process will be examined for the case of replacement of 
polyester fibers by PLA fibers. 
The bio-fiber industry is still in its infancy trying to identify and explore market niches that 
add value to this approach. This systemic and integrated “from the cradle to the cradle” 
concept is equally concerned with the carbon’s complete cycle and with the promotion of the 
replacement petrochemical derived fibers with equivalent bio-fibers from renewable sources. 
Current production volume in fibers is estimated to be between 50.000 and 100.000 tons per 
year. However, the long term prospects indicating if it is becoming a mainstream fiber with 
mass application (e.g. a volume of 3-5 MM Tons) or a niche for specific end-uses and target 
groups, remain undefined and uncertain. Hence understandings of the unfolding technological 
change that accompany a new introduction are critical. This is necessary to help the major 
constituencies with a strong vested stake – industry, R&D community and policy makers.  
The information developed will guide decision makers regarding resources to invest and 
nurture those directions which indicate the greatest potential. Furthermore, it will help define 
strategies for a successful outcome. The course of innovation may be measured by a number 
of factors ranging from R&D investments, process technology advances, total consumption in 
terms of annual sales or inventory on hand etc. – just to mention a few. Innovation diffusion is 
best described by the characteristic S-shaped curve based on the “bandwagon” effect 
assumption. Hence, a firm’s decision to adopt a new technique is dependent on the number of 
firms already using it. Bio-fibers were launched by existing players (e.g. DuPont for PTT) as 
well as newcomers (e.g. NatureWorks – Cargill for PLA, Metabolix for PHA, Clereplast for 
nano additives etc). However it also requires setting up vertical alliances in aligning 
investments and marketing.  
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The main aspects of the innovation process are that it can be both internal and external to 
the company and is directed by simultaneous emergence/substitution of both old and new 
techniques involving changes in characteristics driven by market place. These are embodied 
in a number of factors such as patents, design, licenses, skilled personnel etc. All these factors 
demonstrate both the complexity and difficulty accompanying an estimate of the pace/rate and 
extent of the innovation diffusion process. 

 
2. CONCEPTUALIZATION OF BIO MATERIALS  
In terms of understanding the terminology, there are three distinct concepts: 
Bio-based: Materials produced using carbon that comes from contemporary (non-fossil) 
biological sources and may or may not be biodegradable. Carbon 14 signature quantifies bio-
based content. 
Biodegradable: Biodegradable materials are limited to materials that convert to carbon-di-
oxide, water and biomass through the microbial digestion. They may or may not be bio-based. 
The American Society of Testing and Materials (ASTM) has standards for bio-based and 
biodegradability. 
Biopolymers: Biopolymer is a term that includes bio-based and some biodegradable plastics, 
as well as non-plastic materials, such as proteins, lipids and DNA. Hence, according to ASTM 
D6866-06, a biopolymer is a special polymer that involves living organisms in its synthesis 
process. It therefore has a partial or total biochemical origin whereby it can be partially or 
totally produced from natural, renewable materials (biomass) and can be biodegradable, thus 
satisfying ASTM D6400-04, or not. Biopolymers can be grouped into three classes as given 
below [1, 2]: 

1. Polymers extracted directly from biomasses, with or without modification. For 
example starch modified polymers and polymers derived from cellulose. 

2. Polymers produced directly from microorganisms in their natural or genetically 
modified state. The typical example is polyhydroxyalcanoates (PHAs). 

3. Polymers obtained with the participation of bio-intermediaries, produced with 
renewable raw materials. Examples are: polylactic acid (PLA); bio-polyethylene 
(BPE) obtained from polymerization of ethylene produced from bio-ethanol; bio-
nylon via diacids from biomasses; and bio-polyurethanes which incorporate polyols of 
vegetable origin. 

 
Biofibers from biomaterials are therefore defined as materials that contain biopolymers in 
various percentages and can be extruded/molded under thermal-mechanical (heat & pressure) 
stress. They are thus potential alternatives to conventional thermoplastic synthetic fibers of 
petrochemical origin, such as polyolefins and polyester (Figure 1). 
 

 
Fig. 1 End use applications of biopolymers in Europe by use 
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The redesign of polymers is already happening, and biopolymers are already on the market. 
However, the use of biopolymer is small (0.1 to 0.2 per cent of total EU plastics 
consumption). The technology to produce them on a large scale is still in its infancy and so is 
the research on their impacts. 
The prediction of capacity for some biopolymers in Europe is shown in Figure 2. 

 

 
Fig. 2 European capacity development of bio-based polymers until 2020 

 
Environmental considerations: Although significant research and product development has 
been done with biodegradable plastics, there is debate as to whether they actually degrade in 
natural habitats rather than under experimental conditions, particularly if they are present in 
large amounts. 
Biodegradation may also influence the types and concentrations of soil micro flora in disposal 
areas. Enrichment of soil with certain micro flora could have unanticipated risks, such as an 
outbreak of a new microbial disease. 
Bio-based plastics require biological feedstock, which can be corn, soya, wheat or sugarcane, 
for example. This raises questions regarding availability of sufficient farming land cultivation 
for the feedstock and possible conflicts with food production.  
A possible solution could be the use of alternative feed-stocks that do not compete for food 
production. Industry is currently investigating algae for the production of bio-based polymers. 
The use of algae as a feedstock may have less impact because it has high yield, can grow in a 
range of environments and does not compete with land-based food crops. 
Although bio-based polymers are renewably sourced, this does not mean that they will reduce 
waste. Instead, they produce a different form of plastic waste that may require different waste 
management systems. 
However, it must be ensured that any changes in the product do not have “side-effects” 
further down-stream in the value chain the line during the products use or disposal. For 
example, if in the redesign process the product is less durable, then it will be discarded at a 
higher frequency and replaced more often, thus increasing plastic waste.  
There is disagreement about the life cycle impact of biopolymers and some research indicates 
biopolymers may have a more negative impact on the environment than conventional 
plolymers due to their weight and production methods. Some biopolymers have less impact 
on fossil fuel use and global warming potential than traditional polymers; they could have 
greater environmental impacts in terms of eutrophication and eco-toxicity. These would be 
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caused by fertilizer use, pesticide use and land use change required for agriculture production 
as well as from the fermentation and other chemical processing steps involved. 
However, European Bioplastics (the trade association for manufacturers of bioplastics in 
Europe) suggests that it may not be appropriate to directly compare bioplastics (which are at a 
very early development stage) to older materials as the latter have optimized their life cycle 
over time. 
In their life cycle analysis (LCA) review of the environmental impact of plastics, Plastics 
Europe considered research on two bioplastics: a PLA bottle and LDPE (Low Density 
PolyEthene) film based on ethylene derived from renewable resources. The benefits derived 
from these depended on the choice of feedstock and waste management strategies. The 
environmental impact of PLA bottles was more variable than PET bottles and, in some cases, 
production methods contributed to enhanced negative impact on the overall environment. On 
average, the PE film based on renewable resources produced 2 to 3 kg less CO2 per kg of 
material compared to PE derived from fossil resources. This, however, depended on the 
choice of feedstock and how the waste was managed. 
 
3.  PLA FIBER SUBSTITUTION  
PET is aromatic polyester, incorporating a benzene ring in each repeat unit and PLA is 
aliphatic polyester, with only relatively small pendant methyl groups to hinder rotation and to 
prevent easy access to the oxygen atoms in the ester linkage (Figure 3).  
 

 
Fig. 3 Structure of PET and PLA 

 
The PET chain is nominally linear, while the PLA molecule tends to assume a helical 
structure. These differences allow higher purity grades of PLA to crystallize much more 
readily and to a greater extent, than PET, resulting in dramatically different processing 
requirements for the fiber manufacturer. These differences sometimes present obstacles, but 
more often provide a greater degree of control over final fiber properties such as strength, 
shrinkage, and bulk.  
Unique polymer characteristics also arise from the fact that the lactide dimer occurs in three 
forms: the L form, which rotates polarized light in a clockwise direction, the D form, which 
rotates polarized light in a counter-clockwise direction, and the meso form, which is optically 
inactive. During polymerization, the relative proportions of these forms can be controlled, 
resulting in relatively broad control over important polymer properties. 
So with a thermoplastic “natural” fiber polymer, unique polymer morphologies, and control 
over the isomer content in the polymer, a relatively broad spectrum of properties is available 
to the fiber manufacturer.  
The comparison of some thermal and mechanical properties of PLA fibers with other fibers 
are shown in the Figures 4 - 5. In Figure 4 the scans of DSC are shown. The differences 
between melting points are clearly visible. 
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Fig. 4 DSC scans of PET and PLA 

 
The tensile stress strain curves are shown in the Figure 5. 
 

 
Fig. 5 Stress strain curves for PLA and other common textile fibers 

 
The comparison of flammability properties of PLA and PET are summarized in the Table 
1. 

Table 1. Comparison of PLA and PET flammability properties 
Property PLA PET 

Flammability Continues to burn for two 
minutes after flame removed 

Continues to burn for six 
minutes after flame is 
removed 

Smoke 
generation 

63 m2 kg-1 394 m2 kg-1 

LOI 26% 22% 
 
PLA fibers are most likely to find a foothold in the substitution of PET fibers in hygiene and 
medical applications as pointed out by Gupta et al. [3]. To understand this phenomena Fisher 
- Pry model (logistic S curve) can be used [5]. This model allows a forecast of technological 
substitution with only limited amount of data that is available in the early stages of a 
substitution. The Fisher-Pry substitution theory states that as a new technology begins to 
replace an existing technology without a major change in function, the substitution will tend 
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to go to completion at a constant rate of substitution. The method is accurate especially after 
20% substitution. The theory was empirically derived, so there is no theoretical proof that the 
method is valid; but it works in about 95% of the substitutions to which it has been applied. 

 
Conditions necessary for application of Fisher Pry theory are: 

 
• New technology must satisfy some basic need or function 
• Substitution must have started 
• New technology must be capable of completely substituting the old technology in the 

market segment being analyzed 
 
Fisher Pry is not applicable if the invention has only been demonstrated or there is no 
technological advance, such as a substitution based solely on fads or styles. If the substitution 
is 20% complete then the forecast by Fisher Pry is very accurate. In the early stages with less 
than 5% substitution the forecast is likely to be optimistic towards the new technology. Actual 
time for 50% substitution may be 40% longer. When 20% substitution is achieved, it is often 
too late for old technology company to switch to new technology. 
In a growing market “old technology” company may not even realize it is losing market share 
until substitution is 40% complete. 

 
Generally leader in old technology cannot become a leader in new technology due to: 

 
1. Different raw materials used for the two technologies. 
2. Fear of competing with oneself doesn’t allow old technology company to do research 

on new technology. 
 
Important considerations for applying Fisher Pry model are: 
 

• Specify exactly what function is being substituted 
• Must have same units of production. 
• Common density must be used. 
• Identify the market available for substitution. Upper limit must be used in the equation   
if some substitution is not possible. 

 
If a new technology begins to replace an existing technology without a major change in 
function, it will tend to go to completion usually at a constant rate of substitution. Diffusion 
theory predicts that the yearly relative capacity increase of the new technology decreases with 
an increasing market share. Thus the volume increase depends on the market share, f, of the 
new technology and there is a correlation between the two variables. The rate of change of 
new technology market share df/dt can be expressed by a rate function (logistic growth) [6]. 
 

( )df k f L f
dt L

= −          (1) 

 
where L is upper limit of market share. The solution of this differential equation has the form  
 

     
( )1 exp ( )h

Lf
k t t

=
+ − −

                    (2) 
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where f is market share for new technology at time t, th  is time for 50% takeover (i.e. for f = 
L/2) and k is constant (proportional to the growth rate). This function can be represented as a 
linear relationship by arranging as shown below:  
 

     ( )ln h
f k t t

L f
⎛ ⎞

= −⎜ ⎟−⎝ ⎠
          (3) 

 
For the case when new product in the limit fully substitutes old one at L = 1 (original Fisher - 
Pry model [5]). The case for complete substitution of new technology occurs at L=1 in the 
Fisher-Pry Model. 
 
4.  PLA GLOBAL PRODUCTION AND PENETRATION ANALYSIS  
PLA global production has been 74, 151 and 229 KT/Annum in 2003, 2007 and 2009 
respectively. It is expected to grow to 473 and 833 KT/Annum in 2013 and 2020 (Forecast by 
Nature Works, a major producer of PLA). The fraction of the production utilized for fibers 
was 20%, 30% and 30% during the early years and expected to account for 50 % in fibers by 
2020.  
Parameters of Fisher-Pry model (2) were estimated by nonlinear regression. The program 
FPA in MATLAB language was created. In this program a standard option is to compute the 
three parameters L, k and th. In the event if only a few data points are available, it is possible 
compute the parameters k and th only for fixed L. This second option was used here. The 
parameter estimates calculated by FPA program for saturation L = 0.8, 0.85, 09, 0.95, 1 are 
given in the Table 2. Corresponding model shapes (lines) and data (stars) are presented in the 
Figure 6. 

Table 2. Parameter estimates for PLA penetration analysis 

saturation  
L [-] 

rate  
k [year-

1] 

time of half 
saturation 
th [year] 

2013 
penetration
f 2013 [-] 

0.80 0.309 2005.23 0.734 
0.85 0.286 2005.70 0.756 
0.90 0.269 2006.16 0.776 
0.95 0.254 2006.61 0.794 
1.00 0.243 2007.05 0.809 

 
For the case of L =1 the 98% of the target market of PET in hygiene and medical application 
would besubstituted by PLA by 2024. 
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Fig. 6 PLA Fiber substitution characteristics (Fisher-Pry model) 
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The rate of penetration as measured by the increase in relative share of PLA/PET is 0.243. 
Finally, the market forecast indicated by Nature Works seems to indicate PLA saturation 
(total penetration) of approx. 90%.  

 
5.  CONCLUSION  
The current bio-fiber applications represent a niche segment of the textile value chain. In 
order to grow, new products must be developed which are not only biodegradable but also 
favorable to the environment, demand less energy than synthetic fibers during processing, 
release only carbon dioxide and water on degradation, fertilize the soil during composting, 
and obtained exclusively from renewable raw materials.  
The industry must have a transparent and positive dialogue with social movements focused on 
sustainability concepts while disclosing to the public both long term and short term 
advantages on issues related to production of feedstock, lifecycle and end-of-life 
management.  
Clearly, bio-fibers are not an environmental panacea, but rather another avenue to explore 
products with new properties and for living in a sustainable way. 

 
ACKNOWLEDGEMENTS: 
This work was partially supported by research project VCT II No. 1M0553 - project 
1M4674788501. 

 
6.  REFERENCES 
[1] Scheffer M., Aneja A.: Biofibers – An Exploration in the Prediction of Innovation 
Diffusion, Autex 10th World Textile Conference, Vilnius, Lithuania, June 2010. 
[2] Queiroz A. U. B.; Queiroz F.P.C:: Innovation and Industrial Trends in Bioplastics, 
Polymer Reviews, 49, No.2, 65 - 78 (2009). 
[3] Gupta B., Revagade N., Hilborn J.: Poly(lactic acid) fiber: An overview, Prog. Polym. Sci. 
32, 455 - 482 (2007). 
[4] Keshavarz T., Roy I.: Polyhydroxyalkanoates: Bioplastics with a Green Agenda, Current 
Opinions in Microbiology, 13, 321-326 (2010). 
[5] Fisher J.C., Pry R.H.: A Simple Substitution Model of Technological Change, Technol. 
Forecasting and Social Change, 3, 75 – 99 (1971). 
[6] Debecker A., Modis T.: Determination of the Uncertainties in S-Curve Logistic Fits, 
Technol. Forecasting and Social Change, 46, 153 – 173 (1994). 
[7] Shen, L, Worrel, E., Patel, M. : Present and future developments in plastics and biomass, 
Biofuels,Biomass, & Biorefining, Vol 4, 25 – 40 (2010). 
 
 
 
 

http://www.informaworld.com/smpp/title~db=all~content=t713597276�
http://www.informaworld.com/smpp/title~db=all~content=t713597276~tab=issueslist~branches=49#v49�
http://www.informaworld.com/smpp/title~db=all~content=g910574731�


 
 

145

 

Chapter - 10 
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1. INTRODUCTION 
The great potential of bast fibers is until now not fully utilized. Hemp and flax fibers are often 
used for non-textile applications and its process ability for fibrous assemblies is still very 
difficult. Due to presence of bundles of elemental fibers and non-fibrous substances there are 
serious limitations for creation and utilization of these fibers.  
These problems are the challenge for using new technologies and chemical or biochemical 
procedures to reach better process ability. New technologies, widely used in medicine and 
food industry, are mainly in utilization of microbes or only their enzymes for production or 
decomposition of different substrates. There are several possibilities for chemical and 
biochemical treatment of bast fibers. The first is usually wet biochemical processing of bast 
fibers in the stage of scutching or hackling tow and noils. Using good processing method it is 
possible to reach practically full separation of fibers or to obtain fibrous bundles having few 
ultimate fibers. These materials or blends with cotton can be spun by classical rotor 
technology. This contribution is devoted to description of number of bundles changes of 
ultimate flax fibers caused by the enzymatic, chemical and combined pretreatment of 
technical fibers. Combing on the fibro-blender device has simulated the final mechanical 
treatment. The distribution of fibrous bundles is created and probability of occurrence of 
bundles having prescribed number of ultimate fibers is computed. 

 
2. BAST FIBERS 
Main representatives of the bast fibers are flax and hemp. These fibers are derived from the 
stem of the plant. Flax and hemp, although botanically unrelated, have many characteristics in 
common. Without microscopic or chemical examination, their fibers can only be 
distinguished by the direction in which they twist upon wetting: hemp will rotate 
counterclockwise, flax clockwise. 
Flax is a dual usage crop, with linen varieties grown for their stem fiber, and other varieties 
for the oil in their seed. This fact also applies to hemp. Both plants produce very similar 
drying oils in their seed, oils with a high percentage of linolenic acid, used until mid-century 
in paints. The oils are also valued for nutritional and even medicinal qualities. 
Cellulose is the major constituent of these fibers and the minor constituents are noncellulosic 
polysaccharides, such as pectin and hemicelluloses, lignin, lipids, and ash. Although most of 
the noncellulosic components present in the fiber are removed during retting and scutching 
(mechanical separation of the fiber), poor quality fiber can contain as much as 20-25% of the 
hemicelluloses, pectin, and lignin. Typical chemical composition of these fibers is shown in 
the Table 1. 
 

Table 1: Comparative chemical composition: 
Fiber CELLULOSE HEMI-CELLULOSE LIGNIN 
FLAX 78.5 9.2 8.5 
HEMP 68.1 15.1 10.6 
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Unlike cotton, these fibers are not single cells but rather an aggregate of the ultimate cell. The 
ultimate cells are fibrilar and the fibrils are helically disposed with no structural reversals. The 
sense of the helix is a characteristic one for this fiber group. It is also evident from x-ray 
diffraction that the cellulose has a higher degree of order or crystallinity in these fibers than in 
cotton. Some morphological structure factors are given in the Table 2.  
 

Table 2.Morphological Structure of Bast Ultimate Fibers 
Parameter Flax Hemp 
mean length, mm 32 20 
mean diameter, mm 0.023 0.022 
spirality  S  Z 
spiral angle  5-100  5-100

Length/ diameter 1391 909 
 
Flax, of which there are many varieties, is commercially grown for fiber principally in the 
states of former Soviet Union, Ireland, Belgium, Holland, the United States, Australia, and 
Canada. Unlike other vegetable fiber crops, the flax plant is pulled from the earth rather than 
cut. Having been dried, the plant is subjected to retting, which is a chemical or microbial 
treatment of the stem to permit an isolation of the fibers. Retting is a highly complex 
operation involving many reactions designed to remove interfiber cementing material. Final 
removal of fiber from the stem is achieved by a physical process known as scutching. Flax 
fiber varies in its natural color and in length from about 70 to 92 cm. The mean length of the 
ultimate fiber cell is about 30 mm, with a mean equivalent diameter (fibers are noncircular) of 
0.023 mm. The cellulose fibrils are deposited in a helical configuration with an „S“ 
disposition of the helix. Yarns and fabrics made from flax fiber are referred to as linen.  
 
Hemp fiber is longer than a flax fiber but it is less flexible and coarser. It does not bleach 
well and as it lacks elasticity and flexibility it is not used for fine textiles. The ultimate fiber 
cells vary in length from 5 to 55 mm, and have an average length of about 20 mm, their 
equivalent diameter varies between 0-016 and 0-050 mm, with a mean of 0.022 mm. The 
thickness of the cell wall varies much more than it does in flax, increasing towards the end of 
the fiber so that the lumen is narrower there. When viewed under the microscope fiber cells 
are seen to be irregular in shape, being flattened at some points along their length but 
cylindrical at others. There are striations on the surface of the fiber but no nodes like those 
found in flax. The ultimate fibers have forked ends, and these serve to distinguish them from 
the flax. Hemp has a ´Z´ twist, and this is one way how to distinguish it from flax. Hemp can 
be used for ropes, twines, cables, nets, sail-cloth, canvas, tarpaulins, etc., but its main use is as 
a substitute for flax in the manufacture of yarns and twines.  
Processing of high quality bast fibers is as much an art as a science. Since antiquity, bast 
fibers have been obtained by „retting“ and „breaking“ the stem. Retting (rotting) is the 
decomposition of the pectines, which bind the fibers to the woody inner core of the plant 
stem. After retting, a fiber is separated from the woody inner core (hurds or shives) by 
„breaking". The hurds are cleaned from the fiber by „scutching“ and the fiber is further 
refined by „hackling“ before being spun into twine and rope.  
The main characteristic of technical flax fibers is that they are in the form of bundles of 
elementary fibers („ultimates“). The ultimate fibers are glued in the bundle by the pectinuos 
gums composed mainly from pectines of the inner lamellae.  
This pectinuos substance permeates through the fiber walls and joints the bundles with 
surrounding cortex or bark. 
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 The pectines of the inner lamellae are encrusted with lignin, which makes it even more 
difficult to split a bundle into fibers. The structure of unretted flax is on the fig. 1A. 
 

A      B 
Fig. 1 A. Sub surface of unretted flax (F..fiber bundles, S  Shives –Xylan,1 Parenchyne). 

 B. Sub surface of retted flax 
 

For some applications there is interesting to extract ultimate fibers because their length 
characteristics are similar to the cotton fibers. Such a process is called cottonisation. For 
cottonization the mechanical, chemical and microbiological attack can be used separately or 
in combination. Sub surface of enzymatically retted flax stem is shown on fig. 1B. The 
significant separation of bundles from epidermis cemented by pectins and polysaccharides is 
clearly visible. 
 
3. DETERMINATION OF COTTONIZATION DEGREE 
The fineness of flax fibers after cottonization is one of the basic parameters expressing 
directly quality of this process. It is known that due to identification of compound fibers is 
classical gravimetric method operator dependent. Microscopic methods or application of 
image analysis need careful preparation of cross sections and are useful for basic investigation 
only. Quick indirect methods for evaluations of mean fiber fineness are based on the facts that 
finer fibers have higher relative surface are and heat conductivity. The two methods are 
popular, namely: 
 

- Airfow method based on the measurement of air permeabity across random fibrous 
bundle (permeability is directly connected with relative surface area) 

- Thermographic method (TG) based on the investigation of weight loss during heating 
and decomposition temperature (the weight loss corresponding the peak 1 on TG trace 
is used as characteristics of fineness) 

 
Comparison of results from these methods has been realized in work [6]. It has been found 
that: 
 
1. TG characteristics have high negative correlation with airflow results (correlation 
coefficient r = -0.9) 
2. TG characteristics have high positive correlation with direct method of microscopic cross 
section analysis (correlation coefficient r = 0.76) 
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3. TG characteristics have low positive correlation with gravimetric measurements 
(correlation coefficient r = 0.47) 
The correlation between airflow and TG is shown in the fig. 2. 

A     B 
Fig. 2 A relation between TG and airflow estimates of flax fineness, B Differences in thermal 

behavior of cotton and flax 
 
Presence of bundles indicates poor quality of cottonization and therefore the bundling size 
distribution should be used for cotttonization degree evaluation. The suitable parameters of 
bundles size distribution are: 
 
Mean bundle size xm and corresponding variance s2

m . 
Fraction f1 of ultimate fibers (bundles of size equal to 1)  
Percentage Fb of fibrous bundles exceeding some limit (suitable is b = 10 fibers in bundle) 
 
These characteristics can be evaluated without knowledge of bundle size distribution. On the 
other hand is creation of bundle size distribution more informative.  

4. MATERIAL AND METHODS 
Czech flax row Kotex 4C was processed by using of different chemical and enzymatic 
pretreatment. At first enzymatic treatment of tow with Texazym DLG and other enzymatic 
agents made in Inotex Ltd was done. Additionally combinations of enzymatic treatment with 
alkaline scouring, peroxide bleaching or both were carried out. For estimation of these 
procedures influence on the changes of bundles distribution the samples with various 
combinations of pretreatment procedures were prepared. The samples are described in table 3.  
 

Table 3. Flax samples 
1 (KP) Original tow 
2 (E) Enzymatic treatment 
3 (AE) Alkaline scouring + Enzymatic treatment  
4 (EB) Enzymatic treatment + Peroxide bleaching 
5 (K) Enzymatic treatment + Alkaline scouring  + Peroxide bleaching 

 
Details about technology of these procedures are described in the work [4]. These samples 
were finally mechanically treated on the fibro-blender machine for simulation of mechanical 
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separation of ultimate fibers from of bundles. Samples before mechanical treatment re marked 
“before” and mechanically treated samples are marked “after”.  
For estimation of the number of fibers in fibrous bundle and number of fibrous bundles the 
image analysis system LUCIA has been used. From individual samples the parallel knot of 
fibers has been created by manual drafting. The knots are glued and cut by microtome for a 
preparation of cross sections samples. By the analysis of these images (the image analysis 
system LUCIA has been used) the individual fibers and multiple fiber bundles were 
identified. The differences between flax ultimate fibers and fibrous bundles were often clearly 
visible but in some cases there was difficult to decide about size of bundle (see fig. 3). 
 

 
Fig. 3 Differences between ultimate fibers and fibrous bundles. 

 
5. RESULTS AND DISCUSSION 
The main aim of analysis is to characterize the distribution of fibrous bundles. Let the xi is 
number of bundles having number of fibers equal to i, where i=1,2,3,…,n, and whole number 
of bundles is  

∑=
n

ixNb
1

        (1) 

 
The relative frequency of i-th bundle is 
 

Nbxf ii =          (2) 
 
and cumulative frequency is equal to 
 

∑
=

=
j

i
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1
         (3) 

 
The cumulative frequency is rough estimator of bundles size distribution function. Total 
number of fibers is equal to 
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By careful inspection of relative and cumulative frequencies it was recognized that: 
 

- The number of single fibers characterizes not only the separation tendency but 
includes the severity of treatments leading to the tow formation. For characterization 
of this behavior the frequency f1 of single fiber occurrence has been used. Values f1 are 
given in the table 4. 

- The frequency of fibrous bundles exceeding 10 is very small and in some cases no 
fibrous bundles having higher number of fibers have been found. For characterization 
of occurrence of bigger fibrous bundles the relative portion F10 of fibrous bundles 
having number of fibers exceeding 10 has been computed from relation (6). These 
values are given in the table 4. 

- In the range 102 ≤≤ i  is empirical fibrous bundles distribution monotonically 
decreasing function (see fig. 4). The aim is to describe this behavior by suitable 
theoretical distribution. 

 

 
 

Fig. 4 Empirical distribution function of fibrous bundles having i fibers in the range 
102 ≤≤ i  

 
Basic characteristics of bundles distribution are mean value xm and corresponding variance 
s2

m computed according to well-known relations 
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The mean values of bundle size are given on the fig. 5.  
It is visible that all kind of pretreatments leads to the decreasing of mean bundle size. 
Effective are combined enzymatic treatment (treatment No 4 and 5). 
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The differences due to mechanical action are maximal for the sample No3 (alkaline scouring 
and enzymatic treatment). The variability of measurements is relatively high as is show on the 
fig. 6. 
 

 
Fig. 5 Mean values of bundle size distribution. 

The variances of bundle size distribution are high due to no uniformity of bundle sizes and no 
uniformity of cementing substances. Due to chemical and enzymatic pretreatment is variance 
lowered because the weakly cemented bundles are transformed to ultimate fibers. The 
estimates of bundle size probability function are given on the fig. 7. 
In fig 7 columns are relative frequencies computed from eqn. (2) for bundle size in the range 
(2-9).  
 

 
Fig. 6 Variances of bundle size distribution. 
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Fig. 7 Probability function of bundle size in the range (2-9). 

 
By careful inspection of probability function estimates it was recognized that: 
 
A. The number of single fibers characterizes not only the separation tendency but includes the 
severity of treatments leading to the tow formation. For characterization of this behavior the 
frequency f1 of single fiber occurrence has been used. Values f1 are shown on the fig. 8. 

 

 
Fig. 8 Relative frequency f1 of ultimate fibers occurrence. 

 
It is visible that the number of ultimate fibers is increasing due to chemical and enzymatic 
pretreatment. In some cases the influence of subsequent mechanical decomposition is not so 
high. The best results are for treatment No 3 i.e. combined enzymatic treatment and alkaline 
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scouring. For the worst case i.e. no pretreatment are about 70 % of all bundles as ultimate 
fibers.  
 
B. The frequency of fibrous bundles exceeding 10 is sensitive characteristics of cottonization 
quality. This frequency is generally very small and in some cases no fibrous bundles having 
higher number of fibers has been found.  
For characterizing of occurrence of bigger fibrous bundles the percentage R10 of fibrous 
bundles having number of fibers exceeding 10 has been computed from relation  
 

)1(*10010 10FR −=         (6)  
 
Here F10 is cumulative frequency for j = 10 fibers in bundle computed from eqn. (3). The 
values of R10 are shown on the fig. 9. 

 

 
Fig. 9 Percentage R10 of fibrous bundles having number of fibers exceeding 10 

 
Because the number of bundles is discrete random variable the frequency ratio is useful for 
identification of suitable distribution in the range 102 ≤≤ i  [2].  
It is well known that for a lot of discrete distribution the following relation is valid 

 

 iCC
f

fi

i

i **
10

1

+=
−

        (7) 

 
where Co and C1 are parameters characterizing type of discrete distribution. The frequency 
ratio plots are given on the fig. 10. 
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Fig. 10 Frequency ratio plots 

 
The correlation exceeding 0.78 were obtained in all cases. Positive slope in this graph 
indicates negative binomial or geometric distribution [2]. 
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here p and a are parameters. It is simple to shown that for distribution (8) is frequency ratio 
given by relation 
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     (9) 

 
For a = 1 the geometric distribution results  
 

 xppxp )1(*)( −=         (10) 
 
This distribution has the one adjustable parameter p only. For checking of this distribution the 
logarithmic transformation can be adopted i.e. 
 
 kiqfi *)ln( +=  
 
where )ln( pq =  and )1ln( pk −= . The dependence of ln(fi) on i should be therefore linear. 
This dependence for the pretreatment K is given on the fig. 11. 
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Fig. 11 Logarithmic plot for geometric distribution checking 
 
The correlation exceeding 0.9 were obtained in all cases. From the slope in these graphs the 
rough estimator )exp(1 kpa −= of parameter p was computed.  
Results are given in the table 4. 
The optimal parameter po obtained by least squares method is given in the table 4 as well. It 
should be mentioned that degree of fit is only moderate.  
 

 Table 4. Parameters characterizing bundles size distribution 
Sample pa po f1 R10 

KP 0,237 0,56 0,655 7,987 
E 0,386 0,53 0,724 4,011 

AE 0,332 0,53 0,706 3,143 
EB 0,399 0,57 0,797 1,71 
K 0,384 0,60 0,784 1,68 

 
6. CONCLUSIONS 
The selection of parameters for separation tendency description is dependent on the practical 
needs and simplicity of computations. From these points of view are the R10 and f1 preferred.  
From the inspection of individual graphs and table 2 the following conclusions can be created: 
 

• Parameter R10 is very useful for characterization of bundles separation tendency. 
• Parameter f1 reflects the portion of ultimate fibers and is suitable as well 
• Fibrous bundles distribution can be approximated by geometric distribution with one 

parameter p.  
 
The parameter of geometric distribution is similar for all pretreatments excluding KP. Higher 
value of parameter p leads to the higher rate of frequency drop (quicker tendency to bundles 
separation)  
 
ACKNOWLEDGEMENTS:  
This work was supported by the research project LN00B090 of Czech Ministry of Education 
 
 



 
 

156

7. REFERENCES 
[1] Koch A. Fasertafels, Reutlingen 1994 
[2] Meloun M., Militký J.,Forina M.: Chemometrics for Analytic Chemistry I, Ellis Horwood, 
1992 
[4] Internal Rep., INOTEX, Dvůr Králové, 2002 
[5] Militký J. et all: Proc. Int. Conf. TEXTSCI 2000, Liberec July 2000  
[5] Faughey G.J. et al. : J. Appl. Polym. Sci. 75, 508, (2000) 



 
 

157

 

Chapter - 11 
 

INDUSTRIAL POLYESTER MONOFILAMENTS THERMAL 
SHRİNKAGE 

 
Jiří Militký 1, Dana Křemenáková 2, Marie Košátková-Hušková 2  

1 Department of Textile Materials, 2 Department of Textile Technology,Technical University 
of Liberec, Hálkova 6, 46117Liberec, Czech Republic 

 
1. INTRODUCTION  
Polyester made from polyethylene terephthalate (PET) is the most widely used man-made 
fiber in the world and can be found in several areas of application, ranging from the classical 
textiles to the technical and special textile structures. It is mainly due to its good end use 
properties and economy of production. 
PET has some properties that affect its processing behavior and also the fibers obtained from 
it. Firstly, it is a crystallizable polymer, but it has slow crystallization kinetics. Because of this 
combination of properties, PET can be obtained in various states, such as amorphous (as 
spun) "oriented mesomorphic" (drawn), and oriented crystallized (heat treated).  
During spinning, due to the take up speed, the pre-orientation of amorphous PET occurs. The 
speed of the molten polymer emerging from the spinneret is much less than the speed at the 
godet wheel and this stretching in the semi-molten state induces molecular order and 
orientation in the fiber. Stretching during spinning leads to the huge increase of the surface 
area per unit volume, which tends to reduce the chance of crystallization. 
On the other hand, stretching by spinning results in a molecular orientation and therefore 
accelerates crystallization. It depends on the spinning conditions whose effect can be 
dominated [16]. 
By proper drawing and heat setting the fiber structure and macroscopic shrinkage can be 
changed in wide range. Breaking strength can vary in broad bounds depending upon 
manufacturing conditions.  
Main aim of this work is investigation of the short time thermal shrinkage of industrial PET 
monofilament in wide range of temperatures. From derivative of the kinetics of shrinkage 
curve [15] the maximum shrinkage rate is evaluated. The dependence of this quantity on the 
temperature in the range 70 – 2000C is described by the straight line. The slope of this line is 
so called maximum shrinkage rate thermal sensitivity.  
The maximum shrinkage and shrinkage forces in the same temperature range are evaluated. 
The maximum shrinkage rate concept is used for evaluation of shrinkage properties of 
monofilaments extracted from reinforcing fabric “Ulester” before and after heat stabilization. 
 
2. PET FIBER STRUCTURE 
The polyethylene terephtalate (PET) fibers represent polyesters having rigid benzene ring in 
its backbone. These fibers were patented by Whinfeld and Dickson in 1941.  
Cross-sectional area per single PET chain is relatively small, equal to the 0.217 nm2 only [17]. 
The cohesion of PET chains is a result of hydrogen bonds and van der Waal’s interactions, 
caused by dipole interaction, induction and dispersion forces among the chains. The total 
magnitude of secondary forces in a PET unit is 1.37 kJ mol-1. Of this, 1.02 kJ mol-1 is due to 
the disperse forces induced by the benzene rings. Thus the strength of PET fibers is 
determined in the first place; by the rigidity of the benzene ring (the secondary van der Waal’s 
forces decrease with the sixth power of the distance) which forms an angle of only 120 with 
the plane of the ester bonds. The partial flexibility in the macromolecule of PET is mainly due 
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to the ethylene group. The interactive forces create inflexible tight packing among 
macromolecules, showing high modulus, strength, and resistance to moisture, dyestuffs and 
solvents. The unusually high melting point of PET (compared to aliphatic polyesters) is 
attributed to ester linkages. Due to this, PET is difficult to be crystallized. 
Turning the chains about the C--O--C bonds in the ethylene glycol repeat unit, results in the 
formation of two conformers, a planar trans-conformer and a spatial gauche conformer. 
Trans-conformation corresponds to the arrangement with the longest elementary unit. It is the 
state at which the so-called van der Waal’s distances between the chains and the individual 
groups in the chains are maintained. The activation energy for transition between these 
conformers is 92 kJ mol-1 [17]. The amorphous PET is assumed as molecular network with 
entanglements as knots. The PET repeat unit contains six flexible units, the average length of 
which is L = 0.268 nm. 
The amorphous orientation in PET fibers is rather low (orientation factor 0.34-0.40), Total 
trans-conformation fraction in PET fibers is nearly 0.80. Trans-conformation fraction in 
amorphous regions is typically about 0.64. Typical PET has 40% crystallinity. Another factor 
for crystallization is the position of the benzene rings. If benzene rings are placed on the chain 
axis, then close packing of the molecular chains eases polymer crystallization. The elastic 
modulus of crystalline regions of PET in direction parallel with chain axis is 108 GPa. The 
calculated Poisson ratio is around 0.34. 
PET exhibits glass transition Tg (about 77-800C), crystallization temperature (180-1900C) and 
melting point (2560C). The elastic modulus of crystalline regions of PET in direction parallel 
with chain axis is 108 GPa. PET fibers are well known for their high performance properties, 
resistance and good tensile properties. The geometrical structure of the terephtalate unit is 
shown in the fig. 1. 
 

O

C

O

C

0.57 nm
 

Fig. 1 Dimensions of terephtalate unit 
 

The molar volume of PET VPET = 144 cm3/mol. The amorphous density of PET ρaPET = 1333 
kg/m3. The crystalline density of PET ρcPET = 1440 kg/m3. Total energy of secondary bonds is 
1.37 kJ/mol. Undrawn fibers are practically amorphous. The semi crystalline structure appears 
mainly during thermal setting in isometric or isotonic state. Changes of PET structure after 
setting are schematically shown in fig. 2.  
 

     
A    B 

Fig. 2 Structure of PET before (A) and after (B) setting 
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Fibers after setting have degree of crystallinity about 0.4, orientation factor of crystalline 
phase is fc > 0.95 and orientation factor of amorphous phase is fa =0.6. Basic structural units 
are relatively strong micro fibrils having diameter 10 - 15 nm and length 103 nm. These units 
are assembled into fibrils having diameter 30 - 45 nm.  
The oriented non crystalline phase (TTM) – “taut tie molecules” plays very important role. 
Portion of TTM is around 0.1 - 0.05. This phase is responsible for mechanical properties of 
PET fibers. 
 
3. SHRINKAGE OF POLYESTER FIBERS  
Shrinkage is generally defined as an irreversible shortening of fiber length. The energy 
needed to cause shrinking is called the shrinkage work and the stress developed during the 
shrinkage is called the shrinkage stress. Fibers are made to shrink by the effect of elevated 
temperature in the atmosphere, in water or in other medium. Shrinkage in fibers, yarns and 
fabrics can be determined by a great number of different methods in which the changes in 
length after contraction are measured under defined conditions [1]. For instance, the shrink 
forces can be determined by direct measurement of the stress generated in fibers of constant 
length by the effect of shrinkage conditions (temperature, etc.) [2]. Another approach, less 
convenient, is based on compensation, using weights, of the forces generated in fibers under 
shrinkage conditions. Shrinkage and shrinkage stress can be observed through the 
measurement of the change of the sample length with free ends and through the measurement 
of the force exerted on the constraints with fixed ends, respectively, both as a function of time 
or temperature [8]. 
Shrinkage or shrinkage stress is generated by an entropic retraction. When the internal energy 
of an oriented polymer is elevated by an increase in ambient temperature, polymer molecules 
tend to relax the orientation by retracting from an ordered, extended conformation to a 
disordered, random coil. This eventually produces a change of length or contraction force [8].  
Ludewig [9] showed that boiling water-shrinkage of PET multifilament yarn decreases on 
drawing from about 50% in the as-spun state to 12% in the drawn state. The shrinkage 
behaviors of PET up to a temperature of 1300C were extensively investigated in the work 
[10]. 
In polyester fibers two basic contraction mechanisms leading to macroscopic shrinkage can be 
distinguished. These are amorphous and crystalline contractions. The amorphous phase in 
drawn PET fibers that have not yet been thermally treated comprises more than 90% of the 
volume. Amorphous phase consists of a "frozen" physical network with chain entanglements 
forming knots in it. When heated above the glass transition temperature (for amorphous PET 
it is about 700C in the dry condition and 500C in the wet) the mobility of the physical network 
is released. The result is an amorphous contraction in which the individual chains in the 
network take up a steric configuration which is energetically the most convenient for them. 
But simultaneously crystallization takes place. Oriented PET fibers have half-time of 
crystallization shorter than 0.01 s [4]. Complete shrinkage is therefore obtained by shock 
heating only. In semicrystalline PET fibers "amorphous" shrinkage takes place only partially. 
The amount is determined by the orientation in the amorphous phase and the mean relative 
molecular mass of the polymer. Amorphous shrinkage can occur at low temperatures (less 
than 1000C) only. The corresponding shrinkage forces are in the region 10 to 20 mN tex-1.  
The other shrinkage mechanism is the crystalline contraction. It occurs especially in 
differential shrink fibers. This type of contraction is provoked by rearrangement of the 
crystalline phase, connected with the formation of "perfect" crystallites with folded chains. 
The rearrangement of the crystalline phase can occur at relatively high temperatures only 
(above 2000C for PET) and its prerequisite is the presence of a greater number of less than 
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perfect crystalline structures [3]. The latter are formed during setting under tension or in 
copolyesters [5, 6]. In copolyesters the decrease in the temperature of maximum 
crystallization results in the crystalline contraction taking place at temperatures distinctly 
below 2000C. The maximum shrinking forces in crystalline contraction are three to six times 
lower than in amorphous contraction. Under similar drawing and setting conditions crystalline 
contraction does not depend on the type of comonomer but only on its content. [3,7]. 
At higher temperatures, the shrinkage due to recoiling of chains and crystallization processes 
is concurrent [11]. Fast crystallizing conditions restrict shrinkage.  
Excessive shrinkage of textiles containing synthetic fibers is eliminated by heat-setting. By 
this means the crystalline phase is "improved" by recrystallization, which is connected with 
conformation changes to the chain in amorphous regions under defined external geometrical 
proportions. The boiling water-shrinkage for PET yarns, heat-set over a wide temperature 
range are shown in Fig. 3 [12]. 

 
Fig. 3 Boiled water shrinkage of PET fibers before heat setting (control) and after heat setting 

in isometric (TA) and tension free (FA) state 
 
The fibers heat-set at temperatures in the 180-220oC range show in both cases shrinkage of 
less than 2%. The TA samples have significantly higher shrinkage than the FA samples [13]. 
When the fiber is allowed to shrink during heat-setting, there are no external constraints to 
structural reorganization and a significant part of the residual stresses present in the non 
heated drawn yarns relax. When the PET is held at constant length, a shrinkage force 
develops and only a part of the residual stresses is able to relax through limited structural 
reorganization. Thus, the higher boiling water-shrinkage of TA samples is primarily due to 
the presence of greater residual stress in these fibers. It was found [14] that in oriented PET 
yarns shrinkage is a unique function of the product of amorphous volume fraction and 
amorphous orientation factor.  
For the wide temperature intervals the behavior of fiber shrinkage S with respect to 
temperature T can be expressed approximately by the form 
 

1  i.e.  
 

T AS B
A B T S T

= = +
+

     (1) 
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where A and B are constants.  
The fiber shrinkage is generally considered indicative of the shrinkage of the textile products. 
But also the structure of the yarns and fabrics and its effect on the resulting dimensional 
changes should be taken into consideration. 
There are three basic mechanisms of textile structures shrinkage. Relaxation shrinkage, i.e. 
dimensional changes associated with the recovery of deformed fibers; swelling shrinkage, i. e. 
dimensional changes provoked by fiber swelling; and felting shrinkage, i.e. dimensional 
changes caused by migration of fibers inside the structure.  
 
4. EXPERIMENTAL PART 
PET monofilaments for technical applications with measured fineness 33.84 dtex, diameter 56 
μm, tenacity 550 MPa, elongation at break 34%, glass transition temperature 810C, 
crystallization temperature 2140C and melting temperature 2560C were used as starting 
material.  
Because the monofilaments were produced for wide range of applications their stabilization 
was not so high. From these monofilaments the reinforcing planar woven net for membranes 
“Ulester” (see fig. 4) was produced under industrial conditions. The sett of warp was 3340 
[/m] and sett of weft was 3828 [/m]. Measured basic characteristics were: 
 areal density 22 g m-2, thickness 90 μm and porosity 67%.  
 

 
Fig. 4 The structure of gray Ulester fabrics 

 
Fabric was then subjected to the heat setting in partially relaxed state on the stenter (2100C, 
30 second). Due to state of setting, some changes of structure appeared as is demonstrated by 
changes of warp sett to 3228 [/m] , weft sett to 3666 [/m], areal density to the 25.94 g m-2, 
thickness to the 95 μm and porosity to the 63%.. 
For shrinkage measurement the original monofilament (MONOFIL NFIX), weft 
monofilament extracted from fabric before heat setting (FABRIC NFIX) and weft 
monofilament extracted from fabric after heat setting (FABRIC FIX) were used.  
Shrinkage experiments were realized on the TST2 shrinkage tester (Lenzing) under standard 
conditions. The pre-stress 0.7 g was selected. Measurements were realized at temperatures 70, 
90, 100, 120, 140, 160, 180 and 2000C. All measurements were investigated in the time 
interval till 1 min which was sufficient for effective (equilibrium) shrinkage Se reaching.  
For characterization of overall orientation the rate of acoustic waves spread c [kms-1] 
measured on the Lawson Dynamic modulus Tester PPM-5R under pre strain 50MPa was 
used. All measurements were repeated 20 times and mean values were used for ploting curves 
and parameters estimation.  
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5. RESULTS AND DISCUSSION 
The mean values of acoustic waves rate c are given in the first row of the table 1.  
 

Table 1. Characteristics of samples 
Sample MONOFIL NFIX FABRIC NFIX FABRIC FIX 
c [km s-1] 3.82 3.54 2.36 
E [GPa] 19.88 16.78 7.55 
f [-] 0.87 0.84 0.65 

 
The dynamic acoustic modulus E was calculated from acoustic waves rate c and PET density 
ρ by using of eqn (1) 
 

2 E cρ=         (2) 
 
The mean values of dynamic acoustic modulus are given in the second row of table 1.  
The acoustic waves rate can be used for evaluation of monofilament mean orientation f by 
using of relation  
 

ucf
c

=         (3) 

 
The value cu = 1.4 km s-1 was used as ideal acoustic waves rate of unoriented PET [17]. The 
mean values of a mean orientation are given in the third row of table 1. 
The shrinkage kinetic curves (dependence of shrinkage on the time) for non stabilized 
monofilaments MONOFIL NFIX are shown in Fig. 5. The experimental data (marked as 
cross) are approximated by cubic smoothing splines g(t). 
 

 
Fig. 5 Time dependence of MONOFIL NFIX shrinkage at various temperatures (50, 70, 90, 

100, 120, 140, 160, 180, 2000C), red dots are smoothed values 
 

Function g(t) is twice differentiable (i.e. from class C2 [a, b] where a = t1 and b = tN). The 
criterion of smoothness can be described by the integral [15] 

2(2)( ) ( ) d
b

a

I g g t x⎡ ⎤= ⎣ ⎦∫        (2) 

where g(2)(t) is the second derivative of the smoothing function. The integral I(g) is called the 
smoothness measure in the curvature of function g(x). The corresponding least-squares 
criterion has the form [15] 
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where iw  denotes the weight of individual points; this depends on their "precision" or scatter 
only. The goal is to find a function g(t) with a sufficiently small value of U(g); i.e. it should 
be close to the experimental data, and have a small value of I(g). Finding the best smoothing 
function g(t) leads to the minimization of the modified sum of squares [15] 
 
            1 ( )K U g I gα= + ( )   (4) 
 
where 0 α≤ ≤ ∞  is a smoothing parameter which "controls" the ratio between the 
smoothness g(t) and its closeness to the experimental points. All functions satisfying these 
conditions are cubic splines g(t) with knots ti. For known α , the smoothing cubic spline 
results [15]. For determination of parameter α, the mean quadratic error of prediction MEP(α) 
was used [15]. Typical shrinkage curve of MONOFIL NFIX for temperature 1000C is shown 
in the Fig. 6. 
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Fig. 6 Shrinkage curve of MONOFIL NFIX at 1000C (empty circles are experimental points, 

dots are smoothed values) 
 

The shrinkage rate curves were obtained by using the first derivatives of spline smoothing 
function g(t) with optimized smoothing parameter α [15]. The shrinkage rate curve of 
MONOFIL NFIX at 1000C is shown in Fig. 7. 
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Fig. 7 Time dependence of shrinkage rate at 100oC 
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The maximum shrinkage rate corresponding to the Fig. 7 was evaluated to be Rs = 122.46 % 
min-1. By the same manner the values of Rs for MONOFIL NFIX at all investigated 
temperatures were evaluated. The dependence of Rs on the temperature is shown in Fig. 8.  
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Fig. 8 Temperature dependence of maximum shrinkage rate for MONOFIL NFIX 

 
The approximation of this dependence by straight line is very good (see solid line in Fig. 8). 
Corresponding shrinkage rate thermal sensitivity coefficient SRT for the range 70-2000C is 
directly equal to the slope i.e. SRT = 4.78 % min-1 0C-1. For comparative purposes the 
effective shrinkage was evaluated as well. The mean effective shrinkage Se and corresponding 
low (LL) and high values (HL) of 95% confidence interval are presented in table 2. 

 
Table 2. Effective shrinkage at various temperatures 

 
It is visible that the Se values are also increasing function of temperature. 
Generally, huge value of SRT indicates no proper thermal stabilization of fibers and therefore 
necessity of subsequent thermal treatment. This is partially visible from stress strain curve of 
this non stabilized monofilament (see Fig. 9) 
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Fig. 9 Stress strain curve of MONOFIL NFIX PET monofilament. 

T [°C] 70 90 100 120 140 160 180 200 
Se mean (%) 1,32 4,23 6,165 10,175 12,935 15,095 17,03 19,01 
CL (5%) : 1,307 4,208 6,134 10,124 12,871 15,070 16,949 18,922 

HL (95%) : 1,333 4,252 6,196 10,226 12,999 15,120 17,111 19,098 
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The maximum shrinkage rate for starting monofilaments (red circles), monofilament extracted 
from grey fabric (blue triangles) and heat stabilized fabric (black circles) are shown in the fig 
10.  

 
 

Fig. 10 Temperature dependence for maximum shrinkage rate of starting monofilaments 
(MONOFIL NFIX), monofilaments extracted from gray fabric (FABRIC NFIX) and 

monofilaments extracted from stabilized fabric (FABRIC FIX) 
 
It is clearly demeostrated that the maximum shrinkage rate is sensitive on the degree of 
stabilization due to heat treatment. 
 
6. CONCLUSIONS  
The thermal shrinkage is very good tool for investigation of quality of fiber heat stabilization. 
It is simple to check the shrinkage tendency by using shrinkage rate thermal sensitivity 
coefficient SRTS. The SRTS is also the sensitive indicator of the degree of stabilization due 
to heat treatment. A qualitative explanation of differences between behavior of non stabilized 
and thermally stabilized monofilaments is to attribute the observed effects to the local 
relaxations of internal stresses 'unfrozen' by thermal treatment. 
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Chapter - 12 
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1. INTRODUCTION 
The main role of polymer optical fibers is to transmit light or optical signal to a specified spot. 
In the case of side emitting plastic optical fibers the light leaks out from their surface. This 
sidelight can be used for creation of optically active textile structures providing opportunities 
to highlight people and objects without the need for external exposure. Due to the 
transmission loss, the intensity of radiation emitted in any direction decays exponentially 
along the fiber axis with increasing distance from the light source. The main aim of this 
contribution is evaluation of side emitting plastic optical fibers light intensity in dependence 
on the distance from light source. The special device for measurement of surface and cross 
section light intensity in various distances from light source was developed. The dependence 
of surface and cross section light intensity on the distance from light source will be expressed 
by the exponential type model with attenuation factor as the rate parameter. The influence of 
the optical fiber type and diameter on the attenuation factor of surface and cross section light 
intensity will be quantified. 
In data transfer applications, the electromagnetic radiation ideally is emitted only from the 
end side of an optical fiber. For illumination purposes, light emission along the fiber is 
necessary. In this case, multimodal fibers are most likely to be used, since their larger 
diameter allows higher emission intensities to be obtained. Side light emission can be 
achieved by launching light into the fiber at angles smaller than critical. In this case the non-
guided light escapes the fiber after launching. Second possibility is modification of the fiber. 
Several methods of fiber modification are known. In all cases the aim is to avoid total internal 
reflection, either by raising ncladding or lowering ncore, or by changing the critical angle of 
incident light rays, e.g., by scattering. These include multiple micro-bending of the fiber, 
mixing of scattering or fluorescent additives into the core or cladding material, creating 
asymmetries in the core/cladding geometry, increasing the refractive index of the cladding 
above that of the core [8, 9]. Various commercial side emission optical fibers and light guides 
and methods for their manufacture were developed and patented [10, 11]. Emission from side 
emitting optical fibers referring to a fiber design with scattering cladding is described in work 
[8]. (see. fig. 1) 
 

 
 

Fig. 1 Side emitting POF (Core is covered by cladding with particles causing light reflections)  
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It was found that due to the transmission loss, the intensity of radiation emitted in any 
direction decays exponentially along the fiber axis with increasing distance from the launch 
end of the fiber [4]. 
If a uniform intensity of emitted radiation over the fiber length is required, a theoretical 
solution is to modify the side emission efficiency over the length of the fiber. One possibility 
is to use optical fiber, which is made side emitting by cutting notches through the cladding 
into the core (see. fig. 2). 
 

 
Fig. 2 Side emitting POF (Core is covered by cladding with micro-notches) 

 
By proper variation of the distance between the notches, uniform intensity of the emitted light 
can be achieved over the fiber length [2].  
Based on a Monte Carlo flux method, the flux emitted from a surface element of the fiber into 
an elementary solid angle was determined. It was concluded that, at given flux density of the 
light source, the luminous flux from the fiber surface depends on the core diameter, the total 
fiber length and the linear attenuation coefficient of the fiber [11]. Sillyman et al. [12] 
describe a dual paraboloid reflector system with controlled numerical aperture for launching 
light into the fiber with notches. This system allows adjusting the intensity of light launched 
into the fiber and the distance the light travels along the fiber before being emitted. Thus, both 
intensity and uniformity of light emission from the side light optical fiber can be controlled.  
The main aim of this contribution is evaluation of side emitting plastic optical fibers light 
intensity in dependence on the distance from light source. The special device for measurement 
of surface and cross section light intensity in various distances from light source is described. 
The influence of the optical fiber type and diameter on the attenuation factor of surface and 
cross section light intensity is quantified. 
 
2. THEORETICAL PART  
Optical fiber is dielectric waveguide transferring light or infrared radiation across its axis by 
the mechanism of total internal reflection on the interface of two materials with different 
refractive indices. Standard optical fibers (see. fig. 3) consist of a light guiding core with 
refractive index ncore and a cladding with lower refractive index ncladding.  
 

  
Fig. 3 Structure of optical fiber 
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Total internal reflection of electromagnetic waves occurs at the boundary between core and 
cladding under the condition that the angle of incidence is greater than or equal to the critical 
angle. Under this condition, electromagnetic radiation is confined and propagates along the 
fiber. Optical fibers are usually silica glass or polymer. The core has characteristic intrinsic 
absorption and scattering of the light which leads to light attenuation in dependence on 
distance form source. In addition to this intrinsic light loss, impurities, defects and 
geometrical imperfections of the core lead to light absorption and scattering. These effects 
depend on the wavelength of the light as well. 
Plastic or polymer optical fiber (POF) is usually a fiber type optical waveguide [1]. POF has 
sheath (or cladding) core structure and refractive index of cladding should be lower than that 
of core, i.e., ncladding < ncore. Usually, polymethylmethacrylate (PMMA, refractive index n = 
1.49) and fluoropolymers with refractive index n ~1.35 to 1.43 are used as core and cladding 
polymers, respectively [1-5]. Compared to silica used as core material for glass optical fiber, 
PMMA is very ductile and cheap. Therefore, it is possible to make optical fiber with large 
core size, which is easy to be connected. Although POF has such advantages, the use of POF 
in data communication is rather restricted to the automotive field, mainly due to very high 
optical loss of POF. This is originated from the chemical structure of PMMA, which contains 
C-H bonds and their harmonic waves are a main cause for the loss. In side emitting POF, the 
light leaks out from their surface. Side emission occurs if the light incidence angle is smaller 
than critical angle. This effect can be obtained by the increasing of cladding refractive index, 
decreasing of core refractive index or by the change of incident light angle. It is possible to 
use multiple micro-bending of core or cladding; using additives causes reflection or 
fluorescence into core/cladding or creation of geometric asymmetry in the core/cladding 
system. There are various types of patented side emitting fibers and waveguides including 
methods of their preparation [2,3].  
These fibers can be used as source of light for high visibility protective textiles. However, the 
overall side light intensity decreased along the fiber length. Due to the transmission loss, the 
intensity of radiation emitted in any direction decays exponentially along the fiber axis with 
increasing distance from the light source of the fiber as observed by Zajkowski [4], while the 
percentage of light emitted per unit length is uniform over the entire fiber length. The simple 
model for prediction of this attenuation is proposed. Illuminating power P(z) is decreasing for 
straight optical fiber with increasing distance from source z according to relation [5] 
 

/10( ) (0)10 zP z P α−= (1) 
 
where P(0) is illuminating power of source and α is attenuation coefficient of optical fiber. 
Coefficient α describes attenuation value at dependence of fiber length. 
 

( )log( )
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=   
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Decibel dB [dB] is here logarithmic scale of two illuminating powers P1 and P2  
 

1

2
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Illuminating power is dependent on the fiber radius and on the bend radius of fiber, too. High 
level of illumination loss should be due to light transmission through bent fiber [4]. For 
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production of textiles with optical fibers it is suitable to define critical fiber bend diameter. 
Lowest possible level of fabric waviness should be used. 
 
3. EXPERIMENTAL PART 
Optical fibers “Hypoff” with different diameter were used for measurement of illuminating 
power (see table 1). 
For measurement of illuminating power of these fibers the special device has been 
constructed [6]. This device is used for characterization of length dependent optical 
attenuation of various fibers and textile structures. Light emitting diode (LED) was used as 
light source for side emitting optical fibers. Illuminating power was measured on the fiber 
surface and in the fiber cross-section at the various distances from source in the range from 
0.1m to 0.5m. Illuminating power was registered by light intensity detector placed in selected 
distance from light source. Illuminating power of source was 43.98 Wm-2. 
 

Table 1. Optical fiber specification 
core/cladding PMMA/ polycarbonate 
Core/cladding refractive index 1.49 / 1.41 
numeric aperture/ maximal input angle 0.48 / 57.4 o 
mass density/ tensile strength 1190 kgm-3 / 78 MPa 
wave length/ temperature of use 400 - 900 nm / 20 - 70°C 
POF diameter [mm] 0.2, 0.3, 1, 1.2 

 
The POF end connected with light energy source was prepared by heated wire cutting (Fig. 
4b) and then by polishing with diamond powder (Fig. 4b) 
 

              
a)     b) 

Fig. 4 Preparation of POF ends. a) Heat wire cutting b) polishing 
 
Ten samples were measured for each fiber type and mean value and 95% confidence interval 
was calculated by using statistics for small samples analysis [7]. Attenuation coefficient and 
illuminating power on the fiber input were calculated by nonlinear regression analysis by 
using Eq. 1. Experimental illuminating power and illuminating power calculated from Eq. 1 
by using least squares estimator of α as function of distance from source measured on the 
fiber surface is shown in the Fig. 5. 
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Fig. 5 Surface illumination power as function of distance from source 
(points -measured value, curves -calculated from Eq. 1) 

 
Experimental illuminating power and illuminating power calculated from Eq. 1 by using least 
squares estimator of α as function of distance from source measured on the fiber cross-section 
is shown in the Fig. 6. 
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Fig. 6 Cross-section illumination power as function of distance from source 
(points -measured value, curves- calculated from Eq. 1) 

 
For preparation of textile structures containing side emitting POF the braiding and weaving 
technology was used [14]. The POF ends were glued to bundle and cross-sections of bundles 
were cut by heated wire and then polished by diamond powder. Selected results are given in 
sequel. 
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Tubes different density with using of 16 optical fibers was created as first type of braided 
structure. Optical fibers Hypoff with diameter 0,2 mm and 0,3 mm were used for this 
experiment. Surface illumination intensity as a function of distance from source (measured 
and calculated according to Eq.1) of tubes (different density of tubes, fibers diameter 0,2 mm) 
and fibers is compared in the Fig. 7.  
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Fig. 7 Surface illumination intensity of tubes and fibers type Hypoff as function of distance 

from source (points - measured value, curves - calculated from Eq. 1) 
 

Optical fibers Hypoff with diameters 1mm and 1,2 mm were braided by 16 fibers (PAD6) as 
second type of braided structures. Surface illumination intensity as function of distance from 
source of braiding structures (with different density) and fibers were measured and calculated 
according to Eq.1, results are compared in the Fig. 8.  
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Fig. 8 Surface illumination intensity of braiding structures and fibers type Hypoff as function 

of distance from source (points - measured value, curves - calculated from Eq. 1) 
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Attenuation coefficients αs (fiber surface), αc (fiber cross-section) and input fiber illuminating 
powers for fiber surfaces Pfs(0) and cross-sections Pfc(0) calculated by nonlinear regression 
for model expressed by Eq. 1 are given in the table 2. The correlation coefficient was very 
high; from 0.81 to 0.99.  
 

Table 2. Attenuation coefficient and input fiber illuminating intensity for selected textile 
structures 

Specification of textile structure Fiber 
diameter 

[mm] 

Surface illumination 
intensity on input to 

fiber  
Pfs(0) [Wm-2] 

Surface attenuation 
coefficient 
αs [dBm-1] 

Fiber Hypoff 0,2 0,00531 4,947 
Fiber Hypoff 0,3 0,00619 3,715 
Fiber Hypoff 1 0,04048 16,07 
Fiber Hypoff 1,2 0,06250 16,47 
Tube Fiber Hypoff, density 1,9 
crossing points per cm 

0,2 0,0052 4,42 

Fiber Hypoff core, braided by 16 
fibers PA6, density 1,9 crossing 
points per cm 

1 0,0144 11,36 

  
Mechanical behavior of fibers was characterized by measurement of stress strain curves on 
tensile testing machine Instron. Mean stress strain curves for all tested diameters are given in 
the fig. 9. 
 

 
 

Fig. 9 Mean stress strain curves 
 
4. RESULTS AND DISCUSSION 
Optical fibers with higher diameter have higher illumination intensity and higher attenuation 
coefficient on the fiber surface and in the fiber cross-section as well. Differences between 
experimental illuminating intensity are statistically significant between fiber groups with 
diameter 0.2mm; 0.3mm and 1mm; 1.2mm to distance 0.3m from power source. The 
correlation coefficient was from 0.81 to 0.99. Illumination intensity measured on the yarn 
cross-section is statistically significantly higher then illumination intensity measured on fiber 
surface. Illumination intensity of textile structures is very different. It is dependent on the 
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quality of illumination system (illumination intensity on the input into fiber bundle) and on 
the trajectory of optical fiber in textile structure. The highest illumination intensity is for 
straight fiber in textile with lower waviness see Fig.10. The lowest illumination intensity is 
for bending fiber in woven fabric see Fig.11.  
 

 
Fig. 10 Woven textile belt containing straight side emitting POF 

 

 
Fig. 11 Woven textile belt with bend side emitting POF 

 
5. CONCLUSION 
For production of high visibility protective textiles the intensive illumination system was the 
develop [15]. Illumination loss of POF is very high. For illumination loss suppresing the 
reflective surface on the second POF end can be used [16]. Discontinuous and continuous 
device for measurement of illumination intensity were created [6]. It was shown that fibers 
with higher diameter have higher illumination power and higher attenuation coefficient. 
Higher fiber diameter leads to higher bending rigidity. The mechanical and thermal behavior 
of the optical fiber should be studied, too. These values must be optimized. Stability of fibers 
during technological process and their durability is important, as well. 
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Part three is about developments in yarn structure, yarn properties and technology 
innovations. The technology of yarn formation has great influence on the internal structure 
and mechanical properties of yarns. Especially the hairiness and ultimate mechanical tensile 
characteristics are changed due to structural differences. It is therefore possible to select right 
technology from point of view of desired properties and production economy. The models of 
short-range dependence or long-range dependence can be used for predictive purposes as 
well. In future it will be necessary to compute proposed characteristics for various yarns and 
typical faults. From these results it will be possible to select optimal one for description of 
typical phenomena connected with practical description of yarn quality and possible sources 
of errors in yarn production. Yarn ultimate mechanical properties are important for prediction 
of fabric mechanical behavior and estimation of yarn complex quality. In the case of two 
component yarns from cotton /synthetic fibers mixtures it is common that at some critical 
mixing ratio the minimal yarn strength appears. Many such novel findings are summarized in 
this part contributed my eminent researchers. 
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Chapter - 13 
 

COMPONENTS ANALYSIS IN BLENDED YARNS 
 

Dana Křemenáková* and Jiří Militký** 

*Dept. of Textile Structures **Dept. of Textile Materials, Technical University of Liberec, 
Hálkova 6, 46117 Liberec, Czech Republic 

 

1. INTRODUCTION 
Problems of mixing quality are well known in the textile practice. Common approach is to 
mix various types of cotton according to their properties and price also mixing the natural and 
synthetic fibers for enhancing blended yarns properties. In most cases the homogeneity of 
mixing, leading to the homogeneity of physical-mechanical characteristics of blended yarns, 
are required. For some special applications as sewing threads the separation of components 
(one in the core and second in the sheath region) is advantageous. In the case of colored fibers 
mixing leads to homogeneity of arrangement to the stable visual effect. Mixing uniformity 
can be defined by the following ways  
 
• arrangement of fibers in the cross-section (radial homogeneity),  
• variation of mixing degree or composition between cross-section (axial homogeneity), 
• variation of number of fibers between cross-sections (mass unevenness). 
 
In some cases the presence of fibrous bundles is interesting as well. For estimation of the 
tendency to non-random arrangements of components in the yarn cross-section the descriptive 
spatial characteristics based on the global and local spatial variations are compared. The 
blended yarns of PET/cotton type are tested. One yarn portion is extremely non-uniform 
(splicer joint) and second one is typical result of industrial production. The sensitivity of 
individual characteristics is compared. The main statistical properties and suitability for 
evaluation of mixing quality is shown. 

2. BLENDING UNIFORMITY 
Blending uniformity can be defined by the following ways: 
 
• Arrangement of fibers in the cross-section (radial homogeneity), 
• Variation of mixing degree or composition between cross-section (axial homogeneity), 
• Variation of number of fibers between cross-sections (mass unevenness). 
 
In some cases the presence of fibrous bundles is interesting as well. For estimation of the 
tendency to bundle formation the two main procedures are useful. First one is creation of 
nearest neighbors starting from specified fiber. Second possibility is to divide the yarn cross-
section to matrix of cells with suitable shape.  Both procedures are used here for estimation of 
the arrangement of components in blended yarns. In sequel only the problem of fibrous 
bundles in blended yarns is solved.  
 
3. FIBER CONFIGURATION IN THE YARN CROSS-SECTION 
Configuration means the fully specified arrangement of fibers on the cross-sections to 
sequence according to specified criterion. One of the basic problems is selection of starting 
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point or fiber for creation of nearest neighbors. In the Coplan paper [5] the helix starting in 
the center of yarns and having width of one fiber is proposed. Very simple are methods based 
on the starting fiber. Here, the nearest neighbors are defined based on the distances from first 
(starting) fiber. Exhaustive selection of all fibers in cross-section as starting one is used 
especially for analysis based on the spatial point processes. Very important is selection of the 
first fiber. There are some possibilities: 
 
• fibers nearest to yarn center, 
• fiber leading to the most arrangement (configuration), 
• exhaustive selection of all fibers in cross-section.  
 
The selection of all fibers to be first leads to possibility of choosing fibrous bundles. For the 
created configuration or configurations it is possible to test occurrence of sequences having 
prescribed length or occurrence of bundles with prescribed number of each component [10]. 
Sequence is defined, as the set of fibers of one selected component Sequence length is 
proportional to number of fibers in this set. Let λ1i ( i = 1,2,.....,k) is sequence of i-th length for 
first component and λ2j (j = 1,2,.....,l,) is sequence of j-th length for second component. The 
n1i is corresponding number of sequences with the i-th length for first component and n2j is 
number of sequences having j-th length for second component.   
It is simple to prove, that for total number of sequences S1 and S2 for individual components is 
valid 121 =− SS  or S1= S2. The quantity S means total number of sequences of both 
components. The following relations can be derived  
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Let N is total number of all fibers in the cross section, N1 is total number of fibers for first 
component and N2 is total number of fibers for second component, then  
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Blend proportion i.e. percentage of fibers in individual components are defined by relations 
          NN11=α       (9) 
          NN22=α       (10) 
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          121 =+αα       (11) 
Mean sequences length i.e. mean number of fibers is equal to 
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For total number of sequences then the following is valid  
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From known number of fibers it is possible to create only the limited number of sequences 
dependent on their mean length. In the case N1=N2, 1α  is equal to 0,5.  After substitution to 
relation (14) results  
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Sequences length variance is defined by relations  
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There exist two limit configurations of components: 
 

• fibers of each component are creating one sequence only - case of limit aggregation, 
• fibers of both components are regularly alternated - case of limit segregation. 
 
Above defined quantities for both limit configurations are given in the table 1. The parameters 
A and B are  
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Table 1a. Limits of parameters 
 Type S1 S2 S 

21 NN =  A 1 1 2 
 S N/2 N/2 N 

21 NN <  A 1 1 2 
 S N1 N1+1 2N1+1

 
A = aggregation S = segregation 
 

Table 1b. Limits of parameters 
 Type 2

1σ 2
2σ 1λ  2λ  

21 NN =  A 0 0 N/2 N/2 
 S 0 0 1 1 

21 NN <  A 0 0 N1 N2 
 S A B 1 N2/(N1+c)

 
Constant c in the lower right cell of table 1b is equal to one if sequence starts with fiber of 
first component. In the opposite case it is equal to two. The expressions for mean sequences 
length as a function of blend proportions are given in the table 2. 
 

Table 2. Limits of parameters 
 Type 1λ  2λ  

21 NN ≤  A α!N α2N 
 S 1 α2/(1-α2)

 
For quantification of mixing degree it is necessary to define closeness to random arrangement 
or closeness to limit cases (aggregation or segregation). Ideal random configuration is 
dependent on the chosen probability model. Because the separation of fibers is the main aim 
of sliver preparation the limit segregation is often adopted as an optimal arrangement.  
  
4. CROSS-SECTION DIVISION  
The selection of all fibers to be first leads to possibility to choose fibrous bundles. For the 
created configuration or configurations it is possible to test occurrence of sequences having 
prescribed length or occurrence of bundles with prescribed number of each component [2]. 
There are two basic techniques for expression of fibers arrangement. First technique is based 
on the testing of randomness of sequences length distribution [11], [12] and second technique 
tests randomness of sequence number distribution [1]. 
For description of local arrangement of fibers or tendency to bundles formation in the cross 
section it is possible to create the matrix (net) of cells and to investigate the variation of blend 
proportions between cells. The following arrangements of cells have been proposed: 
 
• rectangular matrix , 
• angular spaces between concentric circles with constant increment of area or diameter, 
• radial segments (pie slices) having the same inner angle. 
 
A specific arrangement of cells is capable to identify the tendency to bundles formation for 
specific bundle shapes only. This approach is common for analysis of random field variations. 
Due to non-constant packing density it is not possible to investigate the number of fibers in 
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cells for individual components directly. Better is investigation of the local and global blend 
proportions (as estimators of corresponding probabilities). Let in the i-th cell there are Ni, 
fibers, N1i  fibers of first component and N2i fibers of second component. Local estimates of 
probability of occurrence of first component in cell is equal to  
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i N
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and for second component is valid 
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Global estimates of these probabilities are dependent on the accepted probability model for 
random arrangement (see e.g. Cox model [1]). Simpler is to use as global estimates the blend 
proportions of individual components α1 and α2 from the whole cross-section. Let N is total 
number of all fibers in the cross section, N1 is total number of fibers for first component and 
N2 is total number of fibers for second component, then  
 
 NN11=α          (20) 
 
and  
 
 NN22=α          (21) 
 
Comparison of local and global estimates of probabilities can be realized by using of χ2 test 
[1] 
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After rearrangement N1i + N2i = Ni a α1+α2 =1 the following criterion results 
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For random arrangements this statistics has the χ2 distribution with ν  = m-2 degrees of 
freedom. The analysis of mixing quality can be realized by using of I.B.I. criterion [1].  
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For sufficiently large m is valid  
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ν
χ 2

2. =I.B.I          (25) 

 
Statistical analysis of I.B.I. is therefore very simple. By using of mean blend ratios from set of 
cross-sections I.B.I. can be extended for estimation of axial mixing uniformity.  

5. SPATIAL ANALYSIS  
Fibers in the yarn cross section can be considered as mapped data set in which the location of 
every individual fiber is known. A basic tool for this data type is second order neighborhood 
analysis. This analysis is designed to test randomness hypotheses and some more complicated 
spatial pattern in data. In the case of blended yarns it is possible to investigate the second 
order analysis for individual component and for all fibers as well. Based on the differences it 
is possible to specify the differences in distribution of individual component.  
Let v = (v1,…,vN) denote finite population of N fibers classified into two groups (eg. group 1 
are polyester fibers and group 2 are cotton fibers). Let xI = (x1,I, x2,I) are the Cartesian 
coordinates corresponding to fiber vI. The spatial analysis can be separately realized for all 
fibers and both group by the same way. Further derivation is for all fibers in cross section 
regardless of type.  
Distance between fiber vi and vj is defined as  
 

2
j,2i,2

2
j,1i,1ij )xx()xx(d −+−=       (26) 

 
The so-called Ripley K-function captures second order properties of a point process 
 

λ
)fiberarbitraryofdcetandiswithinfibersfurtherofnumber(E)d(K          

=    (27) 

  
Symbol E(x) denoting mean value of x and λ  is expected number of fibers per unit area. The 
estimate of λ  has the form 
 

)r*/(N 2
me πλ =         (28) 

 
where mr  is maximum distance of fibers from center of gravity. The estimator of K(d) is 
constructed as follows 
 

e

1N

1i

N

1ij
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)dd(I*2
)d(K

λ−

≤
=

∑ ∑
−

= +=       (29) 

Indicator function I is defined as 
 
 1)dd(I ij =≤   if ddij ≤  and 1)dd(I ij =≤  elsewhere 
 
This estimator K(d) is not corrected for edge effect (see[9]). For homogenous Poisson process 
is 
 

2d*)d(K π=         (30) 
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Departure from pure randomness defined by equation (30) can be characterized by the L 
function defined as  
 

π
)d(K)d(L =         (31) 

For random arrangement of fibers L(d) should be straight line. For this case L(d) has mean 
value equal to d and variance 
 

2N**2
1))d(Lvar(

π
=        (32) 

  
The Neyman Scott point process can model clustering tendency. Corresponding K function is 
given by  
 

ρ
σπ )4/hexp(1h*)h(K

22
2 −−

+=      (33) 

Parameter ρ  is the intensity of the parent process, which is assumed to be homogenous 
Poisson process, and 22σ  is the mean squared distance to an offspring from parent (cluster 
radius). For the case of blended yarns it is possible to compare L functions for both 
components with L function for all fibers. Differences should indicate dissimilarity between 
distributions of components in blended yarns. In some cases it is useful to use first order 
property expressed by intensity I(x) function as mean number of fibers in the small region 
around x. The kernel method is useful for estimation of I(x) [9]. 
 

6. EXPERIMENTAL PART  
Starting data i.e. the coordinates of centers of individual components in cross sections of 
blended yarns were evaluated by the image analysis LUCIA M. The system of cross sections 
preparation and image analysis is described in the dissertation [7]. For comparative purpose 
the I.B.I. defined on the various types of matrix of cells were computed. The used matrix cells 
are shown in Fig.1A and 1B. Cross-section named „PER20„ was selected from population of 
cross-sections of rotor yarn with content of components 65% polyester (PES) and 35% cotton.  

 
            A                    B 

Fig. 1  A Cross section of PER20 , B Cross section of SPOJ4 
 
Cross-section named „SPOJ4„ has been obtained from joint of two yarn ends created by 
splicer. The components here are two kinds of cotton with different colors. In this cross-
section the aggregates of fibers are visible (see Fig. 1B).  
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7. RESULTS AND DISCUSSION 
For the analysis of the starting data the programs RADI (analysis based on the various 
arrangement of cells) and KUMUL (analysis based on K function) in the MATLAB language 
has been created. The I.B.I. and confidence intervals based on random variation were 
computed. The results for individual matrix of cells and sample PER 20 are summarized in 
the table 3.  

 
Table 3. I.B.I and confidence intervals for random arrangements (PER20) 

Matrix 
I.B.I confidence interval 

rectangular 0.677 0.407 to 1.602 
radial 0.35 0.268 to 1.760 

segment 1.013 0.348to 1.669 
 
The results for the sample SPOJ4 are given in the table 4. 
 

Table 4. I.B.I and confidence intervals for non random arrangements ( SPOJ4) 
Matrix I.B.I confidence interval 

rectangular 2.612 0.268 to 1.765 
radial 3.131 0.159 to 1.920 

segment 3.570 0.268 to 1.765 
 
It is clear that selection of matrix of cells is decisive for local estimation of number of fibers 
and relative component portions. Ideal matrix for all situations cannot be selected. It is 
evident that this criterion is sufficiently sensitive. For the detailed resolution the analysis of 
more complex cross sections will be used.  
 
The L function for the sample SPOJ4 is shown in Fig 2A and for PER20 in Fig 4 

0 0.1 0.2 0.3 0.4 0.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5
L function

distance 

L 
bi

as
ed

a ll fibers 
PES        
Cotton     
ideal shape

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
L function

distance 

L 
bi

as
ed

a ll fibers 
PES        
Cotton     
ideal shape

 
   A      B 

Fig. 2 L function A for SPOJ4,  B for PER20 
 
Marked nonlinearity indicates nonrandom arrangement caused mainly by non-constant 
packing density. For the case of PER20 curves for both components are coincident with curve 
for all fibers. Curves for the sample SPOJ4 indicate high differences between distributions of 
neighbor for the components. The kernel intensity functions I(x) (see [9]) for PES component 
are given in Fig. 3.  
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  A  (PER 20)      B  (SPOJ4) 

Fig. 3 The kernel intensity function I(x)  for PES component 
 
In both cases local concentration of PES fibers is visible. Especially for SPOJ4 majority of 
fibers are clustered to one place. The kernel intensity functions I(x) for cotton component are 
given in Fig. 4.  
 

 
  A  (PER 20)      B  (SPOJ4) 

Fig. 4 The kernel intensity function I(x) for cotton component 
 
In the case of PER20 fibers are concentrated to five clusters.  For SPOJ4 majority of fibers are 
clustered to one place. 

8. CONCLUSION 
It is clear that there exist a lot of possibilities for expression of local mixing uniformity. The 
universal criterion sensitive to all kinds of local variations cannot be probably created. For 
estimation of tendency of bundles formation the I.B.I. characteristics and spatial indices could 
be used.  
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Chapter - 14 
 

CRITICAL MIXING RATIO FOR BLENDED YARN STRENGTH 
 

Dana Křemenáková and Jiří Militký  
Faculty of Textile Engineering, Technical University of Liberec, 46117 Liberec, 

 Czech Republic 
 

1. INTRODUCTION 
Yarn ultimate mechanical properties are important for prediction of fabric mechanical 
behavior and estimation of yarn complex quality. In the case of two component yarns from 
cotton /synthetic fibers mixtures it is common that at some critical mixing ratio the minimal 
yarn strength appears [1]. The prediction of critical mixing ratio is usually estimated by using 
Hamburger linear mixing rule described for example in the work [2]. Classical estimator of 
critical mixing ratio is computed from experimental and predicted ultimate characteristics 
yarns composed from 100 % of individual components only. In the case when the strengths 
for the set of blended yarns are at disposal it is better to use linear mixing rule as regression 
model. The prediction of single component cotton yarn strength based on the knowledge of 
fibrous bundles strength (HVI) and correction factors for fibers orientation and yarn packing 
density is described in the work [3]. For prediction of cotton yarn break deformation and 
synthetic yarns ultimate characteristics the Uster Statistics (level 95%) can be used. 
 
2. THEORETICAL PART 

Main assumptions of linear mixing model are linearity of stress strain curves for both 
components and linear mixing rule. Let yarn strength of 100% first and 100% second 
components are marked σ1 and σ2, corresponding break elongations are ε1 and ε2. Let the first 
component yarn has lower fiber break elongation ε1 [%] and S2(ε1) [N.tex-1] is loading in 
second component at deformation ε1. From linearity of stress strain curves,  
 

( ) 21212 εεσε =S  (1) 
 
The linear mixing means that dependence of blended yarn strength is piecewise linear 
function of mixing ratio as is shown in Fig.1. The relative portion of first component is g1 and 
portion of second component is g2 = 1 - g1. Critical mixing ratio G1 [2] is defined as value of 
first component portion corresponding to the lowest yarn strength. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Relation between blending ratio and yarn strength according Hamburger model 
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From the Fig. 1 it is straightforward that at critical mixing ratio  
 

( ) ( ) ( ) 2112111 11 σεσ GSGG −=−+  (2) 
 

The critical mixing ratio is then expressed by the relation  
 

( )
( )2121

212
1 1

1
εεσσ

εεσ
−+

−
=G  

 
(3) 

 
In practice it is necessary to know three parameters p1 = σ1, p2 = σ2 and p3 = ε1/ε2 only. 
Classical estimator of G1 is computed from experimental ultimate characteristics of yarns 
composed from 100 % of individual components only. In the case when the strengths σy for 
the set of blended yarns is at disposal, it is better to use linear mixing rule as regression 
model.  
The regression model where y  = σy and x = g1 has the form 
 

2)1( pxy −=                        for x<G1 (4) 

32321 )( pppppxy +−=      for x>G1 (5) 
 
Parameters p1, p2 and p3 can be then estimated by the least squares method. This approach 
leads to the so-called optimal estimator of G1. Third possibility is to use eqn. (3) for the 
predicted yarn strengths of individual components. The estimator of G1 computed by this 
approach is denoted as predicted. 
Single component relative yarn strength σy is generally expressed by relation 
 

byfbfbybfyfy φφσφσφσσ ===  (6) 
 
where σf  is relative fiber strength, σb  is relative bundle strength,  φfy  is utilization of fiber 
strength in yarn, φby is utilization of fiber bundle strength in yarn and φfb  is utilization of fiber 
strength in fiber bundle. Various models for yarn strength prediction are described in works, 
of Neckar [2], Solovev (described in [2]), Pan [4], [5], [6], Zurek [7]. 
 Pan [4] described fiber distribution as Weibull two-parameter type. Simple 
approximate relation for utilization of fiber strength in fiber bundle was derived in [3]. 
 

( ) ( )exp / 1u
fb u u uφ = − Γ + ; u=0,909

v
vσ  (7) 

 
In eqn. (7) is Γ()  the gamma function and  

v
vσ  is variation coefficient of fiber strength. For 

utilization of fiber bundle in yarn is valid [4] 
 

βφ nV fby =  (8) 
 
where Vf  is fiber volume fraction and βη  is orientation factor. Fiber volume fraction Vf is 
computed from relation 

 
[ ] ))195,0exp(78,01(7,0 yf TV −−=−  (9) 
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where Ty is twist coefficient described by relation 
 

[ ] [ ] [ ] [ ] 100/1000m10 21112211 ktexmZtexTtexcmTy
−−−− == α  (10) 

 
In eqn. (10) T is yarn fineness, Z is yarn twist and α is twist coefficient. Orientation factor βη  
is computed according Pan model [4] 
 

( ) ( )
D

DD

β
βηηβηβ 4

2sin112 ++−
=  

 
(11) 

 
Orientation factor is function of helix angle βD and yarn Poisson ratio η. Helix angle βD  is 
defined according to equation [5] 
 

1 34 410 / 10D y
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(12) 

 
where  α is twist coefficient in [m-1ktex1/2], ρ is fiber density in [kgm-3]. 
 
Poisson ratio η has the form [4] 
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(13) 

 
For prediction of pure cotton yarn strength it is better to use simpler relation (see [3]) 
 

∗∗ == βμησφσσ HVIbyHVI  1   
 

(14) 
 
where HVIσ  is cotton fiber bundle strength and ∗

byφ  is corrected utilization of fiber bundle 

strength in yarn, μ  is the mean yarn packing density and ∗
βη  is corrected orientation factor.  

Packing density expresses in fact the fiber compactness in yarn. Packing density is defined as 
the ratio of fibers volume to the total volume of yarn [2]. Prediction of yarn packing density is 
computed from the Neckar model [2]. 
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(15) 

 
where M is parameter dependent on material and production technology. Corrected 
orientation factor ∗

βη  is computed by using of corrected angle ∗
Dβ  
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Figure 2 illustrates some examples for prediction of fiber bundle strength utilization in cotton 
yarn based on eqn. (14).  In this figure the influence on yarn fineness connected with yarn 
optimal twist and production technology on the utilization of fiber bundle strength in yarn is 
shown. 
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Fig. 2 Utilization of fiber bundle strength in cotton yarn according to eqn. (14) 

 
For prediction of cotton yarn break deformation ε1 and polyester yarns ultimate characteristics 
σ2,ε2   regression equations from the Uster Statistics (level 95%) can be calculated. 
 

ε1[%]=5,7431 (590/ T [tex])(-0,0542) for combed cotton yarn with fineness ≤15 tex (17) 
 

   σ2 [cN/tex]= 13,9816 (590/ T [tex])0,1733 (18) 
 

   ε2 [%]=42,1952 (590/ T [tex])(-0,3930) (19) 
 
3. EXPERIMENTAL PART 

The numerical values of critical mixing ratio for sets of cotton / polyester and cotton / 
polypropylene (POP) blended yarns are given in table 1. Classical critical mixing ratio (here 
for cotton) was computed from experimental data by using linear mixing (3). Optimal 
estimator of critical mixing ratio was computed by eqn. (4) and (5). Predicted critical mixing 
ratio is based on the cotton yarn strength prediction from eqn. (14), cotton yarn deformation at 
break from eqn. (17), polyester strength and deformation at break from eqn. (18), (19) and 
polypropylene yarn strength from eqn. (6), (7) and (8). Experimental polypropylene 
deformation at break and predicted strength were used. 
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Table 1. Critical mixing ratios 

Raw material 
Fineness 

[tex] 
Classical critical 
mixing ratio [-] 

Optimal critical 
mixing ratio [-] 

Predicted critical 
mixing ratio [-] 

PET/co 8 0,575 0,437 0,394 
PET/co 12 0,527 0,474 0,448 
PET/co 24 0,584 0,548 0,500 
POP/co 20 0,507 0,428 0,472 
POP/co 29,5 0,539 0,409 0,491 
POP/co 45 0,549 0,434 0,518 

  
The values of ultimate characteristics for blended cotton/polyester yarns, 100% cotton and 
100% polyester yarns are presented in the table 2. These yarns were spun from the same 
material by using the ring spinning technology. The experimental data and classical or 
optimal estimators for the case of cotton / polyester yarns are given in Fig. 3 and for the 
cotton / polypropylene yarns in Fig. 4. 
 

Table 2. Ultimate characteristics for blended yarns 

Yarn 
no. 

Raw 
material 

Cotton mix. 
ratio [-] 

Fineness 
 [tex] 

Twist
[m-1]

Strength 
real [N/tex]

Elongation
real [%] 

Strength 
class. 

[N/tex] 

Strength 
opt. [N/tex] 

Strength 
pred. 

[N/tex] 
1 cotton 1 10,1 945 0,1761 4,0 0,1761 0,1741 0,1799 
2 PET/co 0,85 10,3 930 0,1633 4,2 0,1624 0,1665 0,1728 
3 PET/co 0,66 10,6 953 0,1571 4,5 0,1448 0,1567 0,1637 
4 PET/co 0,54 11,1 927 0,1518 5,4 0,1348 0,1511 0,1585 
5 PET/co 0,41 11,1 958 0,1681 7,7 0,1659 0,1654 0,1598 
6 PET/co 0,28 11,0 971 0,1906 9,9 0,2039 0,2033 0,1964 
7 PET/co 0,22 12,0 955 0,2170 11,4 0,2187 0,2180 0,2107 
8 PET/co 0,14 12,4 955 0,2492 12,3 0,2411 0,2404 0,2322 
9 PET 0 12,9 948 0,2816 13,3 0,2816 0,2807 0,2712 

 
Strength deviation δi  (classical, optimal and predicted) are defined by equation  

( )100 /i i r rδ σ σ σ= −  (20) 

  
where σr is measured strength and σi is classical, optimal or predicted strength. These 
deviations for set of polyester / cotton yarns with various mixing ratios are shown in Fig.5. 

a) classical b) optimal 
Fig.3 Linear mixing rule for polyester/cotton yarns (12 tex) 
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a) classical b) optimal 
Fig.4 Linear mixing rule for polypropylene/cotton yarns (20 tex) 
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Fig.5 Strength deviation for set of polyester/cotton yarns (12 tex)  

 

4. DISCUSSION 
It is visible that optimal estimator computed from set of experimental blended yarns is 
systematically lower than classical estimator (see table 1, Fig.3 and 4). In the Fig.5 it is shown 
that for optimal estimator there is the lowest strength deviation. The predicted strength 
deviation is dependent on the prediction quality of pure cotton and pure polyester yarn. In this 
case the predicted critical mixing ratio G1 is surprisingly better than classical one. Prediction 
of cotton yarn strength by using eqn. (14) is satisfactory, but problem is prediction of 
polyester and polypropylene yarn strength. Stress-strain curves are non linear and parameter 
M is not sufficiently precise. The utilization of Weibull distribution for prediction of bundle 
strength is then suitable. The main problem is prediction of deformation at break, too. 
 
5. CONCLUSION  
The prediction of critical mixing ratio based on the Hamburger is critically dependent on the 
accuracy of single components strength. For the case when the experimental strengths for set 
of yarns are at disposal the regression model described by eqn. (4) and (5) can be used.    
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Chapter - 15 
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1.INTRODUCTION 
Yarn mechanical and geometrical properties are dependent on the cotton fiber quality and 
technology of yarn production. The main factors influencing on these properties are: type of 
fibers, yarn twist, yarn count, blending ratio and yarn production technology. This paper 
focuses in the influence of cotton fiber properties characterizing quality of yarn properties. 
The HVI – High Volume Instruments are used for testing basic parameters of cotton fibers 
(fiber micronaire, length parameters, bundle strength and elongation, yellowness, reflectance 
and impurities). There are several factors influencing quality of cotton fibers and variability of 
parameters is relatively high in terms of cotton cultivars. There are many inter dependencies 
between cotton parameters leading to the strong multicollinearities. Therefore the complex 
quality criterion is used together with fiber parameters in investigation of their influence to 
yarn parameters. The degree of cotton fibers quality is determined by using complex criterion 
(utility value) [5, 6].  
Seventeen kinds of cottons are selected and 100% rotor cotton yarns are produced in five 
levels of yarn count “Jem” and two levels of Phrix twist coefficient “alf” in respect to the yarn 
count. From these parameters the structural characteristics as packing density, orientation and 
mean surface helix angle are computed. For prediction of the yarn strength, mass unevenness 
and hairiness from fiber quality and yarn structural parameters the dimension reduction 
approach combined with linear regression is used. The prediction ability is characterized by 
cross validation techniques. 
Generally cotton yarn mechanical and geometrical properties are dependent on the parameters 
of fiber, parameters of yarn formation (yarn fineness, twist etc.) and spinning technology. The 
theoretical predictive models are based on the mechanisms of yarn formation. Models of this 
type are not based directly on measured properties and the degree of fit is usually low in 
comparison with classical regression type models. On the other hand these models have better 
prediction ability and are based on the logical arrangements of variables.  
Classical approach to prediction cotton yarn properties is based on the regression approach. 
By using of standard or powerful statistical methods the linear or nonlinear regression models 
were created (see [3]). This approach has some serious limitations: 
 

- Regression models are additive (sum of possibly nonlinear contributions from selected 
fiber properties and yarn construction parameters denoted as factors 

 
- Some factors are mutually connected (i.e. yarn twist and fineness) but in the models 

are separated  
 

- There is a logical nonsense in linear combination of properties responsible for 
mechanical and geometric characteristics of yarns.  
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The pure statistical approach without creation of model in explicit forms is represented by 
neural network regression. The only advantage of neural network in comparison with classical 
regression models is automatic construction of nonlinear model.  
Some experimental data sets allow creating models having some important factor as a 
constant. Typical example is investigation of cotton fiber influence on cotton yarn strength 
where are yarn formation parameters and yarn geometry constant. In this case it is not 
possible to create yarn model based on the theoretical assumption.  
The suitable model can be selected from the set of provisional models or adaptively created 
based on the special graphical aids (partial regression graphs) [4]. The construction of 
predictive models has the two main kinds of problems: 
 

a) Selection of the regression model form (linear, nonlinear, interaction), 
 b) Specification of the criterion for selection of the best predictive model. 

 
In this contribution, it is shown that for solving of the problems a) the model based on the 
reduction of fiber strength by the multiplicative factors combined with linear regression is 
attractive. As a criterion for selection of predictive regression model the prediction correlation 
coefficient PR is used. 
This paper focuses in the influence of cotton fiber properties and process parameters on rotor 
yarn strength, mass unevenness and hairiness. 

2. COTTON FIBER QUALITY 
There are several factors influencing quality of cotton fibers and variability of parameters is 
relatively high in terms of cotton cultivars. There are many inter dependencies between cotton 
parameters leading to the strong multicollinearities. Therefore the complex quality criterion 
can be used for prediction of yarn strength. The degree of cotton fibers quality can be 
determined by using cotton standards, complex criterion mentioned by several authors or by 
using of the utility value [5]. Korickij [6] proposed the IGa criterion based on cotton length in 
terms of upper half mean length, uniformity index of staple length, short fiber content and 
micronaire [2]. The main problem with Korickij approach is dependence on the cotton 
properties used for empirical function evaluation and no inclusion of individual fiber 
properties importance. More general concept based on the complex utility value was 
introduced by Militky [6]. Let we have K utility properties R1 ,…,RK (cotton fiber properties 
measured e. g. by HVI). Based on the direct or indirect measurements it is possible to obtain 
some quality characteristics x1 ,…, xK (mean value, variance, quantiles etc.). These 
characteristics represent utility properties. Generally it is possible to specify basic cotton fiber 
utility properties having potential influence to the cotton yarn strength [7]:  
 

Fiber length (expressed as upper half mean UHM [mm], 
Fiber length uniformity (expressed as uniformity index UI [%]), 
Fiber strength (as bundle strength STR [cN/tex]), 
Fiber elongation at break (EL [%]) 
Fiber fineness and maturity (expressed by micronaire reading (MIC [-]), 
Short fiber content (SF [%]), 
Thrash content TR [%]. 

 
The importance of these properties is generally dependent on the spinning technology. The 
relative weight b of above listed properties (as importance percentages divided by 100 and 
then standardized i.e. sum of weights should be one) are given in the Table 1. 
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Table 1. Contribution of cotton properties to the yarn strength 
Property/ weight 
 

Rotor 
yarn 

Ring 
yarn 

UI [%] 0.20 0.22 
MIC [-] 0.16 0.17 
UHM [mm]  0.14 0.24 
STR [g/tex] 0.28 0.22 
EL [%] 0.09 0.06 
SF [%] 0.06 0.06 
TR [%] 0.07 0.03 

 
The values in the Table 1 were derived from pie graphs presented in the work [7]. The main 
problem with utilization of above-mentioned properties for quality characterization is 
necessity of transformation to the utility scale.  
 Functional transformation of quality characteristics (based often on the psycho-physical 
laws) lead to partial utility functions [5]. 
 

( ,  ,  )i iu f x L H=                                                                                  (1) 
 

where L is value of characteristic for just non acceptable cotton (ui = 0.01) and H is value of 
characteristic for just fully acceptable product (ui = 1). For expressing quality of cotton fibers 
it is sufficient to replace standardization and nonlinear transformation to the partial utility 
function by the piecewise linear transformation. 
For one side bounded properties quality is monotone increasing or decreasing function of 
quality characteristic x and therefore the piecewise linear transformation has form shown on 
the Fig. 1. For the case of LB (lower is better) properties were limits selected according to the 
known ranges published e.g. in [7] 

Thrash content TR [%]    L = 6  H = 2 
Short fiber content SF [%]  L = 18  H = 6 

For the case UB (upper is better) properties were limits selected according to the known 
ranges published e.g. in [7] 

Strength HVI STR [g/tex]  L = 23  H = 31 
Length UHM [mm]   L = 25  H = 32 
Uniformity index UI [%]   L =77  H = 85 
Elongation EL [%]   L = 5  H = 7.7 

u(
x)

xL H

0.1

1

 
Fig. 1 Transformation for one side bounded cotton properties (L is lower limit and 

H is upper limit) 
 
For two side bounded properties quality is monotone decreasing function of property value x 
on both sides from optimal (constant) region and therefore has the piecewise linear 
transformation form shown on the Fig. 2 



 
 

198

u(
x)

xL1 H1 L2H1

1

0.1

 
Fig. 2 Transformation for two side bounded cotton properties (L1, L2 are lower limits and 

H1, H2 are upper limits) 
 

For this case were limits selected according to the known ranges published e.g. in [7]  
Micronaire MIC [-]  L1 = 3.4, H1 = 3.7  L2 = 5, H2 = 4.2 

The weighted geometrical average QI characterizing cotton fibers quality i.e. cotton quality 
index is simply calculated as weighted geometric average of ui with weights bi. 

1

  exp (    ln (  ) )
m

j j
j

QI b u
=

= ∑                                                                   (2) 

When forming the aggregating function QI from experimentally determined values of cotton 
fibers properties, the statistical character of the xj quantities should be considered and the 
corresponding variance D(U) should be also determined.  
 

3. COTTON YARN CHARACTERISTICS 
Yarn structure can be described by some characteristics derived from models of yarn 
formation and basic technological parameters as yarn fineness Tp [tex], and yarn twist Z [m-1]. 
The twist coefficient Ty 1 1 2cm tex−⎡ ⎤⎣ ⎦  is natural combination of Tp and Z described by relation 
[8] 

210−=yT Z T          (3) 
 
Fiber volume fraction Vf is then computed from equation 
 

0,7(1 0,78exp( 0,195 ))f yV T= − −  (4) 
 
The random distribution of helical angles of fibers is used for computation of orientation 
factor nβ. Migration of fibers is negligible. Orientation factor ηβ is function of helix angle βD 
and yarn Poisson ratio η [9]. 
 

( ) ( )
D

DD

β
βηηβηβ 4

2sin112 ++−
=

 

(5) 
 

 
Helix angle βD is defined as [1, 2] 
 

1 34 410 / 10D y
f f

arctg T arctg
V V
π πβ α

ρ ρ
−

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
    (6) 
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where α is twist coefficient in [m-1ktex1/2] and ρ is fiber density in [kgm-3]. Poisson ratio η 
has the form [1, 2] 
 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ −−

=

DDD

D

βββ

β
η

2sin
4
1

2
1cos12

sin
3

5

      (7) 

 
Packing density μ∈<0;1> expresses in fact the fiber compactness in yarn. Packing density is 
defined as the ratio of fibers volume to the total volume of yarn. Prediction of yarn packing 
density is computed from the following model [8]  
 

( )
5

2

21 4
3 5 23 2

1

⎛ ⎞μ
⎜ ⎟μ π⎝ ⎠ =

⎡ ⎤ μ ρ⎛ ⎞μ⎢ ⎥− ⎜ ⎟μ⎢ ⎥⎝ ⎠⎣ ⎦

m
P

m

m

M Z T        (8) 

 
where M [m] is the material characteristics and μm [-] is the limit packing density. For cotton 
is limit packing density μm = 0.8 and for rotor yarns is parameter M = 0.0027 m [8]. These 
characteristics are used for deeper characterization of yarn structure.  
 

3.1 Cotton yarn strength 
Yarn strength is one of the most important yarn parameters, which is used for yarn quality 
control and design of fabrics. It is usually characterized by the relative strength YS [N/tex]. 
Yarn strength has great influence on the weaving process and mechanical parameters of 
textile products. The theoretical predictive models are based on the mechanisms of yarn 
formation or concept of strength utilization factors (i.e. lowering of fiber strength due to 
bundle utilization, orientation , number of fibers bearing load and limit arrangement of  fibers 
in yarns. One simple model of this category is described by Pan [1, 2]. His model for yarn 
strength is based on the reduction of fibrous bundle strength by multiplying it by utilization 
factors connected with bundle orientation (due twist) and bundle packing density in limit 
configuration.  
Relative yarn strength σy is often expressed as product of relative fiber strength σf and 
correction factor φfy expressing utilization of fibers strength in yarn.  
 

byfbfbybfyfy φφσφσφσσ ===  (9) 
 
Utilization of fibers strength in yarn is product of fiber strength utilization in bundle φfb and 
utilization of bundle strength in yarn φby. The σb denotes bundle strength and is approximately 
equal to STR. For this case is φfb = 1. These factors are computed according to the various 
relations. One of simplest empiric relation for relative yarn strength σy was derived by 
Solovev (see [8]).  
 

ψφ αfff lnfy =  (10) 
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Factor fn expresses influence of fiber number, fl is factor of fiber length influence, fα is factor 
of yarn twist influence and ψ is factor of technology influence. Neckar [8] proposed another 
products form. Utilization of bundle strength in yarn was derived by Pan [9] 
 

by fV βφ η=  (11) 
 
Correction factors (see Pan [9]) and utilization of bundle strength in yarn is shown on fig.3.  
 

 
 Fig. 3 Utilization of bundle strength in yarn and corresponding correction factors  

 

It is visible that the leading role on orientation factor has Poisson ratio especially for low and 
moderate twist coefficients used in this work.  
 

3.2 Yarn unevenness 
A traditional approach to the yarn unevenness characterization is based on the so-called CV as 
mass variation between short portions of yarn measured on the Uster apparatus. Modern 
USTER devices have possibility to give raw data about whole mass variation curve 
(MVC).The unevenness (strictly speaking quadratic mass unevenness) is in fact the variation 
coefficient CV of mass or mass linear density. The total quadratic irregularity CVT

2 can be 
decomposed into two parts (see Bona [10]) 
 

2 2 2( ) ( )= +T B VCV CV L CV L         (12) 
 
The symbol CVB

2(L) denotes external standardized variance between lengths L within total 
length H and CVV

2(L) is internal standardized variance between smallest lengths within “cut” 
length L. Standard output from Uster Tester CV is in fact external quadratic unevenness 
CVB(L) where L is length of measuring electrodes (for yarn is L = 0.8 cm) The value of total 
inspection length H is about 400 m. Generally, higher length L leads to smaller CVB

2(L) and 
higher CVV

2(L). For L→∞ is 2 ( ) 0∞ =BCV  and 2 2( )∞ =VCV CV . For L→0 is 2 2(0) =BCV CV . 
Direct utilization of CV for evaluation of yarn quality has some disadvantages: 
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1. Unevenness CV is dependent on the number of fibers in yarn cross section Nf, which is 
roughly equal to ratio of the yarn fineness TP and the fiber fineness TV  

 

= P
f

V

TN
T

         (13) 

 
2. Value of CV is dependent on the yarn forming process and can be decomposed into two 
parts 
 

2 2 2= +I SCV V V         (14) 
 
where VI is limit unevenness (dependent on type of the spinning process) and VS is machine 
dependent unevenness (dependent on type of the spinning machinery). 
Limit unevenness can be computed from Martindale relation (Poisson distribution of right 
fiber ends) 
 

100
=I

f

V
N

         (15) 

I 
n the case, when fibers are replaced by fibrous bundles the Bornett relation (Poisson 
distribution of fiber bundles) is more realistic ((see Bona [10])) 
 

3

50
=I

f

V
N

         (16) 

 
The behavior of CV will be therefore dependent on the both yarn and fiber fineness.  

3.3 Yarn hairiness  
Yarn hairiness is a complex concept, which generally cannot be completely defined by a 
single figure. The hairiness occurs because some fiber ends protrude from the yarn body, 
some looped fibers are out from the yarn core and some wild fibers appear on the yarn 
surface. Hairiness of yarns has been discussed for many years, but it always remained a 
fuzzy subject. Generally speaking, long hairs are undesirable, while short hairs are 
desirable. 
The effect of yarn hairiness on the textile operations following spinning, especially 
weaving and knitting, and its influence on the characteristics of the product obtained and 
on some fabric faults has led to the introduction of measurement of hairiness.  
The most popular instrument for hairiness evaluation is the Uster hairiness system, which 
characterizes the hairiness by H value defined as the total length of all hairs within one 
centimeter of yarn. The hairiness H is an average value giving no indication of the 
distribution of the length of hairs. The spectrogram of hairiness is also available. The 
second major used instrument is the Zweigle hairiness tester. The numbers of hairs of 
different lengths are counted separately. In addition to the S3 value is given as the sum of 
the number of hairs 3 mm and longer. The information obtained from both systems is 
limited.  
Yarn hairiness is important because has great influence on the weaving process and 
parameters of textile product (porosity, permeability, transport of moisture, comfort, 
aesthetic properties and hand mainly). It is generally accepted that fiber fineness, diameter, 

http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=BODY�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=KNITTING�
http://searchmiracle.com/search/search.php?qq=FABRIC�
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shape factor, length, flexural rigidity, torsion rigidity, tenacity, extension to break and friction 
are fiber parameters influencing hairiness of yarn significantly [11]. 
 

4. EXPERIMENTAL PART 
The 180 rotor yarns were prepared under comparable conditions. Seventeen kinds of cottons 
commonly used in Czech Republic were selected. The 100% cotton yarns (composed from 
pure cotton lots) were produced in five levels of yarn count Jem (16,5tex, 20tex, 27tex, 37tex, 
and 50tex) and ten Phrix twist coefficient alf (two levels for each yarn count). The HVI 
system was used for determining fiber parameters. Fiber length parameters UHM, UI, SF, 
fiber bundle strength STR, elongation EL, micronaire MIC and trash content TR were 
measured. From MIC values the fiber fineness TV were computed according to the empirical 
relation [12] 
 

0.037175 0.023145= −VT Mic       (17) 
 
The yarn unevenness CV was measured on the Uster Tester IV machine under standard 
conditions.  
The yarn strength was measured on the Tensorapid tensile testing machine standard 
conditions. The yarn strength YS is mean value from 50 measurements. The cumulative 
hairiness index H was measured by Uster Tester 4 under standard conditions. 
 

 5. RESULTS AND DISCUSSION 
The presence of possible outlying cotton lots was checked by the Mahalanobis distance plot 
(see [4]). This plot for all fiber characteristics and alf, Jem is shown on the fig. 4a). 
 

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35
Mahalanobis distance

d2

index

 

 

group1
group2

Scatter 2 groups

TRMICSFUIUHMELSTR

TR

MIC

SF

UI

UHM

EL

STR

 
   a)       b) 

Fig. 4 a) Mahalanobis distance plot, b) Scatter plot 
 
It is visible that no point is over the limit for outlying points. The interdependencies between 
cotton fiber parameters are shown on fig 4b). The structured nature of data is visible from 
corresponding plot into first thee component of PCA (see [4]). This plot for all fibers 
characteristics and alf, Jem is shown on the fig. 5a). 
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   a)       b) 
Fig. 5 a) PCA projection into first three components, b) Contribution of individual variables 

to the PC 
 

The importance of individual variables to principal components is shown on the fig. 5b). This 
component plot (see [4]) shows that the most important contribution to the first component 
are Jem (87.4 %) and alf. (12.54 %). This simple multivariate analysis leads to conclusion that 
the most important from all investigated input parameters are Jem and alf. The fiber 
parameters are not so important for explaining the variability in data. 
It is possible to classify fiber parameter according to Uster Grades. All analysed fiber 
characteristics can be set to the five level grades (1 very good, 2 good, 3 middle, 4 low, 5 very 
low). The way of setting grade depends on the background of evaluated property. Higher 
value seems better quality in case of UHM, UI, STR and in opposite of it, the lower value 
seems better quality for example in case of SFI and CNT. Colour in terms of yellowness and 
reflectance were classify according to HVI colour grades diagram for upland cotton 
(yellowness – 1 white, 2 light spotted, 3 spotted, 4 tinged, 5 yellow stained, RD - 1 good 
middling, 2 strict middling, 3 middling, 4 strict low middling, 5 low middling, 6 strict good 
ordinary, 7 good ordinary). In fig. 6 is shown that cotton varieties used in this experiment are 
covering the wide range of characteristics.  
 

 
Fig. 6 Diagram of cotton fiber characteristics (lot) 
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From cotton fiber characteristics the cotton quality index QI (see eqn.(2)) were computed. 
Mean orientation factor of fibers in the yarn βη (denoted as ORI) was computed from eqn. (5). 
The helix angle βD  (denoted as BETA) was computed from eqn. (6) and packing density μ 
(denoted as MI) was computed from eqn. (8). Expected number of fibers in the yarn Nf was 
computed from eqn (13). The Martindale limit unevenness (denoted as CV lim M) was 
computed from eqn.(15) and Bornett limit unevenness (denoted as CV lim B) was computed 
from eqn.(16). 
The standard linear regression method was used for prediction of yarn strength YS, yarn 
hairiness H and yarn unevenness CV and estimation of influence of various factors on these 
characteristics [4]. Prediction ability in linear regression model can be characterized by mean 
quadratic error of prediction (MEP) defined generally by relation 
 

( )
2

( )
1

/
n

T
i i i

i
MEP y x b n

=

= −∑  
 
(18) 

 
where b(i) is the estimate of regression model parameters when all points except the i-th (i-th 
row xi of matrix X) are used. The statistics MEP uses a prediction ( )

T
pi i iy = x b  which was 

constructed without information about the i-th point. Optimal model has minimal value of 
MEP. The MEP can be used for definition of the predicted multiple correlation coefficient PR 

2

1

1 * / ( )
n

i
i

PR n MEP y y
=

= − −∑  
 
(19) 

 
The PR was used as criterion of predictive performance. Values of PR for all kind of tested 
dependencies are given in the table II. Response variable is equal to y and explanatory 
variable is equal to x in regression line model y = a+b*x. 

5.1 Yarn strength 
For estimation of mutual dependencies between cotton fiber parameters and yarn strength YS 
the correlation maps of paired correlation coefficients and partial correlation coefficients were 
computed [4]. Correlation map for paired correlation coefficients is on the fig 7a) and for 
partial correlation on the fig. 7b). All fiber parameters excluding MIC have significant paired 
correlations with yarn strength. These correlations are negatively influenced by mutual 
interdependencies between fiber properties [4].  
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a)      b) 

Fig. 7 a) Correlation map for paired correlation coefficients,  
b) correlation map for and for partial correlation coefficients 
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The significant partial correlations between STR, EL, UHM, MIC and yarn strength were 
found. The predictive performance of selected variables for prediction of YS (simple 
regression line) is shown in the table 2.  
 

Table 2. Predictive performance of line regression models 
response 
 

explanatory PR 

YS QI 0.754 
YS STR 0.870 
YS  ORI 0.0 
YS Ym 0.760 
Yload Fload 0.981 
Yload Floadk 0.977 

 
The influence of QI on the YS is shown on the fig 8a). Dependence between YS and STR is 
shown on the fig. 8b). 
The very good prediction ability of STR supports the empiric evidence of importance of fiber 
strength in rotor spinning (see table I). The slope 0.44 is equal to the fiber utilization factor in 
the yarn. The influence of orientation factor ORI = ηβ computed from eqn (5) on YS is shown 
on the fig 9a). It is visible that there is no predictive ability for this model. 
The predicted yarn strength Ym was computed from the modified eqn (9) 
 

byYm STR φ=  (20) 
 
where φb was computed from eqn (11). The dependence between measured yarn strength YS 
and predicted yarn strength Ym is shown on the fig. 9b). The prediction ability of this model is 
lower in comparison with prediction ability of STR only. 
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Fig. 8 a) Regression line for dependence of YS on QI, 
b) Regression line for dependence of YS on STR. 
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a)      b) 

Fig. 9 a) Regression line for dependence of YS on OR, 
b) regression line for dependence of YS on Ym. 

 
Relative yarn strength is in fact maximum load Yload = YS*Jem bearing by yarn divided by 
yarn finenness Jem. This value can be related to the load beared by all fibers Fload. After 
simple reaarrangements we can compute this quantity as Fload = STR*Jem (it is maximum 
load of mean fiber in bundle divided by number of fibers in yarn cros section). Dependence of 
Yload on Fload is shown on the fig. 10a. It is visible that this model has very excellent 
prediction ability.  
For including of orientation factor into predictive model the corrected load carried by all 
fibers Floadk = STR*Jem * ORI was computed. The dependence of Yload on Floadk is shown 
on the fig. 10b). It is visible that this model has similarly excellent prediction ability as model 
without this correction (see fig. 10a)).  
It is evident that this approach is very simple and has relatively good prediction capability. 
Important is that all models are clearly interpretable and are basically dimensionally 
homogeneous. 
These results are limited due to practical range of technological parameters of yarn creation 
(yarn count, yarn twist). The complex criterion of cotton fibers QI correlates with yarn 
strength YS but correlation with STR alone is slightly higher.  
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Fig. 10 a) Regression line for dependence of Yload on Floadk,  
b) Regression line for dependence of Yload on Fload. 
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The model shown on the fig. 10b) is probably one of the best from point of view of simplicity 
and content of important fiber and technology factors. For practical prediction of YS is the 
best model shown on the fig. 8b) (explanatory is STR only). The slope is here equal to the 
fiber utilization factor. 

5.2 Yarn unevenness 
For estimation of mutual dependencies between cotton lots fiber parameters, yarn structural 
characteristics and CV the correlation map of paired correlation coefficients and partial 
correlation coefficients were computed [4]. Correlation map for paired correlation coefficients 
is on the fig 11a) and for partial correlation on the fig. 11b). All selected fiber parameters 
(UHM, UI, SF, Nf and MI have significant paired correlations with CV. These correlations are 
negatively influenced by mutual interdependencies between fiber properties [4].  
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a       b 

Fig. 11 a) Correlation map for paired correlation coefficients, b) for partial correlation 
coefficients 

 
The significant partial correlations between BETA, MI, Nf, UI, UHM and yarn CV were found. 
Values of predictive performance PR for all kind of tested paired dependencies are given in 
the table 3. Response variable is equal to y and explanatory variable is equal to x in regression 
line model  
 

y = a+b*x. 
 

Table 3. Predictive performance of line regression models 

response 
 

explanatory PR 

CV2 CV2 lim M 0.298 
CV2 CV2 lim B 0.310 
CV QI 0.754 

 
The influence of QI on the CV is shown in the fig. 12 a). The relatively good prediction ability 
of CV supports the empiric evidence of importance of fiber quality parameters in rotor 
spinning Poor correlations between CV2 and Martindale or Bornett limit unevenness indicates 
non constancy of machine dependent unevenness Vs and roughness of Tv computation from 
eqn. (17). 
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Fig. 12 a) Regression line for dependence of CV on QI,  
b) relation between predicted and measured CV. 

 
Multiple regression models for yarn CV prediction, from yarn structural parameters (BETA, 
MI), number of fibers in yarn Nf and fiber geometrical parameters (UI and UHM) was created. 
The summarization of prediction models quality and the estimates of regression coefficients 
for individual variables are shown in the table 4.  

 
Table 4. Summarization of prediction model results 

PR Estimate BETA Estimate MI Estimate for Nf Estimate UI Estimate UHM Estimate abs

0.935 35.4 -41.7 0.00424 0.213 0.477 9.69 
 

All estimates are significant on the probability level 0.05. The relation between predicted and 
measured yarn unevenness CV is shown in the fig. 12b).  

 

5.3 Yarn hairiness 
Correlation maps shows that fiber parameters and yarn construction parameters have 
significant paired correlations with hairiness. The non-significant partial correlations between 
EL, UI, and yarn hairiness were found. Hairiness is dependent on the yarn fineness Jem 
mainly (partial correlation is 0.8892). Multiple regression models for yarn hairiness 
prediction, from yarn parameters (yarn count, yarn twist) and fiber complex criterion (QI) or 
fiber length characteristic UHM were created. The PR [4] and the estimators of regression 
coefficients for individual variables are shown in the table 5.  

Table 5. Summarization of prediction model 

PR Estimator 
for Jem 

Estimator 
for alf 

Estimator 
for QI 

Estimator 
for UHM

Estimator 
for  abs 

0.91 0.0377 -0.0047 0.0216 -0.109 6.63 
0.9 0.0365 - - -0.0981 6.09 
0.92 0.000553* - - 82.9** 0.87 

*) Jem2     **)  1/UHM 
In the first row of table1 are results of the cumulative hairiness index H prediction by linear 
model containing statistically important parameters (Jem, alf, QI, UHM). The relation between 
predicted and measured cumulative hairiness index H are shown on the fig. 13a). In the second 
row are results of the cumulative hairiness index H prediction by linear model containing the 
most statistically important parameters (Jem, UHM) only.  
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a      b  

Fig. 13 Relation between predicted and measured cumulative hairiness index H, 
 a) full linear model, b) linear model containing Jem2 and 1/UHM only. 

 
The corresponding partial regression graphs (see [4]) are shown on the fig. 14. 
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a      b 

Fig. 14 a) Partial regression graphs for Jem, b) partial regression graphs for UHM. 
 

|It is clear that partial regressions are not linear but can be simply linearized by power 
transformation of exogenous variables. According to the shape of partial regression graphs the 
variable Jem was replaced by power two transformation Jem2 and variable UHM was replaced 
by reciprocal transformation 1/UHM. Results for this modified linear model are given in the 
last row of table V and the relation between predicted and measured cumulative hairiness 
index H are shown on the fig. 13b). The final predictive model has the form 
 

2  0.87  0.000553   82.9 /H Jem UHM= + +  

 
This model is relatively simple and has good predictive power. 
 

6. CONCLUSION 
It was found that: 

• Yarn strength is critically dependent on the fiber strength. The simple models for yarn 
strength YS prediction based on the reduction of fiber strength by the multiplicative 
factors from orientation, Poisson ratio and volume fraction combined with linear 
regression is useful as well. The influence of process parameters are hidden in yarn 
fineness and are not as important as fiber strength STR.  
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• Yarn CV is critically dependent on the yarn packing density MI, fiber helix angle 
BETA in yarn, number of fibers in yarn Nf  and fiber length parameters UI, UHM. The 
complex criterion of cotton fibers quality U correlates significantly with yarn CV. 
Coarser yarns with lower packing density have higher CV.  

• Yarn hairiness is critically dependent on the yarn fineness (Jem) and fiber length 
characterized by UHM. Coarse fibers have higher hairiness. The influence of twist is 
not so high but in agreement with empirical findings the higher twist leads to the 
lower hairiness. The influence of majority of fiber parameters is not important.  

 
These results are limited due to practical range of technological parameters of yarn creation 
(yarn count, yarn twist) and are valid for rotor yarns only. 
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Chapter - 16 
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1. INTRODUCTION 
Fiber arrangement in yarn is result of spinning technology, i.e. operations of fiber separation 
and parallelization, drafting and twisting. It is well known that ring yarns have better internal 
organization in comparison with rotor yarn. Compact spinning is eliminating the spinning 
triangle and corresponding internal structure of yarns is even better in comparison with ring 
yarns. Better fiber parallelization has positive influence on yarn strength and hairiness. The 
internal structure of yarns is dependent on the raw material characteristics. It is known that 
long straight smooth polyester fibers have better internal structure in comparison with shorter 
and spatially twisted cotton fiber. The internal structure of yarn is characterized by packing 
density. Main aim of this contribution is to demonstrate influence of yarn production 
technology on the packing density, diameter and strength. 
 
2. YARN PACKING DENSITY AND YARN DIAMETER  
Packing density μ is defined as relative portion of fiber volume in yarn and therefore 
μ∈<0;1> (Neckar (1990)). Packing density computed from cross section analysis is relative 
portion of fiber area in area of yarn. Limit packing density is defined from closest 
arrangement of fibers in cross section (Neckar (1990) and Hearle (1969)). Empirical limit of 
packing density is about 0.8 (Neckar (1998)) or about 0.7 (Pan (1993), Pan (1995) and 
Thibodeaux (1998)). 
Packing density varies as a function of distance from yarn center. Maximum packing density 
is in the core of yarn where fibers are squeezed by fibers in the adjacent fibrous layers. In the 
outer layers is packing density smaller and is decreasing towards the periphery (dense and 
loose hairiness areas). In some cases packing density near yarn center is lower as result of 
fibrous tape twisting (Neckar (1990)). Model of cylindrical yarn can be used for radial 
equilibrium equation creation (Neckar (1990) and (Rocek (1996)). Numerical solution of this 
equation leads to the radial course of packing density i.e. dependence of packing density on 
the fiber radius. 
In plenty of applications radial course of packing density is replaced by constant value or by 
two linear portions. As examples we can mention Koechlin theory of yarn diameter and van 
Wyk approach to inter fibrous pressure corrected by Neckar (1990) by using limit packing 
concept (Neckar (1998)) or yarn strength prediction (Pan (1993), Pan (1995) and Thibodeaux 
(1998)). In some cases (Koechlin theory of yarn diameter and twist evaluation)  independence 
of packing density on yarn fineness is assumed. 
Neckář (1990) derived relation between packing density μ [-] and yarn fineness T [tex], yarn 
twist Z [m-1], fiber density ρ  [kgm-3], material characteristics M [m] and limit packing density 
μm [-] in the form 
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Relation (Neckář (1990)) was derived under these assumptions: 

a) Fibers in yarn are squeezed as result of twist. 
b) Compression is due to external fibrous layers, thickness of squeezed layer is constant. 
c) Fibers arrangement follows helical model.  
d) Dependence between pressure and packing density is described by modified van Wyk 

theory (2).  
Pressure between fibers p is function of yarn packing density μ, limit yarn packing density μm 
and material constant kp, (for cotton kp=15 MPa, and limit packing density is 0.8). 
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Some values of M for ring and rotor cotton yarns (ρ = 1520 kgm-3) are given in the table 1 
(Neckar (1990)).  

Table 1. Parameter M for ring yarn and rotor yarn 
M [m] 

Combed ring Carded ring Rotor 

0,0064 0.0042 0.0027 
 

Suitable values of M for compact and Novaspin (experimental yarns developed in VÚB Ústí 
n/O.) cotton yarns are given in the table 2. Novaspin yarn is produced at rates comparable 
with rotor yarn but properties are similar to the ring yarn (Kremenakova (2004)). 
 

Table 2. Parameter M for compact yarn and Novaspin yarn 
M [m] 

Novaspin Compact 
Combed Carded Combed Carded 

0,0060 0,0039 0,0100 0,0066 
 
Packing densities of ring, rotor, compact and Novaspin cotton yarns computed from equation 
(1) are given in Fig.1. The fineness of combed yarns is between 5 - 23 tex and for carded 
yarns between 15 - 31 tex. The fineness and strength of cotton fibers were selected from HVI 
measurement. For combed yarns the cotton variety having fineness 0.12 tex and strength 0.3 
N/tex was selected. For carded and rotor yarns the cotton variety having fineness 0.2 tex and 
strength 0.25 N/tex was selected. The twist coefficient was selected according to the yarn 
fineness. Ring, Novaspin and compact yarns have the same twist coefficient and rotor yarns 
have higher twist coefficient. 
Highest packing density corresponds to the compact combed yarns. Lower packing density 
results for ring combed, compact carded and Novaspin carded and Novaspin combed yarns. 
Lowest packing density is for rotor yarns spun with higher twist coefficient. 
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Fig. 1 Predicted yarn packing density – influence of yarn fineness and production 

 
Packing density μ is in close connection with the yarn diameter D  
 

( )πμρTD 4=  (3) 

 
Diameters of cotton type yarns described above are shown in Fig. 2. It is clear that influence 
of technology on yarn diameter is not as distinctive as in the case of packing density. In 
accordance with eqn. (2) the trends are opposite. Maximum diameter results for disordered 
structure of rotor yarn and well ordered structure of compact yarn has minimum diameter. 
Combed yarns have lower diameter in comparison with carded yarns. Differences between 
yarns diameters are about 5% except relation between ring and rotor yarn where difference is 
about 7%.  
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Fig. 2 Predicted yarn diameter – influence of yarn fineness and production technology 
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Measured parameters of used yarns are given in the table 3 [9].  
 

Table 3. Predicted and measured yarn packing density, diameter and tenacity 
(Predicted/Measured – 95% confidence interval) 

Cotton technology 
Fineness 

[tex] 
Twist 
[m-1] 

Packing density
[-] P/M 

Diameter 
[mm] P/M 

Tenacity 
[N/tex] P/M 

MII  combed ring 7,23 1193 
0,527/ 

0,417;0,481 
0,107/ 

0,104;0,113 
0,207/ 

0,167;0,175 

MII  combed ring 7,24 1307 
0,543/ 

0,414;0,454 
0,106/ 

0,104;0,113 
0,216/ 

0,150;0,161 

MII  combed ring 9,88 1189 
0,589/ 

0,464;0,502 
0,119/ 

0,117;0,126 
0,224/ 

0,206;0,218 

MII  combed ring 10,11 1117 
0,531/ 

0,410;0,452 
0,126/ 

0,124;0,134 
0,204 

0,196;0,203 

MII  combed ring 11,5 1066 
0,528/ 

0,428;0,476 
0,135/ 

0,127;0,145 
0,213/ 

0,178;0,188 

AI combed ring 14,23 1023 
0,530/ 

0,374;0,416 
0,150/ 

0,151;0,165 
0,136/ 

0,128;0,133 

AI combed ring 16,59 925 
0,519/ 

0,399;0,483 
0,164/ 

0,129;0,169 
0,133/ 

0,119;0,124 

AI carded ring 19,42 889 
0,491/ 

0,411;0,457 
0,182/ 

0,162;0,190 
0,122/ 

0,159;0,166 

AI combed ring 19,95 843 
0,511/ 

0,411;0,437 
0,181/ 

0,164;0,193 
0,131/ 

0,138;0,142 

AI combed ring 20,07 944 
0,531/ 

0,405;0,452 
0,178/ 

0,159;0,201 
0,146/ 

0,162;0,168 

AI carded ring 25,83 790 
0,471/ 

0,411;0,437 
0,214/ 

0,201;0,219 
0,117/ 

0,132;0,137 

AI carded ring 28,46 658 
0,447/ 

0,393;0,424 
0,231/ 

0,199;0,234 
0,116/ 

0,146;0,155 

AI rotor 19,43 940 
0,447/ 

0,441;0,474 
0,191/ 

0,170;0,180 
0,110/ 

0,104;0,108 

AI rotor 19,82 888 
0,455/ 

0,406;0,450 
0,191/ 

0,163;0,194 
0,112/ 

0,107;0,113 

AI rotor 29,48 681 
0,408/ 

0,385;0,419 
0,246/ 

0,216;0,238 
0,103/ 

0,107;0,113 

AI combed Novaspin  9,43 1232 
0,562/ 

0,492;0,527 
0,119/ 

0,113;0,121 
0,212/ 

0,194;0,205 

AI carded Novaspin 20,10 802 
0,454/ 

0,388;0,424 
0,193/ 

0,167;0,189 
0,114/ 

0,145;0,153 

AI carded Novaspin 29,42 652 
0,439/ 

0,392;0,431 
0,237/ 

0,201;0,235 
0,113/ 

0,146;0,151 
MII  combed 

compact 
7,35 1262 

0,573/ 
0,444;0,487 

0,104/ 
0,106;0,113 

0,230/ 
0,196;0,207 

MII  combed 
compact 

11,79 1059 
0,564/ 

0,453;0,499 
0,502/ 

0,134;0,142 
0,229/ 

0,218;0,226 
AI combed 

compact 
20,05 977 

0,572/ 
0,433;0,466 

0,171/ 
0,177;0,193 

0,157/ 
0,163;0,169 
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Comparison of relative prediction errors of packing density and yarn diameter with 95% 
confidence interval are shown in Fig.3 and 4.  
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Fig.3 Yarn packing density prediction - relative error  
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Fig.4 Yarn diameter prediction - relative error 

Yarns are arranged into groups according to the technology and from left to the right is 
increasing fineness. Zero value in Fig. 3 and 4 are for mean values of packing density and 
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yarn diameter. Limit of 95% confidence interval ±δr are expressed as relative values 
associated with mean  
 

( ) prumconfprumr ηηηδ /100 −=  (4) 
 
where ηprum is mean measured value of packing density or diameter and ηconf is lower or 
higher limit of 95% confidence interval. Relative prediction error δ is defined by relation 

( ) rrp ηηηδ /100 −=  (5) 
 
where ηp is predicted value (i.e. value computed from model, which was not connected with 
values ηr) and ηr is mean value from measured data. 
Prediction of packing density is clearly overestimated (see Fig.3). Equation (1) was derived 
from helical model [2], where all fibers are concentrated inside cylinder having diameter 
equal to the diameter of yarn. Experimental methods include the yarn cylinder i.e. the part of 
fibers lying in a certain distance (effective diameter) from center (Kremenakova (2004)). 
Experimental packing density is therefore systematically lower. Effective diameter is defined 
as value of diameter for which packing density is equal to 0.15. 
 
3. YARN TENACITY 
Relative yarn strength σp is frequently expressed as product of relative fiber strength σv and 
correction factor φvp expressing utilization of fibers in yarn. 
 

spvsvspsvpvp φφδφσφσσ ===  (6) 

 
Utilization of fibers in yarn is product of fiber strength utilization in bundle φvs and utilization 
of bundle in yarn φsp, σs is strength of fiber in bundle. Utilization factors are computed 
according to the various relations. One of simplest empiric relation for relative yarn strength 
σp was derived by Solověv.  
 

ψσσ αfff lnvp = , 
 =vpφ ψαfff ln  (7) 

 
where  fn is factor of number of fibers influence, fl is factor of fiber length influence, fα is 
factor of yarn twist influence and ψ is factor of technology influence. Factors are limited by 
the value 1 and are lowering relative fiber strength.  
Relation (7) can be simply used for prediction of ring combed and carded cotton type yarn. 
The main problem is selection of suitable constants and critical twist coefficients. On the 
other hand this equation includes main fiber characteristics as fineness, length and strength 
and parameters of yarn. Neckar (1990) proposed another product form  

 
ϕφχϖφ =vp  (8) 

 
where ϕ is influence of fibers inclination, φ is influence of fiber curling, χ is influence of fiber 
slipping and ϖ is influence of fiber migration. Relations for computation of these factors are 
given in Neckar’s book (1990) and tested in the work of Kremenakova (2004). This relation 
leads to the over estimation of strength for low twist yarns (Neckar (1990)).  
Te main shortcoming is necessity to know plenty of material and technological parameters.  
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The prediction equation based on utilization of fibers in bundle is described in Pan (1993) and 
(1995). In this equation packing density Vf and orientation factor nβ are used as correction 
factors. Relation of fiber strength and fibrous bundles strength is based on the assumption of 
Weibull distribution of fibers and normal distribution of bundles. 
The random distribution of helical angles of fibers is used for computation of orientation 
factor nβ. Migration of fibers is negligible.  

 
βφ nV fsp =  (9) 

 
Orientation factor is derived from yarn Poisson ratio η and helix angle on the yarn surface βD.  
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Yarn Poisson ratio η  was derived by Pan  
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Prediction computed from eqn. (9) for cotton yarns is overestimated. 
The relations between individual fiber strength and fibrous bundles strength measured on the 
various devices (Vibroscope, Pressley, Stelometer, HVI) were given in works Krupincova 
(2004) and Kremenakova (2004). As optimal the HVI bundle strength was found. For 
prediction of cotton yarns strength σc the modified relation was proposed 
 

∗∗ ==
β

μσφσσ nHVIHVIc sp
 (12) 

 
where σHVI  is bundle strength from HVI and ∗

spφ  if factor of bundle strength utilization in 
yarn. Packing density μ includes prediction influence of spinning technology. Orientation 
factor ∗

βn  is computed from equation derived by Pan (1995). This factor and Poisson ratio 
∗η are dependent on the angle ∗

Dβ , which is derived from relation  
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In this equation twist factor is α [m-1ktex1/2] and fiber density is  ρ [kgm-3]. 
 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

=
∗

∗
∗

∗
∗

D
D

D

D

β
β

β

β
η

2sin
4
1

2
1cos12

sin

3

5

 
(14) 

[ ]( ) [ ]( )
∗

∗∗∗∗
∗ −++−−

=
D

DD

β
βηηβ

η
β 4

2sin112  (15) 

 



 
 

218

The utilization of bundle strength in yarn computed from eqn. (12) is shown in Fig 5 as 
function of yarn fineness having the same twist factor. Maximum utilization factor is for 
compact yarn. Lower utilization factor is for ring and Novaspin yarns and lowest values are 
for rotor yarn. Combed yarns have always higher utilization factor in comparison with carded 
yarns. These results are in accordance with Uster Statistics (2001) see Fig. 6. The slope of 
individual curves is influenced by twist level unknown for Uster statistics. 
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Fig.5 Predicted utilization of fiber bundle in yarn  
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Fig.6 Cotton yarn tenacity according to 50 % Uster statistics 

 
Relative error of yarn strength prediction computed from relation (12) and Pan Equation (9) 
are shown in Fig.7. Modified relations for computation of bundle strength utilization in yarn 
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are sensitive on the spinning technology and lead to lower error. It is clear that prediction for 
fine yarns is worse (systematic overestimation) in comparison with coarse yarns (systematic 
underestimation). The extra low strength of rotor yarn and higher strength of compact yarn is 
not sufficiently explained by relations (7), (8), (9). One of reason is higher sensitivity of 
packing density computation from equation (1) on the yarn twist factor. 
Twist factor for coarser yarns is generally lower. The predicted packing density is therefore 
lower as well.  
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Fig.7 Yarn tenacity prediction – relative error 

Relation (12) – solid line, relation (9) – dashed line 
 

4. CONCLUSION 
It is clear that for strength prediction of cotton type yarns, it is quite sufficient to use equation 
(12). The yarn strength is here product of cotton fiber strength determined from HVI and 
corrected fiber strength utilization in yarn. The packing density includes the prediction of 
influence of spinning technology as well. The further improvements requires proper 
evaluation of critical twist factor. By using this factor it will be possible to set maximum 
utilization of fibrous bundle in yarn. 
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1. INTRODUCTION 
The enormous numbers of methods and their modifications have been proposed for 
characterization of cotton fibers. These methods can be used for prediction of fiber properties 
influence on the properties (strength) of yarns. Generally the cotton yarn strength is dependent 
on the parameters of fiber (fiber strength, fineness and fiber uniformity mainly), parameters of 
yarn formation (yarn fineness, twist etc.) and spinning technology. The theoretical predictive 
models are based on the mechanisms of yarn formation or concept of strength utilization 
factors i.e. lowering of fiber strength due to bundle creation, orientation, number of fibers 
bearing load and limit arrangement of fibers in yarns [1- 6].  
Technical textiles are currently produced mainly from special synthetic fibers with increased 
resistance to mechanical stress, thermal stress, etc. For the prediction of properties of 
technical textiles the fiber properties depending on their chemical composition should be 
known [2]. It is also necessary to know the mechanism of textile structures creation and the 
influence of finishing on the fabric properties. There are many experiences that relate to the 
classic natural materials. These findings are the result of the work of a many authors, which 
are described in [3] and [9]. For predicting the properties of gray cotton fabric the LibTex 
system was prepared [10], which allows predicting the properties in line fiber - yarn - fabric. 
Set of relations which are valid for cotton fibers can be applied for synthetic fibers as well. 
Synthetic fibers properties are different in comparison with cotton fibers (length, profile, 
bending rigidity, strength, elongation, etc.) and in the treatment can significantly modify its 
properties, such as additional drafting during weaving, shrinkage, etc.  
In this work, the possibilities of prediction of yarn properties of synthetic fibers are described. 
Models for calculating the yarn packing density, diameter and the relative strength of cotton 
yarn are described in [1]. These models are based on the characteristics of fibers (i.e., 
fineness, bundle strength, mass density), and also on the yarn fineness, twist and production 
technology. However, models do not take into account changes in the properties of yarn, 
which occurs in a tensile stress. Yarns from synthetic fibers are closer and more regularly 
arranged (due to higher parallelization of fibers). Synthetic fibers are longer, with lower 
bending rigidity and have much higher break elongation than cotton fibers. For these reasons, 
the cross-section of fiber is significantly changed during stressing and therefore for prediction 
of yarn strength the fiber elongation factor was used. Models are verified to set POP yarn 
made from the same material. The experiment was prepared in order to study the effect of 
twist on the strength of yarn at the same yarn fineness. While studying the effect of the twist 
strength of POP yarn the different mechanism in comparison with cotton yarn strength was 
found. With increasing twist in the POP yarn the yarn strength is decreasing. Twist on the 
spinning machines is in correlation with performance and then reduction of twist leads to 
reduction of production costs. 
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2. THEORETICAL PART 
Fiber fineness t, defined as the ratio of fiber mass m and fiber length l, is the function of fiber 
cross-section area s and fiber mass densityρ, as shown below 
 

4/2ρπρ dslmt ===   (1) 
 
When two cross-section areas or diameters of fibers with the some fineness are compared we 
can obtain relation 
 

21221 / ksss == ρρ  ; 22121 / dkdd == ρρ  (2) 

 
For example polypropylene fibers have k =1.67 times higher cross-section areas and 1.27 
times higher diameter then cotton fibers of the same fineness due to different mass densities 
ρ. Yarn fineness is ratio between yarn mass M and yarn length L and it is function of effective 
yarn cross-section area S (sum of fiber areas in yarn cross-section) and fiber mass densityρ, 
see equation (3). Diameter of effective yarn cross-section area S (used in equation (3)) is 
denoted as the limit yarn diameter Dl that means the lowest yarn diameter without air gaps. 
 

4/2ρπρ lDSLMT ===   (3) 
 
Two yarns which were produced with the same fineness T, twist and technology from the 
different fibers have different effective yarn cross-section area S as a result of various fiber 
mass densities, as it is shown below  
 

21221 / kSSS == ρρ ; 12 / ρρ=k  (4) 
 
When we compare limit diameters of yarns spanned with the same fineness we obtain this 
relation 
 

221 12 / lll DkDD == ρρ  (5) 

 
It is visible; that polypropylene yarns have 1.67 times higher effective cross-section area and 
1.27 times higher limit diameter then cotton yarns of the same fineness. For definition of real 
yarn diameter is possible defined yarn packing density μ as ratio between fiber volume V  and 
whole yarn volume Vy, as it is shown below 
 

( ) ρππμ 2222 44/ DTdSDDVV lyf ====  (6) 

 
Real yarn diameter is derived from equation (6) as  
 

πμρTD 4=  (7) 

 
When we compare real diameters of yarns spanned with the same fineness we obtain next 
relation 
 

coDkkDD 1211221 )/( == ρμρμ  ;  121 / μμ=k  (8) 
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It is known, that fiber arrangement in yarn which were spun from synthetic fibers is better 
then fiber arrangement of cotton yarns. Packing density of polypropylene yarn is higher than 
packing density of cotton yarn (we assume the same yarn fineness). Doe to differences 
between fiber mass densities is real diameter of these polypropylene yarns higher than real 
diameter of cotton yarns. 
Packing density μ can be calculate by using the following relationship [5] 
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(9) 

 
where T is the yarn fineness; Z, the yarn twist; ρ, the fiber density; M the material and 
technology characteristic; and μm , the limit packing density. This relationship was derived by 
Neckar [5]. A suitable value of characteristic M for ring and rotor cotton yarns was evaluated 
in [5] and for compact and Novaspin yarns in [1].  
Yarn packing density can be evaluated from yarn cross-sections by using image analysis. 
Direct method working with real fiber cross-section areas and the Secant method based on 
reconstruction of fiber sections around their centers can be used [11]. Result from both 
methods is the radial course of packing density trace from yarn axis to yarn surface  For 
prediction of other yarn properties, it is useful to replace radial packing density by constant 
value based on the relationship (7) for the calculation of yarn diameter D.  
Relative yarn strength σy is frequently expressed as product of relative fiber strength σf and 
correction factor φfy expressing utilization of fibers strength in yarn.  
 

byfbfbybfyfy φφσφσφσσ ===   (10) 
 
Utilization of fibers strength in yarn is product of fiber strength utilization in bundle φfb and 
utilization of bundle strength in yarn φby. The σb denotes bundle strength. These factors are 
computed according to the various relations.  
The fiber strength distribution of Weibull two-parameter type was proposed by Pan [6], [7]. 
The mean fiber strength, the mean bundle strength and corresponding standard deviations are 
defined in [6]. For large bundles where number of fibers in cross-section is more that 100 is 
bundle strength approaching to normal distribution (Daniel's result [7]). Simple approximate 
relation for utilization of fiber strength in bundle was derived in [12]  
 

( ) ( )exp / 1 , 0,909
f

u
fb u u u u vσφ = − Γ + =   (11) 

 
In eqn. (11) the symbol Γ(.) is gamma function and 

f
vσ  is variation coefficient of fiber 

strength. It is shown that utilization of fiber strength in bundle is function variation coefficient 
of fiber strength only. Utilization of bundle strength in yarn was derived by Pan [6] 
 

βφ nV fby = (12) 
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Volume ratio Vf and orientation factor nβ as correction factors are here used. The random 
distribution of helical angles of fibers is used for computation of orientation factor nβ. 
Migration of fibers is negligible. Fiber volume fraction Vf  is computed from equation 
 

[ ] 0,7(1 0,78exp( 0,195 ))f yV K− = − − (13) 

 
where Ky is twist coefficient described by relation 
 

[ ]1 1 2 2 1 1 1 210 m 1000 /100yK cm tex T tex Z m ktexα− − − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤= =⎣ ⎦ ⎣ ⎦ ⎣ ⎦  
(14) 

 
In eqn. (14) is T yarn fineness, Z is yarn twist and α is twist coefficient. Orientation factor  ηβ 
is function of helix angle βD and yarn Poisson ratio η [3]. 
 

( ) ( )
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2sin112 ++−
=

(15) 

 
Helix angle βD is defined according to equation [14] 
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where α is twist coefficient in [m-1ktex1/2], ρ is fiber density in [kgm-3]. Poisson ratio η has 
the form [6] 
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Based on the careful inspection of above mentioned models the modified relation for 

prediction of cotton yarns strength σc was proposed [1] 
 

∗∗ == βμησφσσ HVIbyHVIc   (18) 

 
where σHVI  is fibrous bundle strength measured on HVI and byφ ∗  is factor of bundle strength 
utilization in the yarn. Via packing density μ the influence of spinning technology into 
strength prediction is included. Corrected orientation factor βη∗  is computed from equation 
derived by Pan [3]. The modified relation for prediction of synthetic fiber relative strength has 
the form 
 

∗∗ == βμηφσφφσσ fbfbyfbfs   (19) 

 
where fiber strength utilization in bundle φfb  is calculating according relation (11). For the 
case when high extensible fibers were used, the results obtained from eqn. (19) were 
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influenced by elongation at break as well. It is therefore necessary to include fiber cross-
section geometry changes into calculations.  
Let us start with straight fiber of cross section area Ao (diameter do) and length lo. After 
applying the load F the fiber is extended to the length l and shortened to the area A or 
diameter d (see. Fig. 1) 

 

F

lo
l

δ

Αo Α

 
Fig. 1 Ideal geometry o fiber extension 

 
The engineering stress σ, engineering strain ε and draw ratio λ are defined by well known 
equations  
 

0/ AF=σ , 000 //)( llll δε =−= , ελ +== 1/ 0ll  (20) 
 
The important characteristics of material deformation is so called Poisson ratio ν defined as 
ratio of the relative transversal deformation εT and relative longitudinal extension ε  
 

00 /)(where/ dddTT −=−= εεεν   (21) 
 
The change of cross section area is then  
 

2
0 )1(/ νε−=AA   (22) 

 
and change of volume due to deformation is 
 

)1()1(/ 2
0 ενε +−=VV   (23) 

 
For liquids and rubber is the volume not changed during deformation i.e. V/Vo = 1 
(incompressible material) and 0 5.ν = .  
For majority of fiber forming polymers is volume increased due to extension (i.e. V/Vo > 1) 
and then 0 5.ν <  (obviously 0 2 0 45. .ν≤ ≤ ). For the case when volume is not changed during 
deformation is cross section area shorted according to relation 
 

2
00 )5.01()1/(1// εε −≈+== llAA   (24) 

 
The true stress tσ  can be then expressed in the form 
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2)1/(/ νεσσ −== AFt   (25) 

 
In practical applications the assumption of constant volume during deformation is used and 
true stress is expressed in the simple form [10] 
 

)1/( εσσ +=t   (26) 
For these reasons, it is possible to incorporate a factor involving a change in yarn geometry 
changes in the prediction of relative yarn strength. For prediction of synthetic fiber relative 
strength can be then used modified equation (19), i.e.  
 

∗∗ +=+= βμηφεσφφεσσ fbffbyfbffs )1( )1(  (27) 

 
3. EXPERIMENTAL PART 
The yarns [13], prepared under laboratory conditions and pilot plant conditions have been 
used as starting materials. The influence of twist coefficient on the relative strength of yarn 
made from polypropylene fibers was studied. Fiber parameters are listed in Table 1. 
    

Table 1. Polypropylene fiber properties  
Polypropylene fibers type 
Trevon Modra 

mean 
value 

95% confidence 
intervals 

coefficient of 
variance [%] 

fiber fineness [tex] 0.232 0.218 - 0.243 15.93 
fiber length [mm] 50 - - 
fiber strength [N/tex] 0.356 0.344 - 0.370 12.73 
deformation at break [%] 55.15 48.78 - 61.53 40.68 

 
There were used ring yarn fineness of 20 tex, 25 tex and 29.5 tex. Yarns produced in 
laboratory conditions were obtained by additional twisting of standard yarns on the twist 
tester for a defined number of twists. 
 Using a clamping device yarns has been transferred to the jaws of dynamometer. The average 
stress-strain curves and the average strength and elongation of yarns were measured. On the 
Fig. 2 are shown the strength of those yarns, depending on the twist coefficient. On the Fig. 2 
are given the strength of ring cotton yarn with fineness 20 tex and 25 tex, which were 
measured using the same technique as a yarn of polypropylene fibers [14]. In the case of 
cotton yarns the course described in classical works from a number of authors can be seen [3] 
[4] [5]. The yarn strength is increasing with higher twist coefficient until its critical value, and 
then it is decreasing. The strength of polypropylene yarns is decreasing with higher twist 
coefficient.  
For more in-depth monitoring of the influence of the twist factor on yarn strength a series of 
thirteen compact POP yarns of the same fineness (25 tex) with different twist were spun. 
Yarns have been produced in the pilot plant conditions (Spolsin) so as to achieve the smallest 
and greatest possible twist see table 2.  
The packing density, diameter and stress strain curves including strength and elongation were 
measured. The surface structure of yarn is shown in the Fig. 3. The strength of yarns has been 
added to Fig. 2 and can be seen that confirms the downward trend in strength with increasing 
twist coefficient. 
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Fig. 2 Influence of twist coefficient on the polypropylene and cotton yarn relative strength – 

results from experiment. 1 – 29.5 tex POP ring yarn, 2 – 25 tex POP compact yarn, 3 – 25 tex 
POP ring yarn, 4 – 20 tex POP ring yarn, 5 – 20 tex cotton ring yarn, 6 – 25 tex cotton ring 

yarn 
 

Table 2. Polypropylene yarn properties 
Yarn 

 number 
Yarn fineness 

[tex] 
Yarn twist 

[m-1] 
Twist factor 
[m-1 ktex2/3] 

1 25.48 391 34 
2 25.68 451 39 
3 25.88 531 46 
4 25.97 595 52 
5 25.52 632 55 
6 25.68 712 62 
7 25.5 777 67 
8 26 837 73 
9 25.73 922 80 
10 25.62 981 85 
11 25.22 1041 90 
12 25.65 1152 100 
13 25.64 1210 105 

 
Yarn packing density was evaluated from yarn cross-sections by using of image analysis. 
Yarns were cut and 30 cross-sections were prepared from each sample. The Secant method 
based on reconstruction of fiber sections around their centers was used [5, 11].  Result from 
this method is the radial course of packing density trace from yarn axis to yarn surface [5, 12]. 
We assume that the border between yarn core and a surface layers is approximately on the 
radial packing density 0.15. For this reason, the curve of the radial packing density was 
evaluated and yarn diameter D, which correspond to the packing density μ = 0.15 was 
computed. Radial packing density was replaced by constant value closing value was 
calculated from a yarn cross-section as ratio between sum of fiber areas of circle having 
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diameter D and areas of this circle. A more detailed description of these methods (Secant 
method) is given in [11]. 
The mean values of yarn packing density with 95% confidence intervals are shown on fig.4. It 
is clear that with the growing twist coefficient yarn the packing density is slowly increasing 
till limit value 0.7. According to the relationship (9) and the limit packing densityμm = 0.7 
value of parameter M for each yarn were found. With using of mean value of the parameter M 
= 0.0919, yarn fineness 25 tex and limit packing density μm = 0.7 the packing density μ was 
calculated as is shown on fig. 4. It is seen that there are low differences between predicted and 
measured values. The measured and predicted yarn diameters (according relationship (7)) 
with 95% confidence intervals are shown on the fig.5. For prediction of packing density the 
relationship (9) was used. It is visible that predicted values are mostly within the confidence 
intervals. 
 

 
a) 391 twist per meter b) 531 twist per meter c) 1210 twist per meter 

Fig. 3 Structure of polypropylene yarns 
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Fig. 4 Influence of twist coefficient on the polypropylene yarn packing density – comparison 

of model with experiment 
 
The relative strength together with 95% confidence intervals is given in the fig. 6. For 
predicting of the strength the relationship (27) has been used. Utilization of POP fibers in 
bundle was calculated by using of the relation (11) and coefficient of variation was found to 
be 15.95%. The value of utilization of POP fibers in bundle was evaluated to be 75 %. In 
addition, the value of fiber elongation at break 55.15% was used. In fig. 6 is shown, that the 
predicted values of the relative strength of the yarn are mostly in the confidence intervals of 
measured values or its limits. 
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Fig. 5 Influence of twist coefficient on the polypropylene yarn diameter – comparison model 

with experiment 
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Fig. 6 Influence of twist coefficient on the polypropylene yarn relative strength – comparison 

model with experiment 
 
4. CONCLUSION 
In this work the influence of twist factor on the strength of yarn made of polypropylene fibers 
has been studied. It was shown that the strength of the yarn is influenced mainly by the fiber 
bundle strength, which depends on the single fiber strength and its coefficient of variation. 
Another factor is friction between the fibers, which are replaced by the yarn packing density. 
With the growth of twist the packing density is growing to the limit value approximately 0.7 
to 0.8. An important factor is the orientation of fibers in the yarn. With the increasing twist is 
the orientation factor decreasing and to reduce yarn strength. Known is the reduction of 
strength due to multifil and rope [5, 15]. Packing density factor and orientation factor are 
multiplied. In the case of cotton the yarn packing density firstly growths significantly up to 
critical twist and it affects more strength than a factor of orientation. POP yarns are 
characterized by higher levels of arrangement of fibers, and therefore with the growth twist 
factor the packing density is growing more slowly. The significant factor is the impact of 
orientation, which operates the reduction of yarn strength. Another important factor is the 
influence of deformation of the cross-section doe to tension stress.  
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Chapter - 18 
 

INFLUENCE OF TWIST FACTOR ON MECHANICAL 
CHARACTERISTICS OF STAPLE YARNS  

 
Dana Křemenáková, Jiří Militký, Dagmar Pivoňková and Jana Špánková 

Faculty of Textile Engineering, Technical University of Liberec, Czech Republic 
 
1.  INTRODUCTION 
It is well known that twist has crucial influence on the mechanical properties of short staple 
fiber yarns. The possibilities of prediction of twist and its influence on the fibers orientation in 
the staple polypropylene yarn are discussed in this work. The main structural factors which 
are significant for yarn strength prediction are packing density and orientation factor. These 
factors are influenced by raw material properties, technology of yarn production, yarn 
fineness and twist (yarn twist factor). For monitoring the influence of the twist factor on the 
yarn packing density, orientation factor and strength, three groups of total thirteen compact 
polypropylene yarns with same fineness and different twist factor were spun. It was found 
that for prediction of orientation factor it is possible to use sonic modulus of yarns or other 
parallel fiber bundles. From packing density, yarn diameter and tangent of helix angle the 
orientation factors were calculated. The packing density and orientation factor were also used 
for predictioalson of yarn strength. 
It is l known that cotton yarns strength increases with the increasing twist coefficient to 
critical point (critical twist coefficient) and over this point it decreases [4]. It was shown that 
with the increase of twist coefficient the polypropylene yarn strength is reduced [8]. This is 
valid for other yarns spun from synthetic fibers, too. The reduction of strength due to twist for 
multifilaments [7] and for ropes [9] was found. Lowering of fiber orientation usually causes 
decrease of yarn strength. Another factor is friction between the fibers, which can be related 
to the yarn packing density. With the increase of twist the packing density is increased to the 
limit value approximately 0.7 to 0.8. Generally, yarns from synthetic fibers are closer and 
more regularly arranged. Packing density is higher for PP yarns in comparison with cotton 
yarns. For explanation of connection between fiber arrangement and tensile properties the 
packing density and fiber orientation of PP yarns were analyzed. 
 
2. THEORETICAL PART 
Let us assume that the staple yarn is composed of thin, elastic cylindrical rods with dynamic 
modulus E and densityρ. The longitudinal sonic waves propagation is investigated. The rate 
of these waves spread c is computed from well known relation [3] 
 

( )ρ/Ec =  (1) 

 
The acoustic dynamic modulus of yarn is much lower than acoustic dynamic modulus of 
fibers (corresponding multiplicative factor is in the wide range from 0.05 to 0.6). The 
decrease in acoustic dynamic modulus of yarns is influenced by the twist level mainly. In 
1907 Gegauff [6] proposed a simple analysis to correlate the twist angle of yarn βD with the 
yarn modulus Ey. Based on yarn helical model the tangents of surface fiber helix angle βD is 
directly connected with number of twists Z and yarn diameter D i.e.  
 

DZtg D πβ =  (2) 
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Yarn acoustic modulus Ey at the twist level Z is then function of fiber modulus Ef    
 

2 2cos /(1 ( ) )y f fE E E DZβ π= = +  (3) 

 
For definition of real yarn diameter it is possible to define yarn packing densityμ. Packing 
density is generally defined as ratio between fiber volume V  and whole yarn volume Vy, as it 
is shown below  
 

ρπμ 24/ DTVV yf ==  (4) 

 
where T is yarn fineness, D is yarn diameter and ρ is fiber density. Packing density μ can be 
calculated by using the following relation [4] 
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(5) 

where M is the material and technology parameter and μm is the limit packing density. A 
suitable value of parameter M for polypropylene yarns was found in [8].  
White et. al. [7] proposed more complex analysis based on the continuum mechanics. Their 
final equation has the form 

1 9 3( ln
4 4 (1 )y f

F FE E F
F

= + +
−

 
 

(6) 

where F= Dβ2cos . Pan [1, 2] derived orientation factorηβ as a function of surface fiber helix 
angle βD and yarn Poisson ratio η  
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Poisson ratio η has the form [2] 
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(8) 

From the acoustic dynamic modulus of yarns Ey at some twist level Z it is possible to 
calculate the approximate orientation factor ηβ  by using simple relation  

y

b

E
Eβη =  

 
(9) 

where Eb is the acoustic dynamic modulus of yarns without twist (i.e. fibrous bundle). The Eb 
is in fact replacing the fiber modulus in eqn (3) and (6). The eqn (9) can be used for prediction 
of orientation from yarn initial tensile modulus as well. 
 

y

b

E
Eβη =  

 
(10) 

 
Based on the careful inspection of above mentioned models the modified relation for 
prediction of polypropylene yarn relative strength was proposed [5] 
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∗∗ +=+= βμηφεσφφεσσ fbffbyfbffP )1( )1(  (7) 

 
where εf is fiber deformation at break and βη∗  is corrected orientation factor derived by Pan 
(see eqn. (7)). The so-called true stress [3] involving a change in yarn geometry was 
incorporated to the prediction of relative yarn strength.  
 
3. EXPERIMENTAL PART 
The three groups of thirteen compact polypropylene yarns with the same fineness T = 25 tex 
and different twist factors were spun. Instead of twist level Z the Phrix's twist coefficient α 
[m-1ktex2/3] was computed  
 

2/3Z Tα =  (10) 
 
Properties of polypropylene fibers are summarized in the Table 1. Yarns were produced in the 
pilot plant conditions with twist factor from 30 to 98 [m-1 ktex2/3]. The yarns sonic velocity 
was measured on the apparatus Dynamic Modulus Tester (Lawson Hemphill) with 
piezoelectric crystal transducer. The initial tensile modulus of yarns was calculated from 
smoothed stress strain curves measured on the tensile testing machine under standard 
conditions. The smoothing was realized by using the cubic smoothing splines [10].  
The limit packing density μm = 0.7 and optimal value of parameter M = 0.0919 [m] for 
polypropylene yarns of groups PP1 and PP2 were evaluated from cross-sectional analysis. 
The different parameter M = 0.099 [m] for yarn group PP3 spun from the finer fibers was 
used. Comparison of theoretical and experimental packing density values is shown in the Fig. 
1. Orientation factor was calculated from yarn and fiber bundle acoustic modulus and yarn 
and fiber bundle initial modulus see Fig. 2 and Fig. 3. Results were compared with Gegauff 
[6], White et. al. [7] and Pan [1, 2] models, see Fig. 4. Yarn strength was calculated from eqn. 
(7). Comparison between experimental and theoretical values of yarns strength is shown in 
Fig. 5. Lower and upper limits in Fig. 1 and Fig. 5 are limits of 95% confidence intervals of 
population mean. 

 
Table 1. Fiber properties 

fiber 
properties 

fiber  
type 

mean 
value 

95%  
confidence 

interval 
fineness 

[tex] 
1  
2 
3 

0.232 
0.225 
0.182 

0.218 - 0.243 
0.213 - 0.236 
0.174 – 0.190 

length 
[mm] 

1 
2 
3 

51,12 
48,84 

40 

50,49 - 51,75 
48,19 - 49,49 

- 
strength 
[N/tex] 

1 
2 
3 

0.356 
0.308 
0.399 

0.344 - 0.370 
0.301 - 0.315 
0.389 – 0.409 

deformation 
at break [%] 

1 
2 
3 

60.06 
55.15 
36.08 

52.76 - 67.36 
48.78 - 61.53 
34.11 – 38.05 
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4. RESULTS AND DISCUSSION 
The packing density of PP yarns is increasing to the limit value of 0.7. The packing density 
and yarn diameter are the same for yarns groups PP1 and PP2. Packing density curve (Fig. 1) 
for yarn group PP3 is higher than packing density curves of yarns groups PP1 and PP2. This 
is due to the higher amount of inter fiber contact and higher squeezing between finer fibers. It 
was found that material and technology parameter is function of fiber fineness, too. 
Strength of yarns of group PP1 is higher than strength of yarns of group PP2 due to higher 
fiber strength only. Strength of yarns of group PP3 is higher than strength of yarn groups PP1 
and PP2 due to higher packing density and higher fiber strength. Similar trends of strength 
were also found for yarns produced from polyester and viscose fibers. 
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Fig. 1 Packing density of polypropylene yarns 

 
The acoustic dynamic modulus of yarns without twist bE was calculated from linear 
dependence of yarn sonic velocity on the twist coefficient α (extrapolation to the α = 0). This 
dependence is shown in fig. 2. The linear dependence of sonic velocity on the twist 
coefficient is fairly good with squared correlation coefficient R2 = 0.77. The extrapolated 
sonic velocity of yarns without twist is 1.898 km/s. Corresponding acoustic dynamic modulus 
of yarns without twist bE  calculated from eqn. (1) is equal to 3.367 GPa. The dependence of 
yarn initial tensile modulus on the twist coefficient α is shown in fig. 3. The linearity of this 
dependence is very good with squared correlation coefficient R2 = 0.918. Extrapolated initial 
tensile modulus of yarns without twist is equal to 1.624 GPa. It is clear that the static modulus 
is lower in comparison with sonic (dynamic) modulus. Values of static and sonic moduli are 
higher for yarns of group PP3, i.e. yarns with higher level of packing density.  
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Fig. 2 Acoustic modulus as function of yarn twist coefficient 
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Fig. 3 Initial modulus as function of yarn twist coefficient 

 
Orientation factor is decreasing with increasing twist coefficient. It was found (see fig. 4) that 
for prediction of orientation factor from sonic modulus the Pan model (see eqn.(7)) is the best 
and for prediction of orientation factor from initial tensile modulus the White model (see 
eqn.(6) is the best. For prediction of PP yarn strength (see eqn. (7)) it is the best orientation 
factor calculated by Pan model. The same fiber geometry leads to the same yarn structure. 
Use of finer fibers is yarn structure closely arranged leads to better tensile properties. 
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Fig. 4 Fiber orientation factor of polypropylene yarns 
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Fig. 5 Strength of polypropylene yarns 

 
5. CONCLUSIONS 
It was found that both acoustic and static initial moduli are linearly dependent on the twist 
factor of PP yarns. This dependence can be used for experimental evaluation of yarn 
orientation factor. The orientation factor from sonic modulus can be precisely predicted by the 
Pan model and orientation factor from initial tensile modulus can be predicted by the White 
model.  
For prediction of PP yarn strength it is possible to use the eqn. (7). The best results were 
obtained by using orientation factor calculated from Pan model. The same fiber geometry 
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leads to the same yarn structure. Structure of yarn composed from closely arranged finer 
fibers is more compact and corresponding tensile properties are better. 
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Chapter - 19 
 

CHARACTERIZATION OF YARN DIAMATER VARIATION 
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Republic 
 

1. INTRODUCTION 
Higher quality, lower cost of textile products always presents the difficult equation which has 
no solution. Wide adoption of quality management requires standardization and optimization 
of design, production, and quality control of textile products. To achieve this goal, precise 
measurement and suitable evaluation methods should be applied. The yarn uniformity has 
been recognized as being one of the most important factors. The unevenness of yarn may 
occur in the form of twist irregularity, diameter irregularity, and mass irregularity. Yarn 
irregularity may have a direct impact on the weight, permeability, and strength distributions; 
it may also indirectly impact the appearance, for example, by causing variation in the dye 
absorption behavior of the yarn. Inherently, all yarns are subject to periodic and random 
variations. However, the effect of variation on the resulting fabric is difficult to predict. The 
difficulties are due to limitations in measurement technology, computation and especially 
unpredictable mapping from yarn to fabric. Generally, it is accepted that the yarn irregularity 
is defined as the continuous variation of mass per unit length and expressed by CV% or U%, 
where the yarn faults are known as discrete function and characterized by the number of faults 
per unit length (see. fig. 1). 

 
Fig. 1 Yarn irregularity  

 The diameter irregularity is closely connected with mass irregularity and visual irregularity. 
Many laboratory methods have been introduced to characterize yarn irregularity. All of these 
systems result in different values of yarn irregularity and in estimation yarn diameter, and its 
variability. 

2. PRINCIPLES OF INSTRUMENTS FOR IRREGULARITY MEASUREMENTS 
In the market many instruments from different producers are used for characterization of yarn 
unevenness. These instruments differ in the principle of measuring and the logic of evaluation 
of yarn irregularity. These instruments work on capacitive or optical principle or both 
together. The sensors are of different characteristics, for example, condensers used as by 
Uster 3 and 5 have the condenser width of 8 mm, whereas, Uster 4 uses a condenser of 10 
mm. Recently an Instrument has been developed by University of Minho-Portugal, which has 
a condenser of 1mm. Optical measurements use different principles, as infra-red light, laser 
beam etc. 
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Uster evenness testers are widely used in textile industry for a long time. Uster tester 4 and 5 
are a combination of capacitive type (see. fig. 2), and optical one (see. fig. 3). The optical 
module mounted on model, 4-SX [1, 2], is capable of measuring yarn diameter with dual light 
beams perpendicular to each other. This design reduces shape error caused by irregular yarn 
cross-sections.  

 

Fig. 2 Principle of Uster 4 capacitive system  
 

 

Fig. 3 Principle of optical sensor of Uster 4 
 
The irregularity of yarn is detected from the variations in electric capacitance generated by the 
movement of yarn specimen that passes through the gap of a fixed air condenser. On the other 
hand, using the photoelectric measurement, the irregularity is measured from the fluctuation 
of the light intensity or shadow on the sensor caused by the beam of light passing across the 
yarn cross-section. 
 
Zweigle OASYS 
The system operates with the principle of absolute optical measurement using infra-red light 
(see. fig. 4) [3].  

 
Fig. 4 Principle of OASYS 
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The structure of a yarn is subject to variations of a periodic or random character. The 
measuring system compares the yarn diameter with the constant reference mean and records 
variations in length and diameter. The yarn testing module uses an infrared light sensor 
operating with a precision of 1/100 mm over a measuring field length of 2 mm and at a 
sampling interval also of 2 mm. The speed of measurement may be selected on a graduated 
scale between 100 and 400 m/min.  
 
Lawson-Hemphill EIB 
The YATH is an important technology for measuring spun and air textured yarns. This system 
scans and measures diameter and diameter evenness of yarn, and automatically grades the 
yarn for appearance. It offers a tool for delivering yarn that gives consistent fabric 
appearance. Other features include hairiness testing, fabric simulation, yarn clearing 
simulation. 
 
Keisokki KET-80 and Laserspot  
Keisokki KET-80 and Laserspot LST-V [4] are two types of evenness testers based on 
capacitive and optical measurement principles, respectively (see. fig. 5) 
 

 

Fig.5 Laserspot principle 

Like Uster Tester III, KET-80 provides a U% and CV(%), a CV(L) curve, and a spectrogram. 
It also provides a deviation rate DR%, which is defined as the percentage of the summed-up 
length of all partial irregularities exceeding the preset cross-sectional level to the test length. 
In practice, however, the yarn signal is primarily processed by the moving average method for 
a certain reference length. As a result, long-term irregularities are likely to be detected. The 
Laserspot evenness and hairiness instrument uses laser beam and is based on the Fresnel 
di�raction principle. With this principle the yarn core is separated from hairs, allowing yarn 
diameter and hairiness to be measured at the same time.  
 
The flying laser spot scanning system 
The Flying Laser Spot Scanning System [5] consists of three parts: the sensor head, the 
specimen feeding device, and the data analysis system. When an object is placed in the 
scanning area, the flying spot generates a synchronization pulse that triggers the sampling. 
The width between the edge of the first and the last light segment determines the diameter of 
the yarn. Depending on the spot size and specimen feeding speed, the measurement values 
may vary. Therefore, it is important to calibrate the system for the feeding speed and the spot 
size.  
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QQM-3 yarn quality analyzer 
QQM-3 is a portable device used for evaluation of yarn unevenness characteristics directly on 
OE & RS machines, provides measurements, analysis and data source for further 
investigation. It is a tool for identifying faults on spinning units, Provides measurement and 
analysis of CV% as well as imperfections and Spectrograph (see. fig. 6).  
 

 

Fig. 6 Assembly of QQM3 system, 1- Measuring head   2- PSION work about terminal, 3- 
Battery charger    4- TTL – RS232 converter, 5- RJ-6 Cable 

 
The QQM has two optical sensors of 2mm width, equipped with infra diodes and transistors 
positioned in the direction of yarn delivery, 10 mm apart, sampling rate is limited to 300 
m/min (capability 600 m/min) because “hand held” TTl is slower. Sensors are programmed 
for sampling each 2 mm, data processing, measuring yarn speed. Memory equalizer controls 
the serial port. 
 
Laboratory measuring systems 
Standard approach is to calculate yarn diameter from packing density trace. Yarn cross 
section is prepared and a system of annular rings centered on yarn axis (yarn center of 
gravity) is superimposed (see fig. 7). Local packing density is expressed as the ratio of the 
fibers cross sectional area in annular ring to the total area of annular ring. The packing density 
trace is then expressed as function of distance from yarn axis. The diameter of the yarn is 
found at 15% of yarn packing density trace. 

 
Fig. 7 Yarn packing density evaluation 
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A laboratory method was introduced at the Technical university of Liberec, where a near 
parallel light beam is positioned under a sample of yarn on a microscope equipped by a CCD 
camera [6]. The image of the yarn is captured and pre- processed and stored in a binary 
system. Some light beams can pass at distance x without any problems, some others are 
“hindered” by the fibers. The longest section of black pixels creates the yarn body and is 
assumed to be the diameter of the yarn. The midpoint represents the yarn axis. The relative 
frequency of black points at each distance can be found experimentally (usually 800 pictures 
from different places of a yarn is named as “blackness function”. A double exponential 
function is fitted to find both the so-called dense and cover diameters (see. fig. 8).  

 

Fig. 8 Principle of measuring yarn diameter and hairiness 
 
3. EXPERIMENTAL PART 
Different types of yarns, spun on different spinning systems were tested on Uster Evenness 
tester. The QQM-3 instrument was mounted directly on the Uster 4 apparatus. Thus we could 
get the signal from the Uster and the QQM simultaneously. The same yarns were measured 
under the microscope, using a CCD camera; the images were analyzed according to the 
method of Neckar to find the yarn diameter. The raw data from Uster tester 4 were extracted 
and converted to individual readings corresponding to yarn evenness, diameter and yarn 
hairiness.  
 
4. DATA PROCESSING  
For graphical visualization of data distribution many simple techniques as stem-leaf plot, 
histogram, Q-Q plot and kernel density estimators have been proposed [7].  
The simplest estimation of quantile function based on the so-called order statistics is 
cumulative probability. 
 

(1) (2) ( ) ( ).. ..i Nx x x x≤ ≤ ≤ ≤       (1) 

Description of quantile function properties and its advantages for constructing empirical 
sample distribution is given in the book [5]. Generally, the quantile function is inverse to the 
distribution function. When F(x) = P is continuous distribution function, and f(x) is 
corresponding probability density function then, Q(P) = x is quantile function. It is simple to 
prove that F(Q(P)) = P for all 0 ≤ P ≤1 and f(Q(P))*q(P) = 1. The q(P) = dQ(P)/dP is so 
called quantile density function and f(Q(P) = 1/q(P) is density quantile function.  
From eqn. (1) it is obvious that the order statistic x(i) is raw estimate of the quantile function 
Qe(Pi) in position of Pi. For estimation of quantile xP = Qe(P) at value P for which  
i/(n+1) < P < (i+1)/(n+1) the piecewise linear interpolation 
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can be used. Variance D(xP) can be computed from equation 

2
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 ( )P

P

P PD x
N f x

−
=        (3) 

Symbol fe(xP) means the probability density function corresponding to distribution function 
Fe. The asymptotic distribution of xP is normal with mean Q(P) and variance defined by eqn. 
(4). 
The interpolation (2) can be used for estimation of sample quantiles xPi or x1-Pi for P i= 2-i for 
i = 1,...N. These quantiles are called letter values [4]. All letter values except for i=1 (median) 
are in pairs. For example we can estimate lower quartile x0.25 (Pi= 0.25) and upper quartile 
x0.75 (Pi = 0.75) etc. Some proposals for more precise definitions of Pi are presented in paper 
[8]. For characterization of location the median x0.5 can be evaluated as the middle of order 
statistics. Variation is expressed as difference between upper quartile x0.75 (Pi = 0.75) and 
lower quartile x0.25 (Pi = 0.25). The so-called quantile deviation has the form 
 
 DQ x x= −2 0 75 0 25* ( ). .       (4) 
DQ is justified as numerical derivative of Q(P) at P = 0.5 which roughly approximates so 
called density quantile deviation  

DfQ f Q f x q= = =1 05 1 050 5/ ( ( . )) / ( ) ( . ).     (5) 
By using of these estimators of spread and location, it is possible to standardize data 
probability distribution to have DQ = 1 and median x0.5 = 0. Standardized quantile function is 
called shape identification quantile function QI(P). The sample form of QI(P) is defined as 
[5] 

 ( ) 0.5

0.75 0.25

( )
( )

2*( )
i

e

x x
QI P

x x
−

=
−

      (6) 

The shape identification quantile function QIe(P) plot is simply dependence of QIe(Pi) on the 
Pi. 
The shape identification quantile function QIe(P) for sample vortex 20 tex combed yarn is 
shown on the fig. 9.  
The sigmoidal form in the central region is typical for bimodal distribution. Some outlying 
points are present in the upper part of plot. 
 

 
Fig. 9 Shape identification quantile function QIe(P) plot for diameter of vortex yarn 20tex 
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Values QI Pe ( ) ≥ 1 are identified as outliers (for normal distribution) or as indicators of long 
tailed distribution. Values QIe(P) can be easily used for specification of skewness and tail 
length. As a measure of skewness, the SQ = QIe(0.25) + QIe(0.75) can be used (for symmetric 
distribution this quantity is equal to zero). Measures of tail length are QIe(0.05) and QIe(0.95): 
 
short tail is for QIe(0.95) < 0.5, 
long tail is for QIe(0.95) > 1 
medium tail is for 0.5 < QIe(0.95)< 1. 
 
Empirical quantile plot Q(P) is constructed as dependence of x(i) on Pi. From patterns of 
points some statistical features of data as a symmetry, local concentration and rough 
normality can be simply recovered. Detailed interpretation of Q(P) is described in the book 
[4]. Quantile functions of normal distribution 
 

P( )  *uNQ P μ σ= +        (7) 
are superimposed to Q(P). In the above equation the up are quantiles of standard normal 
distribution N(0, 1). Parameters µ and s are estimators of location and scale. 
Two normal quantile functions are graphed. The first one is based on the moment estimators 
i.e. sample mean xM and sample standard deviation s. The second one uses robust quantile 
estimator median x0.5 and quartile based standard deviation 

0.75 0.25

1.349M
x xs −

=        (8) 

This variant of Q(P) enables to compare deviation of sample values from assumed normal 
distribution. For data from skewed distribution the normal quantile function can be replaced 
by assumed distribution. These diagnostics are very simple and can be used for crude 
evaluation of data distribution type.  
The simple estimator of cumulative density function (CDF) is created as sum of order 
statistics. 
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( )   ,   for 

i

i
i

i iN

i
i

x
cdf x x x x

x

=
+

=

= ≤ ≤
∑

∑
    (9) 

This estimator of CDF for sample 20 tex vortex yarn is shown on the fig. 10. 
 

 
Fig. 10 CDF of empirical and rectangular distribution for diameter of vortex yarn 20tex 
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For comparative purposes on the same figure are the CDF for normal and rectangular 
distributions. The typical “bump” of empirical CDF indicates bimodality. 
The comparison of the empirical sample distribution and suitable theoretical one for the 
variants of Q-Q plot are useful. Classical Q-Q plot is based on comparison of empirical 
quantile function Qe(Pi) ≅ x(i) with chosen theoretical quantile function QT(Pi). For theoretical 
distribution functions of type FT((x-T)/S), it is attractive to use standardized quantile function 
QTS(Pi) (see [4]) or shape identification quantile function QIT(Pi). When empirical and 
theoretical distributions are in coincidence, the relationship is valid.  
 

( ) TS Q ( )i ix T S P= +        (10) 

Here usually T is the location parameter and S is the parameter of scale. For some three-
parameter distribution the shape factor is usually a parameter of the plot. Due to strong 
dependence among order statistics and their non-constant variance the Q-Q plot gives a much-
patterned appearance and the degree of linearity is often hard to quantify. The bend in the 
central region is here indication of bimodality. The Q-Q plot for comparison with normal 
distribution (rankit plot) for sample 20 tex vortex yarn is shown on the fig. 11. 

 

Fig. 11 Rankit plot for diameter of vortex yarn 20tex 
 

For better interpretation the P-P (or Probability-Probability) plot is useful for determining 
how well a specific theoretical distribution fits the observed data. In the P-P plot, the 
observed cumulative distribution function (estimated by probability Pi) is plotted against a 
theoretical cumulative distribution function FT(x(i)) in order to assess the fit of the theoretical 
distribution to the observed data. If all points in this plot fall onto a diagonal line (with 
intercept 0 and slope 1), then it can be concluded that the theoretical cumulative distribution 
approximates the observed distribution well. If the data points do not all fall on the diagonal 
line, then this plot can be used to visually assess where the data do and do not follow the 
distribution (e.g., if the points form an S shape along the diagonal line, then the data may need 
to be transformed in order to bring them to the desired distribution pattern). In order to create 
this plot, the theoretical distribution function must be completely specified. Therefore, the 
parameters for the distribution must either be defined by the user or computed from the data 
(see the specified distribution for more information on the respective parameters). Parzen [5] 
proposed for this purpose so called comparison distribution function 
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 CDD F Q PT e i= ( ( ))         (11) 

The CDD is roughly equal to the theoretical distribution function in point x(i). Plot of CDD 
against Pi is therefore for sample data equal to the P-P plot. For comparative purposes it is 
better to use comparative P-P plot. In this plot CDD is replaced by the difference CDD - Pi. 
In the ideal case of univariate normality this plot is a horizontal line having level equal to 
zero. The comparative P-P plot for sample 20 tex vortex yarn is shown on the fig. 12. 
The typical pattern for bimodal distribution is clearly visible on this figure. Combining Q-Q 
and P-P plots leads to the best diagnostics. 
 

 

Fig. 12 Comparative P-P plot for diameter of vortex yarn 20tex 
 

5. RESULTS AND DISCUSSION 
The original print out from Uster tester protocol and the plot of the individual data of a 20 tex 
vortex yarn are given in fig. 13 a,b. It is seen clearly that both diagrams are nearly identical. 
This means that the data are complete correctly processed.  
 

 
Fig. 13 Original diameter diagram and plot of individual data (rescaled to fit Uster diagram) 

 
If we try to analyse this data by plotting the histogram (see [7]), we find a great differences 
between the Uster original protocols (fig. 14) and our analysis (fig 15). The original Uster 
histogram gives a very smooth symmetrical normal distribution. In contrary to that the data is 
fitted to a two Gaussian distribution, and the bimodality is obvious. This leads us to go the 
basic rules of plotting histograms, and significant tests of bimodality.  
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Fig. 14 Original histogram from Uster protocol for diameter of vortex yarn 20tex 

 

 
Fig. 15 Histogram from D-yarn program for diameter of vortex yarn 20tex 

 
Also the values of mean Diameter from Uster is (2Dφ =0 .209), where according to normal 
statistical calculations, it gives 0.231 mm, which is fairly high, this is because all values have 
been taken in consideration. In contrast to those, Uster filters the data in some unknown way. 
The most near to Uster values is the median; median = 0.211 mm.  
The coefficient of variation according to Uster is 10.7%, which is very low compared to our 
calculations, which is 27.44%. If we recognize the histogram we cannot say that this yarn is 
so regular and actually has a bimodal distribution, this results in higher variation.  
This means that the assumption that the diameter distribution is significant to use two 
Gaussian distribution and the bimodality is confirmed. One important remark is, if we would 
like to assume that the distribution is an unimodal, and then we have to filter about 8500 
values. 
The QQM-3 gives the following values: Mean diameter = 0.2214 mm, the coefficient of 
variation is 15.06%.  Histogram from QQM-3 data is shown in fig. 16 
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Fig. 16 Histogram from QQM-3 for diameter of vortex yarn 20tex 
 
The diameter is closer to Uster results, but the CV% is still higher than Uster, even when the 
sensor is 2mm. The results from measurements applying image processing, and the evaluation 
algorithm of Neckar gives: The cover diameter =0.196 mm, and the dense diameter is 0.1802.  
D-yarn program is suitable system for evaluation and analysis of yarn diameter as a dynamic 
process, in both time and frequency domain. This also applies for the QQM data. The 
diameters measured by different systems are compared and plotted against the calculated 
diameter taking into consideration the yarn packing density (see appendix). The most 
appropriate and accurate diameter is calculated after normalization with the Uster correction 
factor and using Savitzky Golay smoothing operation and setting the moving window at value 
3. The figures 17 and 18 show the results. 

   
a 

 
b 

Fig. 17 a) Savitzky Golay Smoothing,   b) Diameter histogram after smoothing 
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Fig.18 Dependence of diameters measured by different systems on calculated diameter 

 
The corresponding correlation matrix is shown in figure 19. 
 

 
Fig. 19 Correlation between different systems for diameter measurement 

 
6. CONCLUSION 
Yarn diameter is an important determinant of many fabric parameters and properties e.g. 
cover factor, porosity, thickness, air permeability etc. There are many established techniques 
and instruments to measure and analyze yarn irregularity, diameter and variability. These are 
all based on different principles governing the measurement methods and using different 
types of sensors. The evaluation of data is also different. They are accurate in performing the 
function efficiently in their own domain. However, there are a lot of algorithms for evaluation 
of yarn diameter. It is essential to investigate more deeply which of these methods is more 
reliable and to establish a relationship between the results obtained from different techniques. 
The D-yarn system is a powerful program for evaluation and analysis of yarn hairiness as a 
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dynamic process, in both time and frequency domain. D-yarn program is capable of 
estimating the complexity of this process. 
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Appendix: Calculation of yarn diameter 
 
Yarn fineness is ratio between yarn mass my and yarn length ly 
 

2 4y Sy
T m l S D /ρ π ρ= = =    

 
where S is effective yarn cross-section area (sum of fiber areas in yarn cross-section) and ρ is 
fiber mass density. Diameter of effective yarn cross-section area S is denoted as the limit yarn 
diameter DS  that means the ideal yarn diameter without air gaps (see fig. 20).  
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Fig. 20 Definition of maximum packing density 

 
For definition of real yarn diameter it is possible to define yarn packing density μ as ratio 
between fiber volume V  and whole yarn volume Vy [10] 
 

2 2 24f y SV / V D D T Dμ π ρ= = =   
 
Real yarn diameter D is then equal to  
 

πμρTD 4=    
 
Packing density μ can be calculate by using the following relationship [10] 
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where T is the yarn fineness, Z the yarn twist, ρ the fiber density, M the material and 
technology parameter and μm the limit packing density. A suitable value of parameter M for 
ring and rotor cotton yarns was evaluated in [10] and for cotton compact yarns in [11] and 
[12]. It is clear, that yarn packing density is increasing function of twist coefficient to the limit 
state which is represent by the limit packing density μm.  
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Chapter - 20 
 

COMPLEX CHARACTERIZATION OF YARN MASS UNEVENNESS  
 

 Jiří Militký and Sayed Ibrahim  
Faculty of Textile Engineering, Technical University of Liberec 

 
1. INTRODUCTION 
Traditional approach to the yarn unevenness characterization is based on the CV i.e. mass 
variation coefficient between defined portions of yarn measured on the Uster apparatus. 
Modern USTER devices have possibility to give raw data about whole mass variation curve 
(MVC). These data can be used for more complex evaluation of unevenness characteristics in 
the distance and frequency domain. The main aim of this contribution is description of some 
tools for characterization of yarn unevenness. The classical techniques of structural 
unevenness characterization based on the gradients are compared with methods deviation rate 
evaluation. The simple methods for complex characterization of MVC statistical behavior 
(stationarity, independence, linearity etc.) are presented. The methods for identification of 
long range and short-range dependence are presented. The processing of MVC is divided to 
the two phases. The core of first phase is data pretreatment and creation of power spectral 
density (PSD) curve. Rough PSD estimator is based on the periodogram or FFT. The mass 
variation curves are classified according to the slope S of log(PSD) on the log(frequency) 
dependence. Special techniques for estimation of Hurst exponent for the above-mentioned 
cases are discussed. The selected methods are core of UNYARN program in MATLAB. 
Applications of this program for deeper characterization of cotton type yarn are shown. 
Yarn evenness is, commonly measured as the variation in mass per unit length along the yarn. 
This property is a basic and important one, since it can influence so many other properties of 
the yarn and of fabric made from it. Such variations are inevitable, because they arise from 
the fundamental nature of textile fibers and from their resulting arrangement. Unevenness is a 
very important factor characterizing the yarn and fabric quality. Fiber variation in yarn cross-
section is one of the basic reasons for unevenness. In addition to machine parameters, 
spinning method, yarn count and some fiber parameters have decisive influence on the 
unevenness of the yarn. Hunter [19] has developed some models to determine yarn 
irregularity by using fiber parameters. 
The yarn unevenness is commonly defined as the variation coefficient CV of mass or mass 
linear density. The CV is mainly used as a measure of yarn production quality 
characterization. The problem is that CV depends on the fiber characteristics and yarn 
structural parameters as well. It is therefore necessary to know these dependencies for yarn 
prepared under comparable condition (with excluding the influence of yarn creation 
variability). The dependencies were not deeply investigated.  
Traditional approach to the yarn unevenness characterization is based on the CV as mass 
variation coefficient between short portions of yarn measured on the Uster apparatus. Modern 
USTER devices have possibility to give raw data about whole mass variation curve (MVC). 
These data can be used for more complex evaluation of unevenness characteristics in the 
distance and frequency domain. The main aim of this contribution is description of some tools 
for characterization of yarn unevenness according to the: 

- random variation (structural unevenness) 
- periodic components(spectral analysis) 
- chaotic behavior(complexity) 
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For these goals it is possible to use system based on the characterization of long range and 
short-range dependence of variance. The Hurst exponent can describe especially long-range 
dependence. The processing of MVC can be divided to the two phases. The core of first phase 
is data pretreatment and creation of power spectral density (PSD) curve. The mass variation 
curve is classified according to the slope S of log(PSD) on the log(frequency) dependence in 
the second phase[1,2]. 
The selected methods are core of UNYARN program in MATLAB. Application of this 
program for deeper characterization of selected cotton type yarn is shown. 
 
2. EXPERIMENTAL PART 
A modified rotor spinning frame running at about 80 000 rpm was used for producing a cotton 
carded yarn of 20 tex. The raw data of yarn mass variation were obtained from Uster tester 4 
(series A). The parameters of this diagram are N = 18458, 0.010836 mδ =  and H = 200 m. 
The mass diagram MCV is shown on the Fig. 1 B.  
On the Fig. 1A are mass diagrams for cut lengths L=1.5 m and 10 m. According to the theory 
(see. chap.4) the diagrams for higher cut lengths L are in the case of short-range dependence 
approaching to the white noise (random independent identically distributed series).  
 

 
   A      B 
 

Fig. 1 Mass deviation diagrams: A) for cut lengths 1.5 and 10 m. B) for cut length 1 cm 
 
3. BASIC RELATIONS 
The principle of mass variation measurements by using of Uster apparatus is shown on the 
fig. 1.  The signal from capacitance measurement ( ) ( ) , =( 1)*  , 1...i iS i S d d i i Nδ= − =  
in distances di is due to finite length of electrodes sampled at intervals δ  (1 cm). This signal 
is converted to the mass diagram (MVC) expressed as relative deviation 
 

 
[ ( ) ( ( ))]( ) 100*

( ( ))
S i mean S iy i

mean S i
−

=       (1) 

 
The unevenness (strictly speaking quadratic mass unevenness) is in fact the variation 
coefficient CV of mass or mass linear density. Both mass and mass linear density are directly 
proportional to the signal values S(i). 
 



 
 

254

 
Fig. 2 Mass variation measurement on Uster apparatus (from documentation to the Uster 

Tester IV). 
 
Let us start with idealized continuous mass diagram expressing variations of mass within the 
length H. This mass diagram is schematically shown on the fig. 3. 
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Fig. 3 Idealized mass diagram 

 
In the fig. 3 ( )y y x=  is immediate value of mass or linear mass density. Mean value y  is 
defined as integral  
 

0

1 ( )
H

cFy y x dx
H H

= =∫         (2) 

 
Value  

F y x dxc

H

= ∫ ( )
0

  

is area bounded on x axis by values [0,H] and on y axis by function  ( )y x . In reality the set 
of N discrete values yi as mean values in small intervals 1i ix xδ += −  are at disposal (see 
Fig.3) and Fc is defined as 
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The variance s2 is for continuous mass diagram evaluated as integral 
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0
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H

s y x y dx
H

⎡ ⎤= −⎣ ⎦∫         (4) 

 
Let jF +  are local areas above mean line y y=  limited from above by function y(x), and jF −  

are local areas below mean line y y=  limited from below by function y(x). The integral in 
eqn. (4) can be then replaced by sum of areas 
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Unevenness CV is then defined as variation coefficient  
 

CV
y

s F
H

Fc
j

j
= ≅ +∑1 22 2. . . ( )

( )
     (5) 

The variance s2 is in fact computed from mean values between lengths δ. Let CV(x,y) is 
variation coefficient between lengths  x within length y. Equation  (5) defines so called 
external quadratic irregularity CV(δ,H) between lengths δ . In accordance with original 
principle of unevenness evaluation by cutting and weighting is δ called cut length. The 
following relations are derived from variance additivity principle 
 

CV x y CV x z CV y z2 2 2( , ) ( , ) ( , )= −      (6) 

CV x z CV x y CV y z2 2 2( , ) ( , ) ( , )= −      (6a) 

CV y z CV x z CV x y2 2 2( , ) ( , ) ( , )= −      (6b) 

CV x y CV x CV y2 2 2( , ) ( , ) ( , )= ∞ − ∞     (6c) 
 

These relations can be simply used for evaluation of quadratic irregularity between lengths L 
within length H i.e. quadratic irregularity for cut length L.  
 
CV H CV L, H CV L)2 2 2( , ) ( ) ( ,δ δ= +      (7) 
  
The symbol CV2(L,H) denotes  external standardized variance  between lengths L within 
length H  and CV2(δ,L)  is internal standardized variance  between smallest lengths δ within 
cut length L.  The symbol CV2(δ,H) is in fact overall  standardized variance  between smallest 
cut lengths δ within sample length H.  
Let the cut length δ→0 (it is equivalent to the assumption of continuous mass diagram). For 
this case is 
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Here M = H/L is number of portions having cut length L, within total length H and 

1 ( )
j L

j

x

i
x

y x dx y
L

+

=∫  is mean value for the i-th portion in interval from xi to xi+L (see Fig. 3). 

For computation of CV2(0,L) the mean value from all portions is used  
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If the length H is sufficiently large in comparison with cut length L it is possible to assume 
that H→∞. Corresponding limit values are overall standardized variance Tc  
 

T CV CV H CVc = ∞ ≈ =2 2 20 0( , ) ( , )      (11) 
 
gradient of external unevenness B(L)  
 

B( L CV L CV L H CV LB) ( , ) ( , ) ( )= ∞ ≈ =2 2 2    (12) 
 
and gradient of internal unevenness  V(L)  
 

2 2( ) (0, ) ( )VV L CV L CV L= =       (13) 
 
The symbol CV denotes overall quadratic unevenness, symbol CVB(L) denotes external 
quadratic unevenness between cut lengths L and symbol CVV(L) denotes internal quadratic 
unevenness within lengths L. These standard definitions show that in facts it is possible to 
compute the approximations of gradients and quadratic unevenness only. The precision of 
approximation is dependent on the cut length δ and total measured length H. Standard output 
from Uster Tester is external quadratic unevenness CVB(L) where  L is length of measuring 
electrodes  (for yarn is L = 1 cm) The value of H is about 200 m. 
Generally, higher cut length L leads to smaller CVB

2(L) and higher  CVV
2(L). For L→∞ is 

2 ( ) 0BCV ∞ =  and 2 2( )VCV CV∞ = . 
 For L→0 is valid that 
 

2 2(0)BCV CV=         (14) 
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The standardized variance between infinity small cut lengths L is equal to the overall 
standardized variance. Analogical relations are valid for gradients as well.  
 

( ) (0)cT C B= ∞ =         (15a) 
0 (0) ( )V B= = ∞         (15b) 

 
These equations can be used for recalculations of gradients. For example the following 
equivalences are valid  
 

( ) ( ) ( ) (0) ( ) ( )cV L V B L B B L T B L= ∞ − = − = −     
 
Dependence of gradients on cut length L is called variance length curve. In practice are 
gradients replaced by standardized quadratic unevenness CVB (L) and CVV (L). On the fig. 4A 
is dependence of CVB (L) on L for tested yarn in logarithmic coordinates and on the fig. 4B is 
dependence of CVB (L) and CVV (L) on L. 
 

  
A      B 

Fig. 4 Variance length curves: A) log CVB (L) on log L.   B) CVB (L) and CVV (L) on L 
 

The advantage of gradients use is availability of theory based on the idealized yarn formation. 
For ideal sliver composed from fibers having probability density function f(l) is variance 
length curve defined by relation [18] 
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In the case when fibers have the same length l  and constant diameter is probability density 

)()( llf Dδ=  Dirac function and variance length function is 
 

l
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In these equations is ( ) 1/V n∞ = . Symbol n defines mean number of fibers in sliver cross 
section. (in the case of variable diameter is  V(∞) defined by well known Martindale relation). 
For sufficiently high L is l L2 23/  negligible and then [18] 
 

Ln
lLlCVLCV BB *

*100/*)0( =≅>>  

 
The slope of dependence log (CVB(L)) on log(L) is therefore in the ideal case equal to the -0.5. 
It is interesting that the same slope results for the case when data y(i) are independent, 
identically distributed random variables (see chap. 5). 
Alternatively, the approach based on the percentage of mass deviation exceeding or falls 
below a certain limit is used for characterization of yarn unevenness. The so-called deviation 
rate DR(b) expresses a portion of the length of yarn that is not within the limits  y b±   where 
y  is yarn center. The DR(b) has the form 

 

1

( )
( ) *100

N

i

D i
DR b

N
==
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       (16a) 

 
The indicator function D(i) is defined by relations 
 

( ) 0   if  -   ( )   D i y b y i y b= < < +  
( ) 1   elsewhereD i =  

 
The DR - plot is then dependence of DR(b) on b. The DR(b) is closely connected with 
probability for which is random process y(i) exceeding of value b.  
Alternatively, the deviation rate DRR(b) corresponding to the portion of the length of yarn 
that is above limit y b+  and deviation rate DRL(b) expressing a portion of the length of yarn 
that is below limit y b− can be computed.  
From DRR(b) and DRL(b) the DR -mass histogram in logarithmic scale of DR can be created. 
Into this graph the histogram of normal distribution is superimposed.  
This graph is useful for comparison of unevenness at various cut lengths L. Standard selection 
is L = 0.01 m, 1.5 m and 10 m. As standard values, the DRR and DRL for cut length L=1.5 m 
and limit  5 %b = ±  were selected. DR -mass histogram for tested yarn is shown on the 
fig.5. 
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Fig. 5 DR -mass histogram 
 
The integral deviation rate IDR(b) characterizes the total yarn mass that is not within limits 

 b±  around the yarn center y . The IDR(b)is computed from relation 
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The function ID(i) is defined as 
 

( ) ( ) ( )     if y(i) > ID i y i y b y b= − + +  

( ) ( ) ( )     if y(i)  ID i y i y b y b= − − ≤ −  
( ) 0  elsewhereID i =  

 
The IDR - plot is simply the dependence of IDR(b) on b. The deviation rate analysis is not 
supported by theory of yarn formation. The integral deviation rate curve for tested yarn is 
shown on the fig. 6A and deviation rate curve is shown on the fig. 6B. 
 

 
A      B 

Fig. 6 A) Integral deviation rate curve, B) Deviation rate curve 
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Standard values are DRR = 4.51% and DRL = 2.26% (for L= 5m and b= 5 %). 
 
4. STATISTICAL ANALYSIS OF CV 
Let the quadratic unevenness CVM is computed from M measurements and let the population 
variation coefficient is denoted asγ . It can be derived that for M > 2 is CVM simply bounded 

by inequality 1MCV M≤ − . Distribution of variation coefficient for M > 3 is derived by 
Inglewitz [3]. In the case of normality of measured values S(i) or y(i) there are not exist 
moments of variation coefficient. Assumption of CV positivity i.e. P(CVR<0) = 0 leads to the 
truncated normal distribution  for which the moments exist. Mean value E(x) is then equal to  
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Variance D(x) has the form  
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The variable / MM CV  has non-central Student distribution with (M-1) degrees of freedom 
and no centrality parameter 

 

 δ
γ

=
M  

 
For practical purposes the simple normalizing transformation is suitable  
 

 
( ) (0,1)

( )
−

≈M M

M

CV E CV N
D CV

     (17) 

 
The limits γ≤ ≤LCL UCL of 95%-th confidence interval for population quadratic unevenness 
can be evaluated from the eqn. (17). After rearrangements the following equations are derived 
 

21 1 2
M

M

CVLCL
a CV

=
+ +

  and  
21 1 2

M

M

CVUCL
a CV

=
− +

    

In these relations is  
 

1.98
2( 1)

a
M

=
−

 

 
This approach is very simple and for practical computations quite sufficient.  
 
5. UNEVENESS STOCHASTIC NATURE 
Analysis based on the gradients is used for characterization of structural unevenness. It is very 
useful to connect the described variance analysis based on cut lengths L with aggregation of 
random series. The main aim is to characterize type of random nature of relative deviations 
y(i) i=0..N-1 or directly local mass S(i).Let these variables are second order stationary 
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(definition of this assumption is in chap. 6).  It is well known that statistical behavior of 
random process can be described by auto covariance function [13] 
 

( , ) ( ) cov( ( ) * ( )) ( (0) * ( ))c i h c h y i y i h E y y h= = − =    (18) 
 
The second equality is valid if E(y) = 0 i.e. data are centered. For lag h = 0 the variance v = 
c(0) results. The auto correlation function R(h) is then simply defined as [13] 
 

cov( (0)* ( )) ( )( )
(0)

y y h c hR h
v c

= =       (19) 

 
The application of cut length principle is in fact the same as aggregation of original data y(i) 
into non overlapping blocks or application of window of length L. Aggregated series ( ) ( )Ly i  
are created by  the averaging of values y(i) in blocks having L values i.e. characterization of 
block by mean value  
 

 ( ) 1( ) ( ( * 1 ... ( * ))  1,  2,  3..Ly i y i L L y i L L
L

= − − + =    (20) 

 
The new series is still second order stationary with auto covariance function ( ) ( )Lc h  and 

variance ( )Lv . It is known [4, 5] that variance of aggregated series is connected with auto 
correlation structure of original series 
 

1
( )

2
1 1

2 ( )
L s

L

s h

vv c h
L L

−

= =

= + ∑∑        (21) 

 
On the other hand is auto covariance of original series connected with variances of aggregated 
series by relation 
 

2 2 ( )1( ) ( * )    1,  2,  3... 
2

hc h h v h= Δ =      (22) 

 
The symbol (2) ( ( )) ( 1) 2* ( ) ( 1)x j x j x j x jΔ = + − + −  denotes central second difference 

operator. The auto covariance function for aggregated series ( ) ( )Ly i  has the form 
 

( ) 2 2 ( * )1( ) ( * )    1,  2,  3... 
2

L h Lc h h v h= Δ =     (23) 

 
Very important is lag one autocorrelation function for aggregated series 

(2* )
( )

( )(1) 2* 1
L

L
L

vR
v

= −        (24) 

 
The nature of original random series can be explained by using of characteristics of 
aggregated series. There are three main groups of series: 
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1. Series of random independent identically distributed (i.i.d) variables. For this case are all 
c(h) =0, for lags h = 1,2,.and data are uncorrelated. This is ideal case for unevenness analysis 
and it is implicitly assumed as valid in majority of methods used in practice. 
2. The short-range dependent stationary processes. In this case the sum of all c(h) h= 1, 2, … 
is convergent 
2. The long-range dependent stationary processes. In this case the sum of all c(h) h= 1, 2, … 
is divergent 
 
 For short-range dependent stationary processes is the first order autocorrelation 

( ) (1) 0  for  LR L= → ∞ . The same is valid for autocorrelation of all lags h. The aggregated 

series ( ) ( )Ly i  therefore tends to the second order pure noise as L → ∞ . For large L is 

variance ( ) /Lv v L= . The autocorrelation structure of aggregated series is decreased until 
limit of no correlation. Typical model of short-range processes are autoregressive moving 
average processes of finite order. For the higher cut lengths are data approaching to the i.i.d 
case. 
For long-range dependent processes is variance ( )*   as LL v L→ ∞ → ∞ . The 
autocorrelation structure is then not vanishing. For these processes is valid that for sufficiently 
large L is valid 
 

( )( )  and Lc h h v Lβ β− −≈ ≈        (25) 
 
where for stationary series 0 1β< <  is valid. For no stationary case can be β  outside of this 
interval. 
A strictly second order self-similar process has 
 

 2 21( ) ( )
2

R h h β−= Δ   

 
and therefore ( ) ( )( ) ( ) and *L LR h R h v v L β−= = . Therefore for the long-range processes is 
correlation structure identical for original and aggregate series. For strictly second order self-
similar processes is valid 
 

βββ −−−≈ hvhc *)2(*)1(
2

)( .  

 
For the higher cut lengths the correlation structure remains the same and assumption of i.i.d 
cannot be used. Instead of β  the Hurst exponent 1 0.5*H β= −  is frequently used [12]. 
Where H = 0 this denotes a series of extreme irregularity and H = 1 denotes a smooth series. 
Exponents H is directly connected with fractal dimension DF because in fact 2FD H= − [14, 
15]. The plot of variance v(L) on L in logarithmic coordinates for tested yarn is shown on the 
fig. 7A and dependence of log R/S on log L is shown on fig. 7B. The R/S is scaled range of 
series ( ) ( )Ly i [12].  The slope of log R/S vs log L plot is equal to H. 
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A      B 

Fig. 7 A) Dependence of log v(L) on log L.   B) Dependence of log R/S on log L 
 

Generally, the l-th central moment of aggregated long range dependent series is defined as 
 

/
( ) ( )

1

1 ( ( ) )
/ =

= −∑
N L

L L l
l

k
M abs y k y

N L
 

The )(L
lM  asymptotically behaves like power function ( ) ( 1)L l H

lM L −≈ . If the series has finite 
variance and no long-range dependence, then H = 0.5 and the slope of the fitted line in log-
log plot of )(L

lM  on L should be – l/2. It is assumed that both N and N/L are large. This 
ensures that both the length of each block and number of blocks is large. In practice the points 
at very low and high ends of the plot are not used for fitting least squares line. Indeed, short-
range effects can distort the estimates of H if the low end of plot is used. 
The long range dependency is characteristic for self affine processes as well. Self similar 
processes are characterized by the fractal dimension FD. For self-affine processes, the local 
properties are reflected in the global ones, resulting in the well known relationship H + FD = 
2. 
The one of best methods for evaluation of β  or H is based on the power spectral density  
 

1( ) ( ) *exp( * * )   - < <
2 h

g c h i h dω ω ω π ω π
π

∞

=−∞

= −∫    (26) 

 
For small frequency range is valid that 
 

(1 )( )    0g βω ω ω− −≈ →        (27) 
 
and for very high frequency range is  

 
1( )    g αω ω ω− −≈ → ∞        (27a) 

 
The parameters β  and α  or are evaluated from empirical linear representation of dependence 
of the log of power spectral density on log frequency in suitable range. 
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The parameters β  is often evaluated from empirical representation of the log of power 
spectral density 
 

0 1log( ( )) (1 ) * log( ) * .. * p
pg a a aω β ω ω ω= − − + + + +   (28) 

 
For long range processes is ideal to have all aj = 0, except a0. 
Very popular is to use variogram (called often as structure function) which is defined as one 
half variance of differences (y(i) - y(i+h)) [16, 17] 
 
 ( ) 0.5* [ ( ) ( )]h D y i y i hΓ = − +       (29) 
 
For the case of second order stationarity is variogram directly related to covariance [16, 17] 
 

 ( ) (0) ( )h C C hΓ = −        (30)  

 
The variogram is relatively simpler to calculate and assumes a weaker model of statistical 
stationarity, than the power spectrum. For the long range processes is variogram  
 

2*( ) Hh hΓ ≈ .  
 
The plot of variogram on lag h in logarithmic coordinates for tested yarn is shown on the fig. 
8A and dependence of log ( )g ω  on log ω  is shown on fig. 8B. 
 

  
A      B 

Fig. 8 A) Dependence of log ( )hΓ ) on log h.   B) Dependence of l log ( )g ω  on log ω  
 
For tested yarn, the parameter β  from final points in fig. 8B is equal to 0.304 (H=0.652) and 
from all points is equal to 0.718 (H=0.859). The series y(i) is then classified as weak persist 
and stationary. From slope of log variogram line on fig 8A is fractal dimension DF  = 1.93. 
For estimation of H the many of other ideas dealing with series aggregation can be used. 
 The dispersional analysis is based on the standard deviation of the local averages SD(L) of 
non overlapped blocks of length L of the series y(i). This quantity is equal to y * CVB(L) and 
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dependence of log(SD(L))on log(L) will have the same slope as dependence of log( y * 
CVB(L))on log(L). The slope of these dependences is equal to the H-1. 
The scaled windowed variance method is based on the average of standard deviations SW(L) 
in non overlapped blocks of length L of the series y(i). There exists direct connection between 
SW(L)and CVV(L). 
In the work [5] the long-range dependence for yarns unevenness computed by cutting and 
weighting has been found.  
It is then visible that log quadratic unevenness dependence on the log cut length L can be used 
for indication of stochastic nature of y(i).  
Knowledge of β  or 1S β= −  is useful for characterization of series y(i). The following 
cases can be identified: 
 

1S >  indicates strong persistency and  non stationarity 
0 1S< <  indicates weak persistency stationarity 

0S =  indicates uncorrelated case and stationarity 
0S < indicates antipersistency and stationarity 

 
The mass variation curve will be classified according to the slope S of log(g(Τ)) on the log(Τ) 
dependence [1,2]: 
 
a. Fractional Gaussian noise fG for range –1<S<0.38. In this case the fractal dimension 

from power spectrum can be used but variogram is not suitable. 
b. Fractional Brownian motion fB for range 1.04<S<3. In this case can be used the 

variogram for estimation of fractal dimension as well. 
c. Transition case for range of S between 0.38 and 1.04. For this case the cumulative sum 

of SHV should be created (transformation to the case b) 
d. No fractal behavior for cases when the power law model is invalid (in two decade 

range). For this case the chaotic models (broad bands on PSD) or ARIMA models 
(narrow peaks on PSD) has to be used 

 
Correlation between elements of series y(i) has influence on the variance of mean ( )D y . For 
the case of short range dependence is variance of mean equal to 
 

1

1
( ) * 1 2* (1 / ) * ( ) ( )

N

k

v vD y k N R k G R
N N

−

=

⎡ ⎤
= + − =⎢ ⎥⎣ ⎦

∑   (31) 

 
where v = D(y) is variance of data. If series y(i) are random independent identically 
distributed variables is G(R) = 1. For the case of long-range dependence the variance ( )D y  
decays more slowly 
 

( ) ( )vD y G R
N β=         (32) 

 
An additional complication for correlated data is that s2 is biased estimator. For the short 
range dependence is valid 
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6. UNEVENESS DATA TREATMENT 
Consider a series y(i). Let this series is one “spatial” realization of random process y = y(di). 
For analysis of this series it is necessary to know if some basic assumptions about behavior of 
underlying random process can be accepted or not. These basic assumptions are [13]:  
 

- stationarity 
- ergodicity 
- independence 

 
In fact the realizations of random process are yj(i), where index j correspond to individual 
realizations and index i corresponds to the distance di. In the case of ensemble samples there 
are values yj(i) for i = const. and j = 1..M at disposal. For these data it is no problem to use 
standard statistical analysis of univariate samples for creation of data distribution e.g. 
probability density function p(y(i)) or computation of statistical characteristics as mean value 
E(y(i)) or variance D(y(i)).  
In majority of applications the ensemble samples are not available and statistical analysis is 
based on the one spatial realization yj(i) for j = 1 and i = 1..N. For creation of data distribution 
and computation of moments the additional assumptions are necessary. The basic assumption 
is stationarity. The random process is strictly stationary if the all statistical characteristics 
and distributions are independent on ensemble location. The wide sense stationarity of g-th 
order implies independence of first g moments on ensemble location. The second order 
stationarity implies that: 
 

- mean value E(y(i)) = E(y) is constant (not dependent on the location di). 
- variance D(y(i)) = D(y) is constant (not dependent on the location di). 
- autocovariance, autocorrelation and variogram, which are functions of  di and dj are 

not dependent on the locations but on the lag i jh d d= −  only  

For example the covariance is ( ( ) ( )) ( )i i hc y d y d c h+ = . For ergodic process the “ensemble” 
mean can be replaced by the average across distance (from one spatial realization) and 
autocorrelation R(h) =0  for all sufficiently high h. 
Ergodicity is very important, as the statistical characteristics can be calculated from one single 
series y(i) instead of ensembles which frequently are difficult to be obtained.  
Given a y(i) series, the selection of the appropriate approach for its analysis is not a trivial 
task because the mathematical background of the underlying process is unknown. Moreover, 
the y(i) are corrupted by noise and consist of finite number of sample values. The task to 
analyze real data is often to resolve the so-called inverse problem, i.e., given a series y(i), how 
to discover the characteristics of the underlying process. Three approaches are mainly applied:  

 
first based on random stationary processes,  
second based on the self affine processes with multiscale nature, 
third based on the theory of chaotic dynamics.  

 
In reality the multiperiodic components are often mixed with random noise.  
Before choosing the approach, some preliminary analysis is needed mainly to test the 
stationarity and linearity. This is important as some kind of stochastic (self affine) processes 
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with power-law shape of their spectrum may erroneously be classified as chaotic processes on 
the basis of some properties of their non-linear characteristics, e.g., correlation dimension and 
Kolmogorov entropy. In this sense, the tests for stationarity and linearity may be regarded as a 
necessary preprocessing in order to choose an appropriate approach for further analysis. Prior 
to selecting any method for data analysis, some simple tests are useful to apply on the series 
y(i).  
The first one may be to observe the y(i)  distribution e.g. via histogram. The histogram of 
series y(i) for tested yarn is shown on the fig. 9A and shape of eight sub series of  y(i) is on 
the fig. 9B. 
 

 
A      B 

Fig. 9 A) Histogram of series y(i).   B) Eight sub series of y(i) 
 

In most of the methods for data processing based on stochastic models, normal distribution is 
assumed. If the distribution is proved to be non-normal (according to some test or inspection), 
there are three possibilities:  

 
(1)  the process i s linear but non-gaussian;  
(2)  the process has linear dynamics, but the observations are as a result of non-linear 

”static” transformation (e.g. square root of the current values)  
(3)  the process has non-linear dynamics. 
 

It is suitable to construct the histograms for the e.g. four quarters of data separately and 
inspect non-normality or asymmetry of distribution. The statistical characteristics (mean and 
variances) of these sub series can support wide sense stationarity assumption (when their 
values are statistically indistinguishable). The histograms of four sub series of y(i) for tested 
yarn are shown on the fig. 10A. Ensemble means and variance computed from eight sub 
series (fig. 9B) are shown on the fig. 10B. 
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A      B 

Fig. 10 A) Histograms of four sub series of y(i). B) Ensemble means and variances 
 

For tested yarn, the t-test statistics for comparison of two most distant means from four sub 
series is 4.538. This value is out of P=95% limits [-1.96   1.96] and therefore stationarity is 
not accepted. The F ratio statistics for comparison of two most distant variances from four sub 
series is 1.13. This value is out of P=95% limits [0.944    1.06] and therefore stationarity is 
not accepted as well. 
The simple nonparametric test of stationarity uses the reverse arrangement evaluation. Test is 
based on the computation of times that y(i) >y(j) with i < j for all i. If the sequence of y(i) are 
independent identically distributed (i.i.d) random variables, the number of reverse 
arrangements NR is  random variable with mean E(NR) = N(N-1)/4 and variance D(NR) = 
N(2N+5) (N+1)/72. If observed number NR is significantly different from E(NR), the 
nonstationarity (trend) is indicated. For tested yarn is reversation test statistic NT = 52.4 and 
upper limit for P=95% is 1.96 only. The stationarity is not acceptable. 
   The alternative “run test” can detect a monotonic   trend in a series y(i) i = 1..N A “run” is 
defined as a sequence of identical observations that is followed or preceded by a different 
observation or no observation at all. First the median med (y) of the observations y(i) is 
evaluated and the new series z(i) is derived from y(i) as 
 
     z (i) = 0 if  y(i) < med (y) 
     z (i) = 1 if  y(i) ≥ med (y) 
 
Then the member of runs in z(i) is computed. If y(i) is stationary random process, the number 
of runs NT is a random variable with mean  E(NT) = N/2 + 1 and variance D(NT) = (N(N – 2)) 
/(4(N-1)). As observed number of runs NT

 is significantly different from E(NT) indicates 
nonstationarity because of the possible trend. For tested yarn is NR= 18.14 and upper limit for 
P=95% is 1.96 only. The stationarity is not acceptable. 
Very simple check of presence of first order autocorrelation is creation of zero order 
variability diagram which is plot of y(i+1) on y(i). In the case of independence the random 
cloud of points appears on this graph. Autocorrelation of first order is indicated by linear 
trend. A first order variability diagram is constructed taking the first differences d1(i) = y(i) – 
y(i-1) as new data set. The first order variability diagram is then dependence of d1(i+1) on 
d1(i). This diagram “correlates” three successive elements of series y(i). 
By the same way the second order variability diagram for the second differences d2(i) =d1(i) 
–d1(i-1) and third order variability diagram for the third order differences d3(i)=d2(i) –d2(i-1) 
are created. As the order of variability diagram increases the domain of correlations increases 
as well. 
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Fig. 11 Variability diagrams of first four orders 

 
For characterization of independence hypothesis against periodicity alternative the cumulative 
periodogram can be constructed. Cumulative periodogram is unbiased estimate of the 
integrated spectrum 
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2

( )
( )

*
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N s
==

∑
       (34) 

 
The function C(fi) is called the normalized cumulative periodogram. For white noise series 
(i.i.d normally distributed data), the plot of C(fi) against fi would be scattered about a straight 
line joining the points (0,0) and (0.5,1). Periodicities would tend to produce a series of 
neighboring values of I(fi) which were large. The result of periodicities therefore bumps on 
the expected line. The limit lines for 95 % confidence interval of C(fi) are drawn at distances  
 

1.36 / ( 2) / 2N± −  
 
Another possibility is inspection of the shape of the autocorrelation function R= ACF. In case 
of a proper selection of sampling frequency, the slow decrease of ACF for large lags indicates 
long-range correlation, which may be due to non-stationarity and/or dynamic non-linearity. In 
case of non-stationarity due to additive (e.g. trend-like) components, they could be removed 
in order to test the ACF on the residuals. The linear detrending is widely used. If the shape 
ACF remains the same, this is a typical case of 1/fß noise (0 < ß ≤ 2), which suggests fractal 
dynamics. If β > 1, the process is like Brown noise and possesses intrinsic non-stationarity. In 
this case the mean and variance are not defined as they depend on the time scale, and there is 
no sense in collecting more data samples.  
The presence of non-linearity may be tested by the comparison of the shape of square of ACF 
with that of ACF of squares of samples. If ACF(y2(i)) ≠ [ACF(y(i))]2, non-linear process is 
suggested. More sophisticated tests are given in [8]. The comparison of ACF(y2(i)) and 
[ACF(y(i))]2 for tested yarn is shown on the fig. 12A and cumulative periodogram is on the 
fig. 12B. The non-stationarity and non-linearity is clear. 
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A      B 

Fig. 12 A) Comparison of ACF.       B) Cumulative periodigram 
 

 
7. PERIODIC UNEVENNESS 
It is known that periodic function given by equally spaced values y(i), i = 0, ..., N – 1 can be 
generally expressed in the form of Fourier series at  Fourier frequencies fj = j/N, 1 ≤ j ≤ [N/2]. 
If N is odd with N = 2m + 1, the Fourier series has form [11] 
 

( )0
1

( ) *cos( * ) *sin( * )   0,.. -1
m

k k k k
k

y i a a i b i i Nω ω
=

= + + =∑  (35) 

 
where 2* * 2* * /   1,.. k kf k N k mω π π= = =  k = 1, ..., m are angular frequencies. The 
eqn. (35) is for known frequencies harmonic linear regression model with 2m + 1 parameters 
(intercept and 2m sinusoids amplitudes at the m Fourier frequencies). The sinusoid with the j-
th Fourier frequency completes exactly j cycles in the span of the data. Due to selection of 
Fourier frequencies are all regressors (sin(.) and cos(.) terms) mutually orthogonal, so that 
standard least-squares method leads to estimates 0a y=  and 
 

1 1

0 0
2* ( ) *cos( * ) 2* ( ) *sin( * )

       1,..

N N

k k
i i

k k

y i i y i i
a b k m

N N

ω ω
− −

= == = =
∑ ∑

 

 
The harmonic model with optimal 4 frequencies (nonlinear least squares) for tested yarn is 
shown on fig. 13A and the same model for first 150 Fourier frequencies is shown on the fig. 
13B. 
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A      B 

Fig. 13 A) Harmonic model -optimal 4 frequencies    B) Harmonic model -first 150 Fourier 
frequencies. 

 
The simple estimator of power spectral density (see eqn. (26)) is called periodogram. The 
periodogram of an equally spaced series y(i), i = 0, ..., N – 1is defined by equation 
 

2 21 1

0 0

1( ) ( ) *cos( * ) ( )*sin( * )
N N

i i
I y i i y i i

N
ω ω ω

− −

= =
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= +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
∑ ∑  (36) 

 
The periodogram can be expressed in the form 
 

2 2( ) ( )   1,..
4k k k
NI a b k mω = + =       (37) 

 
The periodogram ordinates correspond to analysis of variance decomposition into m 
orthogonal terms with 2 degrees of freedom each because  
 

( )
1

2

1 0

( ) 0.5* ( )
m N

k
k i

I y i yω
−

= =

= −∑ ∑  

 
The normalized periodogram with ordinates 
 

2( ) / ( ) / ( ( ) )k k k
k i

I I A y i yω ω = −∑ ∑  

 
 is then simply interpretable. The k-th ordinate gives the proportion of the total variation due 
to sinusoidal oscillation at the k-th Fourier frequency, and thus is a partial correlation 
coefficient R2. The plot of ordered values of periodogram ordinates is so called scree plot. 
This plot contains often the sudden decreasing trends separating important frequencies from 
noise. 
On the fig 14A the scree plot foe tested yarn is shown. The peridogram and limit line for non-
important frequencies are given on fig. 14B. For the highest frequency is corresponding 
distance 1.34 m (I = 0.020) and for third highest frequency is corresponding distance 0.085 m 
(I = 0.0114). 
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A      B 

Fig. 14 A) Scree plot of frequencies.    B) Periodogram and limit line. 
 
The well-known trigonometric identity cos (t- s) = (cos t)(cos s) + (sin t)(sin s) allows to 
write each paired sinusoid term as 
 

*cos( * ) *sin( * ) *cos( * )k k k k k k ka t b t A tω ω ω φ+ = −  
 
with  
 

2 2
k k kA a b= +   

 
and  
 
tan( ) /k k kb aφ = . 
 
 Coefficients Ak creates amplitude spectrum and coefficients kφ  creates phase spectrum.  
The periodogram is unbiased only in case of Gaussian noise. The variance of periodogram 
does not decrease with increasing N and has the form  
 

2
2 sin( *( ( )) ( )* 1

*sin( )
ND I I

N
ωω ω

ω

⎡ ⎤⎛ ⎞
≈ +⎢ ⎥⎜ ⎟
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    (38) 

 
In some cases is useful to express Fourier series in the complex exponential form  
 

( )
1

( ) *exp( * * )   0,.. -1
m

k k
k

y i C i j i Nω
=

= =∑     (39) 

 
where j is imaginary  unit and complex coefficients Ck have real and imaginary part 

Re Imk k kC j= + .The values Ck creates the complex discrete spectrum. 
For discrete data the fast Fourier Transform (FFT) leads to transformed complex vector DRF. 
Vector DRF may be used for creation of power spectral density (PSD) 
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2 2 2( ) * ( ) / ( ) /g DRF conj DRF T abs DRF Tω = =    (40)  
 

where conj(.) denotes conjugate vector. The g(Τ) is estimator of spectral density function and 
contains values corresponding to contribution of each frequency to the total variance of y. 
The periodogram and power spectral density are primary tool for evaluation of periodicities. 
Frequency of global maximum on the ( )   or   ( )I gω ω  graphs is corresponding to the 
length of repeated pattern and height corresponds to the nonuniformity of this pattern. 
Spectral density function is therefore generally useful for evaluation of hidden periodicities 
[11].  
The estimation of the spectral density function g(ω) is relatively straightforward in theory but 
in practice situation is more difficult since data are only available in discrete samples of 
limited extent. For finite sample lengths if is necessary to use windowing (avoiding leakage) 
de-trending (avoiding non stationarity of mean) and filtration of parasite frequencies. Several 
methods of estimating the spectral density function are available. More precise estimates can 
be obtained by using of sophisticated procedures as averaged periodogram of overlapped 
windowed signals (Welch method) or multiple signal classification (MUSIC). The maximum 
entropy spectral analysis (MEM) provides smoother and higher resolution spectra for red-
noise processes, which therefore would appear to be more suitable for good estimation. The 
method of MEM spectral estimation use of the Fourier transform between g(ω) and the 
autocorrelation function [16]. It is necessary to specify before computation the order of AR 
model. g(ω) is selected to maximize entropy such that the inverse Fourier transform of g(ω) 
yields the autocorrelation function. These spectral estimators are available in Signal 
Processing toolbox of MATLAB system. The spectral estimators for finite data length and 
corrupted by random errors could be inaccurate. The more sophisticated procedures are very 
sensitive to the tuning parameters.  
The power spectral density (Welch method) as function of log distance for tested yarn is on 
the fig. 15A and PSD as function of frequency is on the fig. 15B.  
 

 
A      B 

Fig. 15 A) PSD as function of log distance.   B) PSD as function of frequency 
 
Three important periodicities are clearly identified for distances 0.086 m, 1.67 m and 25.21 
m.  
The estimation of the spectral density function g(ω) is relatively straightforward in theory but 
in practice situation is more difficult since data are only available in discrete samples of 
limited extent. For finite sample lengths if is necessary to use windowing (avoiding leakage) 
de-trending (avoiding non stationarity of mean) and filtration of parasite frequencies. Several 
methods of estimating the spectral density function are available. More precise estimates can 
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be obtained by using of sophisticated procedures as averaged periodogram of overlapped 
windowed signals (Welch method) or multiple signal classification (MUSIC). These spectral 
estimators are available in Signal Processing toolbox of MATLAB system.  
 
8.  SHORT RANGE DEPENDENCE 
The autocorrelation structures are investigated by treatment of autocorrelation coefficients 
R(h) (see eqn. (19)). The autocorrelation matrix associated with stationary process has the 
form 
 

1 (1) .. ( 1)
(1) 1 .. ( 2)
. . .. .

( 1) ( 2) .. 1

R R N
R R N

R N R N

−⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥
⎢ ⎥− −⎣ ⎦

P      (41) 

 
The positive definiteness of this matrix implies constraints on the values of correlation 
coefficients. Short range dependence can be simply modeled by autogeressive processes of q 
th order AR(q) 
 

1 2( ) * ( 1) * ( 2) .. * ( )q iy i y i y i y i q eϕ ϕ ϕ= − + − + + − +   (42) 
 
where iϕ  are autoregressive parameters and iε  is uncorrelated white noise.   
Mean value of AR(q) process is zero and autocorrelation  function of order h is expressed by 
difference equation 
 
 1 2( ) * ( 1) * ( 2) .. * ( )qR h R h R h R h qϕ ϕ ϕ= − + − + + −   (43) 
 
For estimation of the autoregressive coefficients the Yule Walker set of linear equations has 
to be solved. These linear equations are result of substituting of h=1,2, q into eqn. (43). In the 
matrix notation has the Yule Walker system of equations form 
 

1*     or   *q qϕ ϕ −= =R P P R) )
      (44) 

 
The matrix qP is sub matrix of matrix P (where N is replaced by q). Vector R has i-th element 

R(i) and  ϕ)  are estimated autoregressive coefficients. The simplest is first order 
autoregressive model AR(1)defined as  
 

1( ) * ( 1) iy i y i eϕ= − +  .  
 
The autocorrelation function of this process is 1( ) hR h ϕ= and therefore 1(1)R ϕ= . The 
autocorrelation of first order is then equal to the autoregressive coefficient of first order. 
Statistical properties of AR(q) model are described in work of Box [10]. The autoregressive 
models are special sort of regression models. The main task is to evaluate the optimal order q. 
For this purposes the criteria for optimal regression model selection are useful [7, 13]. 
Alternatively the partial correlation coefficients (PACF) jjφ

)
can be evaluated. The standard 
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method is successive fitting of autoregressive models of order 1, 2, 3.. and picking out the 
estimates of the last autoregressive coefficients 11  22 , ,...φ φ

) )
The properties of PACF are 

summarized in books [10, 13]. Partial autocorrelation function up to lag 60 for tested yarn is 
shown on fig. 16A and autocorrelation function up to lag 100 is shown on fig. 16B. 
 

  
A      B 

Fig. 16 A)  Partial autocorrelation function.   B) Autocorrelation function 
 
The optimal autoregressive model of 25-th order for tested yarn is shown in the fig. 17 
 

 
 

Fig. 17 Optimal autoregressive model 
 
The autoregressive coefficient R(1) = -0.6 is near to value for white noise (-1/2). 
 
9. CHAOS DYNAMICS 
I In the case when y(i) corresponds to the dynamical system, it is often convenient to describe 
the “system” state in phase space. The phase space is defined as the multidimensional space 
whose axes consist of variables of a dynamic system. The Embedded dimension is a measure 
of the minimum number of independent variables that describe the dynamic system [9]. 
Principle is embedding of data to the K= N – (D– 1) dimensional Euclidean space. Data y(i) i 
= 0... N –1 are lagged by lagτ , where τ  corresponds to the first zero of autocorrelation 
function. These data are embedded up to an Embedded Dimension D (usually D ~ 15) to a 
embedding matrix G 
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(0) ( ) .. (( 1) )
(1) ( 1) .. (( 1) 1)
. . .. .

( 1) . .. ( 1)

y y y D
y y y D

y K y N

τ τ
τ τ

−⎡ ⎤
⎢ ⎥+ − +⎢ ⎥=
⎢ ⎥
⎢ ⎥− −⎣ ⎦

G
 

 
The matrix of Euclidean norms E between rows G(i) of matrix G is created. The element of 
this matrix has the form 
 

( , ) ( ( ) ( )) ( ( ) ( ))TE i j i j i j= − −G G G G  
 
The recurrence plot is K x K array of values expressed in gray scale. Alternative possibility is 
transform of matrix E to the matrix of zeros and ones by applying the suitable threshold and 
plot K x K array of values expressed in black and white scale. A point at coordinate (i ,j) is 
drawn if the i-th and j-th embedded vectors are less than some distance tr apart, i.e. if ||G(i) – 
G(j)|| < tr . The threshold is often selected as tr = 0.1 s, where s is standard deviation of series 
y(i). Recurrence plots are used to reveal non-stationarity of a series as well as to indicate the 
degree of aperiodicity:  

1. If the recurrence plot contains a homogenous but irregular distribution of points then 
the series is mostly stochastic.  

2. For a random series (white noise) the recurrence plot is diagonally symmetric since the 
distance of the i-th embedded vector to the j-th embedded vector is the same as the distance of 
the j-th to the i-th. Also, there is a diagonal line where i = j (the distance between the vectors 
is 0 and hence always less than the threshold).  

3. Long straight parallel lines indicate a periodic series. For example the recurrence plot 
for a sinusoid, the distance between the diagonal lines is the period. Horizontal and vertical 
white lines or bands are associated with states that don't occur often. Horizontal and vertical 
black lines indicate states that remain unchanged for periods of time.  
In the process of constructing a well-behaved phase space an important question is how to 
choose the delay (τ) and the embedding dimension (D). Usually, the procedure of determining 
the embedding dimension D is to increase D and to estimate the fractal dimension for every 
embedding dimension until the fractal dimension remains almost constant. The delay, τ is 
often chosen from the autocorrelation function of the original time series as the delay τ at 
which the autocorrelation function attains the value of 1/e. Both delay (τ) and the embedding 
dimension (D) can be estimated from minimum of differential entropy ratio [4]. 
In the process of constructing a well-behaved phase space an important question is how to 
choose the delay (τ) and the embedding dimension (D). Usually, the procedure of determining 
the embedding dimension D is to increase D and to estimate the fractal dimension or the 
largest Lyapunov exponent for every embedding dimension until the fractal dimension or the 
largest Lyapunov exponent remains almost constant. The delay, τ is often chosen from the 
autocorrelation function of the original time series as the delay τ at which the autocorrelation 
function attains the value of 1/e. A justification for the above procedure in the deterministic 
case is given by Takens theorem [9]. According of this theorem is D ≥ 2A + 1 where A is the 
attractor dimension. In practice, A is unknown. An estimate of the attractor dimension, A, may 
be obtained from the correlation dimension. 
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A correlation dimension, which provides the number of active degrees of freedom of the 
dynamic system, can be constructed in phase space  

2
0

lim lim
ln ( )

ln

D

r N

C rd
r→ →∞

=   where      
, 1

1( ) ( )
( 1)

K
D

i j
i j

C r H r X X
K K =

= − −
− ∑  

 
The H(u) is Heaviside step function (H(u)  = 1  , if  u ≥ 0 and H(u)  = 0 for u < 0) ,║ Xi - Xj║ 
is the norm computed between two vectors and K = N – (D – 1)τ, with N being the number of 
data points. The quantity CD(r) for N → ∞  is called the correlation integral. When a strange 
attractor governs the system dynamics, it is possible to show that for a sufficiently small value 
of r 
 

( )( )D A DC r r≈  and     2lim ( )
D

A D d
→∞

=       

 
Thus, if the value of d2 stabilizes at some value d*2, as the embedding dimension increases, 
then d*2 is the estimated correlation dimension. The dependence of correlation integral on r 
for tested yarn is shown on fig. 18. In fig 19 the recurrence plot for D=2 and 1τ = is shown 
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Fig. 18  Correlation integral. 
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Fig. 19 Recurrence plot for D=2 and 1τ =  

 
Correlation dimension is one of the techniques used in detecting the existence of chaos. This 
technique has some limitations 

 
(i) The need for a large amount of scalar time series data  
(ii) The crucial influence of noise on its computation, 
(iii) If the attractor has an integer correlation dimension, then it is not clear whether 

the process is chaotic.  
 
A useful quantity, which can be extracted from the correlation integral, is the Kolmogorov K-
entropy. 
 

2 2
0

lim lim ( )D

D r
K K r

→∞ →

≈           where        2 1

1 ( )( ) log
( )

D
D

D

C rK r
r C r+=    

 
If the value of KD

2 stabilizes at some value K2, as m increases, that K2 is the entropy estimate. 
The K2 entropy measures the degree of chaos in a system: 
 

• Regular or ordered systems are characterized by K2 = 0,  
• Purely random systems are characterized by K2 →  ∞  
• Chaotic (deterministic) systems are characterized by 0 < K2 < + ∞  

 
10. PROBLEMS WITH FRACTAL DIMENSION ESTIMATION 
General definition of fractal dimension is based on the capacity principle [12] In measurement 
of mass unevenness (or thickness variation y(h)) the data representing curve are available. 
Fractal dimension D is then number between 1 (for smooth curve) and 2 (for rough curve).  
The expected variance of the increment of Brownian motion can be expressed using a value of 
the Hurst exponent H, where H = 0.5 [17]  
 

 
22 HE( y( i ) y( i h )) h− + ≈  
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For fractional Brownian motion is H in the interval (0, 1). Where H = 0 this denotes a surface 
of extreme irregularity and H = 1 denotes a smooth surface. Exponents H and fractal 
dimension D are in fact related  
 

H1DD T −+=       
 

where DT is the topological dimension such that D is in interval (1, 2) for a curve.  
There are several problems with estimating fractal dimension in this fashion. First, elevation 
points, points on the variogram and the error term in the LSE regression are likely to be 
autocorrelated. Second, data points in log-log space are unequally spaced and, third, decisions 
concerning an acceptable cutoff for goodness of fit (R2) of the linear function are of an 
arbitrary a priori nature. Since the aim of the line fitting exercise in estimating fractal 
dimension is the description of the relationship rather than prediction, the bias introduced by 
the first problem is not critical. A solution to the second is to re-sample the data using a 
geometric progression, but at a cost of a dramatic reduction in the number of points used in 
the line fitting exercise. An alternative to the third is to estimate the standard error SE around 
the slope of a regression line. Based on these equations the program FRACT1 in MATLAB 
for estimation of fractal dimension from variogram and power spectral density has been 
constructed. Based on the preliminary testing the results of computation from variogram were 
more stable and reliable. 
 
11. PROGRAM UNYARN 
The program UNYARN in MATLAB is complex system for evaluation of mass and 
geometric unevenness of linear structures and for comparison of various methods on real or 
simulated series. The program is divided into logical blocks. These can be used as stand alone 
routines for data analysis. The basic building blocks of UNYARN are here briefly described. 
 
Data Input 
The data input block enables the entering of signal S(i) from USTER Tester in the form of 
external data file (ASCII and XLS format) or internal MATLAB file (MAT format). The 
following types of artificial signals with prescribed properties can be simulated: 
 

• white noise (Gaussian i.i.d random variables with selected value of variance and zero 
mean), 

• autoregressive processes of first and second order corrupted by white noise, 
• harmonic waves embedded in white or red noise, 
• fractional fractal processes for selected Hurst exponents with or without additive white 

noise. 
 
The length of simulated series is selected to be 200 m and sampling interval is 0.01m. 
 
Basic graphs 
The mass diagrams for cut lengths 0.01, 1.5 and 10 m are presented. Thick and thin places are 
visualized on the special bar plots. 
 
Basic assumption testing 
These procedures for informal and more formal testing of stationarity or ergodicity, 
independence and linearity are available: 
 



 
 

280

1. The histogram of y(i) series is used for informal testing of data distribution 
peculiarities. The normal probability density function is superimposed for facilitation 
of interpretation. 

2. Independence testing by using of reversation and run tests 
3. Data are divided into 8 sub series yj(i). Each i (i=1…2200) create an ensemble 

characterized by mean value ( )y i  and variance 2( )s i . The index graph of ( )y i  and 
2 ( )s i  are created for inspection of stationarity and approximately ergodicity. 

4. Creation of 4 sub series yj(i) and comparison of data distribution for j = 1,..4. 
Histograms and cumulative density function are created. The stationarity is tested by 
the t-test of maximal differences between population mean and F-test of maximal 
differences between population variances. 

5. Creation of cumulative periodogram graph with confidence lines for the case of i.i.d 
data. 

6. Recurrence plot and variability diagrams for investigation of local correlation and 
chaotic behavior 

7. Nonlinearity checking by inspection of differences between ACF(y2) and [ACF(y)]2 
graphs 

 
Structural unevenness 
Two types of methods for unevenness overall characterization are used. Basic are variance 
length curves for CVB(L) and CVN(L) in various variants (index plot, semi logaritmic plot). 
The deviation rate DR and integral deviation rate IDR are computed and graphically presented 
in the form of DR- mass variation curve and index plots. 
 
Spectral and harmonic analysis   
 The core is computation of peridogram from autocorrelation coefficients and power spectral 
density estimator based on the discrete Fourier transformation (Welch method). From 
corresponding graphs in frequency and distance domain the major peaks (periodic sources of 
variability) are identified. The harmonic regression models with Fourier frequencies (linear 
least squares) and optimized frequencies (nonlinear least squares) are computed. The general 
spectral moments and central spectral moments are computed. Optionally the spectrogram 
plot is available. 
 
Short-range dependences 
The autoregressive models of optimal order are computed. For parameter estimation the 
approximate Yule Walker and more precise Levinson algorithms are used. The optimal 
autoregressive order is selected based on the criterion of MEP (mean error of prediction) and 
MDL (minimal descriptive length). The ACF graph and PACF (partial ACF) graphs are 
created. 
 
Data stochastic nature 
The various approaches for estimation of β  and Hurst exponent are available. Logarithmic 
form of dependence of PSD on frequency is used for identification of persistency, stationarity 
and range of dependence. The range of dependence is evaluated from variogram and plenty of 
plots based on the aggregated data ( ) ( )Ly i . Standard are plots of v(L) and R/S.  
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Chaotic behavior 
The correlation integral and correlation dimension are computed and presented in graphical 
form. 
 
12. CONCLUSION 
The complex analysis of mass variation curve (MVC) from Uster apparatus enables a deeper 
investigation of many phenomena connected with yarn unevenness and related problems. The 
models of short-range dependence or long-range dependence can be used for predictive 
purposes as well. In future it will be necessary to compute proposed characteristics for various 
yarns and typical faults.  
From these results it will be possible to select optimal one for description of typical 
phenomena connected with practical description of yarn quality and possible sources of errors 
in yarn production. 
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Chapter - 21 
 

THE COMPACT YARN HAIRINNES 
 

Jiří Militký1), Sayed Ibrahim2) 
1)Dept. of Textile Materials, 2) Dept. of Textile Technology, Technical University of 

Liberec, Czech Republic 
 
1. INTRODUCTION 
Yarn hairiness is a complex concept, which generally cannot be completely defined by a 
single figure. The hairiness occurs because some fiber ends protrude from the yarn body, 
some looped fibers are out from the yarn core and some wild fibers appear on the yarn 
surface. Hairiness of yarns has been discussed for many years, but it always remained a 
fuzzy subject. With the advent of compact yarns and their low hairiness compared to 
conventional yarns, the issue of measuring hairiness and the proper interpretation of the 
values has become important again. Generally speaking, long hairs are undesirable, while 
short hairs are desirable. The effect of yarn hairiness on the textile operations following 
spinning, especially weaving and knitting, and its influence on the characteristics of the 
product obtained and on some fabric faults has led to the introduction of measurement of 
hairiness.  The most popular instrument for hairiness evaluation is the Uster hairiness system, 
which characterizes the hairiness by H value defined as the total length of all hairs within one 
centimeter of yarn. The hairiness H is an average value giving no indication of the distribution 
of the length of hairs. The spectrogram of hairiness is also available. The second major used 
instrument is the Zweigle hairiness tester. The numbers of hairs of different lengths are 
counted separately. In addition to the S3 value is given as the sum of the number of hairs 3 
mm and longer. The information obtained from both systems is limited. The available 
methods compress the data into a single value (deletion of the important information about 
statistical behavior) or convert the entire data set into a spectrogram.  Modern USTER devices 
have possibility to give raw data about whole yarn hairiness in the length interval of hundred 
meters. The raw data Hi are in fact realization of spatial process (hairiness spatial process - 
HSP) and can be used for more complex evaluation of hairiness characteristics in the space 
and frequency domain. Main aim of this contribution is to analyze the yarn hairiness 
distribution for compact yarns according to the possibility of fitting bimodal function; i.e. 
dividing the hairiness to two types of hairiness. The individual values of yarn hairiness (HSP 
curve) are extracted from Uster tester 4. The computer program HYARN written in Matlab 
code is used for complex characterization of yarn hairiness behavior. The results show that in 
general, the fiber hair distribution has a bi-modal shape and can be described by a mixture of 
two Gaussian distributions. Three cotton compact yarns of count 14.6, 20 and 30 tex were 
produced on three different compact spinning machines were used for verification the results 
 
2. PRINCIPLES OF COMPACT SPINNING  
Compact spinning is a modified ring spinning process with a pneumatic fiber bundling after 
the drafting process. This bundling considerably reduces yarn hairiness. Furthermore, yarn 
tenacity is increased by about 15% in comparison to ring spun yarn. The reductions of 
hairiness as well as the increase of tenacity depend on the quality of fiber bundling in the 
compacting zone. Fiber bundling is reached on a perforated apron by air current. The 
bundling process is influenced by a number of parameters. These can be divided into two 
categories. Yarn specific parameters and current technical parameters (optimal setting). The 
process of bundling is done on the perforated apron equipped with holes that are designed in 

http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=BODY�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=YARN�
http://searchmiracle.com/search/search.php?qq=KNITTING�
http://searchmiracle.com/search/search.php?qq=FABRIC�
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the form of one line or multi-rows alignment. The experiments showed that the resistance 
factor grows according to fiber length, amount of fibers and spinning speed (fiber speed). 
Finer fibers are more easily moved by air current than coarser ones. On the other hand, if the 
yarn count is constant, the numbers of fibers decreases proportionally with the fiber fineness.  
The ring spinning system was developed in year 1884, Open end began at the end of 1960, 
and air jet spinning at the end of 1980, and this shows clearly the stable position of ring 
spinning system among other systems. Nowadays, 80% of staple fibers are spun on Ring 
spinning machines [1, 2]. This fact is more interested, if we know that the production rate of a 
ring-spinning spindle is about one tenth of OE rotor spinning unit and even one twentieth of 
air jet spinning unit. These facts lead to the question, why ring-spinning system is still 
dominant in the market? This is because of the flexibility of the ring spinning machine, and its 
yarn quality (yarn structure), thanks to the twist insertion mechanism [3, 4]. 
The compact spinning is principally ring-spinning system with a double apron draft 
arrangement extended by condensing zone. Due to the negative pressure created in the 
condensing zone, axial forces are created. This enables eliminating or minimizing the 
spinning triangle. By this method a smooth yarn is formed with higher strength and less 
hairiness.All the compact spinning machines are equipped with a 3/3 double apron draft 
system. The differences between the commercial compact machines are essentially the 
condensing zone arrangement. Many papers [5, 6, 7, 8] were published dealing with analysis 
of compact systems, comparing the quality of yarns produced on these systems, and or with 
ordinary ring spinning machines.  
Figure 1; illustrates the principles of condensing zones provided by different machine 
builders.  The condensing system of Rieter consists of a perforated roller, just situated after 
the double apron arrangement and works simultaneously as a delivery roller of the draft 
system. On the perforated roller, two pressure rollers are found. The first roller acts as nipping 
point of the draft system, while the second roller works as twist stop to prevent twist escaping 
to the condensing zone. The fiber bundling occurs through the suction zone, which is found 
inside the perforated roller, and in the region between the two pressure rollers. 
The condensing system of Sussen consists of a suction roller, where a lattice apron is moving 
on it, and a pressure roller, which is driven by a gear connected to the pressure roller. The 
suction roller has an inclined slot, where a very fine perforated lattice moves over it. The fiber 
bundling occurs due to the air current created the inclines slot. The lattice apron is driven 
through the pressure roller. The system of Zinser is characterized by extending the draft 
system by a double roller. A perforated apron is moved over the upper roller, where the 
suction profile element is found. Between the delivery roller and the perforated apron, the 
condensing zone occurs. The roller pair is working in a classical way as in ordinary draft 
system. 

Different compact Spinning Systems 
Rieter K44 Zinser Air-Com  Sussen Elite 

 

 

 

   
Perforated cylinder Perforated apron Lattice apron 

 
Fig. 1 Different principles of condensing zones 
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3. DATA DISTRIBUTION EVALUATION 
As simplest estimator of probability density function (PDF) the histogram with constant or 
variable bins (number of bins is M) is often constructed. Histogram is piecewise constant 
estimator of sample probability density. Histogram height in j-th class bounded by values (tj-
1, tj) is calculated from the relationship 

1

j

( , )
( )

 
N j j

H

C t t
f x

N h
−=        (1) 

where the function CN(a, b) denotes the number of sample points within interval <a, b> and 
1j j jh t t −= − is the length of the j-th bin (interval). Now, the problem encountered is the choice 

of boundary values {tj} j=1,...M, the number of class intervals M and their lengths hj with 
respect to the histogram quality. For nearly normal data the constant bin length  
 

1/33.49*(min( , / 2) /1.34) /h s Dq n=      (2) 
 
Histogram for sample yarn C 30 tex and h computed from eqn. (2) is shown on the fig. 1.  
 

 
Fig. 2 Histogram with constant bin length (h= 0.134) for sample yarn C 30 tex 

 
For the case of non constant bin length the simple data based two-stage technique can be 
used. In the first stage the number of class intervals 
 

0.4int[2.46 ( -1) ]M N=       (3) 
 
is computed. Here int[x] is integer part of number x. The optimal number of bins computed 
from eqn. (12) is for sample yarn C 30 tex is equal to M = 125. 

In the second stage the individual lengths hj are determined. The estimation of hj is based on 
the requirement of equal probability in all classes. For this purpose the empirical quantile 
function Q(Pi) based on the order statistics x(i) is used. 
Smooth kernel type density estimator is natural generalization of histogram. The kernel type 
nonparametric estimator of sample probability density f(x) can be constructed on the basis of 
constant or variable bandwidth h (analogy with bin width). The final estimator for constant h 
has the form 
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i
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x xf x K
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Selection of kernel function K[x] and computation of bandwidths hi is described in [9]. The 
simple biquadratic kernel function K[x] has the form  
 

2 2( ) 0.9375*(1 )   for -1 1K x x x= − ≤ ≤     (5) 
 
The suitable h can be computed from eqn (2). 
Kernel type density estimator defined by eqn. (4) and kernel defined by eqn. (5) for sample 
yarn C 30 tex is shown on the fig. 2.  
 

 
Fig. 3 Kernel density estimator with constant bin length (h= 0.128) for sample yarn C 30 tex 

 
In the case when the normality of data can be accepted but there is suspicion of bimodality 
(mixture of normal distributions) the parameters for unimodal (one Gaussian ) distribution  
 

2

2

( 1)( ) 0*exp
2* 1
i

u i
x Bf x A

C
⎛ ⎞−
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     (6) 

 
and bimodal distribution (mixture of two Gaussians)  
 

2 2

2 2

( 1) ( 2)( ) 1*exp 2*exp
2* 1 2* 2
i i

B i
x B x Bf x A A

C C
⎛ ⎞ ⎛ ⎞− −

= − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

  (7) 

 
can be computed. Here A1, A2 are proportions of smaller hairiness (first Gaussian having 
index 1) or higher hairiness (second Gaussian having index 2). Parameters B1 and B2 are 
mean H values for individual component and parameters C1, C2 correspond to standard 
deviations. 
Mixture of two normal distribution can be unimodal or bimodal. For the case of unimodality 
the following relation should be valid.  
 

1 2 2*min( 1, 2)B B C C− <       (8) 
 
The parameters of unimodal normal distribution are A1 = sample mean value, B1= sample 
standard deviation. To obtain the coefficient estimates (A1, A2, B1, B2, C1 and C2), the least 
squares method minimizing the residual sum of squares can be used. The residual for the i th 
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data point ri is defined as the difference between the observed response values (see eqn.(4)) 
and the fitted response values (see eqn.(7))  
 

ˆ ( ) ( )i i B ir f x f x= −  
 
The residual sum of squares is given by 
 

2

1

N

i
i

S r
=

= ∑         (9) 

 
where N is the number of data points included in the fit. Assumption leading to the 
minimization of S is given in the book [1]. Model of two Gaussian mixture is a nonlinear 
regression model. Nonlinear models are more difficult to fit than linear models, because the 
coefficients cannot be estimated using simple matrix techniques. Instead, an iterative 
approach is required.  The MATLAB toolbox used in HYARN provides these algorithms:  

 

• Trust-region -- This is the default algorithm. It can solve difficult nonlinear problems 
more efficiently than the other algorithms and it represents an improvement over the 
well-known Levenberg-Marquardt algorithm.  

• Levenberg-Marquardt -- This algorithm has been used for many years and has proved 
to work most of the time for a wide range of nonlinear models and starting values. If 
the trust-region algorithm does not produce a reasonable fit, and there are no 
coefficient constraints, the Levenberg-Marquardt is good starting algorithm.  

 
More information about these algorithms are given in the book [9]. The approximation of 
empirical pdf by two Gaussian terms for or sample yarn C 30 tex is shown on the fig. 3.  
 

 
Fig. 4 Approximation of empirical pdf (circles) by two Gaussian terms (crosses) for sample 

yarn C 30 tex 
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For comparison of unimodal and bimodal models the likelihood ratio 
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U
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       (10) 

 
can be computed. The likelihood function LU has the form 
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and for LB is valid 
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Statistics LR has approximately 2 (4)χ  distribution i.e. for 9LR ≤  the unimodal simple 
normal distribution can be accepted. For the case of sample yarn C 30 tex is LR = 244.3 and 
bimodality is proved. 
 
4. EXPERIMENTAL PART 
Three cotton compact yarns of count 14.6, 20 and 30 tex were produced on three different 
compact spinning machines. The individual readings of yarn hairiness were extracted from 
Uster unevenness tester 4. The individuals were pretreated, (adjusting the distance between 
individuals, and converting the raw data to hair length per one centimeter).  
 
5. RESULTS AND DISCUSSIONS 
Table 1 shows the different values obtained from H-yarn program. For all yarns, the 
percentage of short hair fiber is about 42%, and for longer hair fiber about 55%. The hair 
values for the finer yarns are about the same. The yarn hairiness increases as the yarn count 
increase; this was many times mentioned in lot of publications. One very important factor, 
dealing with the feasibility of using compact spinning system is choosing the count range and 
type of cotton should be used has been discussed by Krifa [10]. 
 

Table 1. Results of yarn hairiness 
 Rieter Zinser Sussen 

Count Tex 14.6 20 30 14.6 20 30 14.6 20 30 
Mean 1 2.68 2.68 2.74 2.67 2.66 2.69 2.68 2.63 2.73 
Mean 2 3.95 3.95 3.50 3.93 3.90 3.91 3.97 3.95 3.95 
S.D. 1 0.349 0.342 0.307 0.351 0.337 0.333 0.388 0.369 0.352 
S.D. 2 0.527 0.509 0.679 0.557 0.545 0.507 0.520 0.558 0.586 

Portion 1 0.432 0.434 0.167 0.424 0.407 0.422 0.448 0.417 0.449 
Portion 2 0.544 0.544 0.816 0.555 0.569 0.556 0.527 0.563 0.533 
Uster H 3.60 4.64 5.56 3.41 4.06 4.06 3.90 4.91 5.89 
Uster sh 0.78 0.97 1.08 0.75 0.88 0.88 0.87 1.13 1.18 
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Fig. 5 The kernel pdf and fitted mixture of normal pdf 

 
It is clear from fig. (5) that all yarns are bimodal distributed, except the yarn of Rieter of tex 
30, which tends to be more unimodal. Actually this yarn has bad hairiness values according to 
Uster measurement (H = 5.77, and SH =1.11). These values are near to classical bad Ring 
spun yarn. This could be attributed to the system itself or the machine condition and settings. 
 
6. CONCLUSIONS: 
The distribution of H parameter characterizing the overall hairiness for cotton yarns is bimodal and 
can be approximated by sum of two Gaussian terms. This event has huge influence on the majority 
of parameters characterizing spatial behavior of hairiness process. It will be necessary to prove 
bimodality for yarns having various fineness, compositions and systems of spinning before deciding 
about replacement of Uster mean value by more suitable characteristics.  
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1. INTRODUCTION  
The main aim of progress in textile machinery is to produce machines having higher and 
higher capacities (rates of production). From point of view of textile technology it is 
necessary to have products with required quality parameters for potential target application. In 
some instances, due to changes of production principles it is structure of new products quite 
different in comparison with original one. Typical example is spinning. Classical ring 
machines having relatively low rate of production (dependent on the yarn fineness) produce 
yarns, which are markedly different from yarns produced by the OE (open end) spinning 
frames (see. fig 1). The properties of both yarn types are modified as well but both are 
applicable for textile products creation. There are a plenty of other spinning principles 
producing yarns different in structure and properties as Dreft or Vortex or simple accessories 
improving properties of classical yarns (Compact spinning). Majority of research works 
dealing with comparison of various spinning principles are finished by comparison of yarn 
properties. It can be estimated that the differences in yarn structures and properties will have 
influence on weaving and finishing processes and therefore on the final fabric properties as 
well. The main aim of this work is comparison of classical ring spun yarns (P), OE spun yarns 
(BD) and new-patented EXPERIMENTAL spun yarns (N) structure and properties. The 
properties of gray and finished fabrics created from these yarns under the same conditions are 
investigated as well. For visualization of difference the special ray graphs ore used. In these 
graphs the 20tex ring spun yarns are used as standard (100%). 
 
2. SPINNING TECHNOLOGIES 
It is clear that the principle of fiber parallelization and twist insertion will have great influence 
on the structure and properties of yarns. In ring spinning machines is twist inserted via torque 
forces and amount of twist is controlled by delivery speed and spindle speed. Resulted yarn 
has marked helical structure created by surface fibers (see fig 1left) with relatively high 
hairiness and good mechanical properties.  
 

 
Fig. 1 Yarns 29,5 tex, left ring, in the middle experimental, right rotor 
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The main obstacle of ring spinning technology is relative small rate of production (see fig.2) 
In OE spinning chamber is twist inserted due to torque forces as well but amount of twist is 
controlled by rotor chamber motion. 
The main difference of OE spinning is special mode of twist insertion. Yam produced by this 
technology is composed from more chaotically arranged fibers. The so-called belts frequently 
appear (sec. fig. 1 right). This structure is source of lower hairiness and strength.  
The EXPERIMENTAL yarn creation principle replaces the ring and traveler system by 
another one. The yarn structure is similar to ring yarn (see fig. 1middle) but production rate is 
markedly higher (see fig. 2). 
 

 
 

Fig. 2 Production rates dependent on fineness for ring-low, experimental-middle and rotor-
high spun yarns [6]. 

 
3. EXPERIMENTAL 
The yarns from the same material were spun under comparable technological conditions. The 
yarn fineness was 10, 20 and 29.5 tex. There were problems with spinning ability of 10 tex 
rotor yarn. For this fineness were therefore created the ring and experimental yarns only. 
The yarn structure was evaluated from cross sections and longitudinal views. The special 
software for data evaluation has been used [1]. From the cross sections the structural 
characteristics in radial direction were evaluated. The packing density and fiber diameter were 
evaluated. The main shortcoming of this analysis is deformation of yarn subsurface layers 
caused by penetration of glues used for cross section creation. 
Longitudinal views were attractive for investigation of surface features. It is simple to identify 
the type of yarn production technology (see. fig.1) and hairiness based on these views. 
Technique of hairiness evaluation from longitudinal images is compared with hairiness 
measured on the Uster apparatus. The yarn structural parameters are measured according to 
internal standards of Textile Research Center [1]. 
The yarn unevenness and ultimate mechanical properties were measured according to ISO 
standards. For characterization of raw materials the fiber cross sectional areas and fineness 
were evaluated [1]. The fibers length and strength were measured by standard procedures. 
Results are summarized in the table II. For 10 tex yarns the combed technology (finer, longer 
and stronger fibers) was used. The 20 and 29.5 tex yarns were prepared by carded technology. 
The plain weaves with construction parameters given in [6] were produced on the same type 
of weaving looms. As finishing the standard technology of pretreatment and bleaching was 
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used. The low deformation range properties and surface properties were measured on the KES 
apparatus under standard conditions. The properties being measured are grouped into these 
blocks: Tensile property, Bending property, Surface property, Shearing property and 
Compression property. The characteristic values those represent the property of each of these 
six groups have been decided under the consideration such that the number of the 
characteristic values should be as small as possible, but enough for expressing the property of 
its block sufficiently. These characteristics are collected in the table 1 [5]. 
 

Table 1. Basic properties measured by KES 
Properties Symbols Characteristic value unit 
Tensile LT        x1 Linearity - 
 WT       x2 Tensile energy gf.cm/cm2 
 RT        x3 Resilience % 
Bending B          x4 Bending rigidity gf.cm2/cm 
 2HB     x5 Hysteresis gf.cm2/cm 
Shearing G          x6 Shear stiffness gf/cm.deg 
 2HG      x7 Hysteresis at ∅ = 0,50 gf/cm 
 2HG5    x8 Hysteresis at ∅ = 50 gf/cm 
Compression LC        x9 Linearity - 
 WC       x10 Compressional energy gf.cm/cm2 
 RC        x11 Resilience % 
Surface MIU      x12 Coefficient of Friction - 
 MMD    x13 Mean deviation of MIU - 
 SMD     x14 Geometrical roughness μm 

 
Details about the measurement principles and sample preparation are collected in [7]. 

 
4. YARN PROPERTIES  
Typical cross sections are shown in the fig. 3. Due to the high variability between cross 
sections there are no visible differences between individual yarn types. For the rotor yarns 
(fig. 1b) the cross-directed fibers in subsurface layers (tips) are appeared. The radial analysis 
of cross sections was made by the Secant method [1], [2], [3]. The following mean 
characteristics from 40 cross sections were evaluated: 

- Number of fibers 
- Radial packing density trace 
- Effective packing density 
- Effective yarn diameter 

Results are summarized in the table 2. The yarn twist was selected in accordance with 
requirement of the same twist coefficient for the same fineness. In practice is common to use 
higher twist coefficient for rotor yarns (leading to the higher strength). 

 
a) Ring yarn no.3 b) Rotor yarn no.4 c) Experimental yarn no.5 

 

 

 

 
 

 

 

Fig. 3 Cross-sections of yarn 20 tex 
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Fiber number in yarn cross-section: Common practice is to estimate number of fibers in yarn 
cross section as yarn fineness T divided by fiber fineness t. This relation is valid for the 
parallel fiber bundle only. Due to fiber inclination and curling are the real numbers of fibers 
in yarn cross section smaller. 
 The quantity T/t is therefore multiplied by factor kn (kn < 1), which is dependent on the 
technology of yarn production [2]. Experimentally evaluated numbers of fibers in yarn cross 
section are given in the table 1. These values are linear function of yarn fineness and are not 
dependent on yarn production technology.  
Yarn diameter and packing density: Radial packing density trace characterizes packing 
density as function of distance from yarn center. This characteristic is generally dependent on 
yarn fineness, twist and diameter.  
Experimental evaluation of radial packing density trace is based on the division of yarn cross 
section to the radial system of annual rings and computation of relative portion of fiber areas 
to the ring area [1]. Radial packing density traces are given in the fig. 4.  
The differences between yarn production technologies are statistically insignificant. Higher 
values in the fiber axis vicinity for ring yarn fineness 10 tex are due to higher twist. This 
observation is in accordance with practical experiences. 
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Fig. 4 Radial packing density traces of yarns 

 
The yarn diameter is usually replaced by the diameter of equivalent cylinder containing 
majority of fibers. Effective yarn diameter is evaluated as value corresponding to the mean 
radial packing density 0.15. Alternatively it is possible to define yarn diameter as value 
corresponding to 50 % of hairiness function [1].  
Instead of radial packing density trace the mean packing density is often used. The mean 
packing density μ is simply the ratio of fiber areas in circle having effective diameter to area 
of this circle. The effective yarn diameter d is defined by relation πμρTd 4= , where T is 
yarn fineness and ρ is fiber density. It is visible (see tab. II) that the finest yarn 10 tex with 
maximal twist have maximal packing density and minimal diameter. Influence of yarn 
production technology is negligible.  
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Yarn diameter and hairiness: Typical yarns surface structures are given in fig. 1. It is visible 
that the ring and experimental yarns have very similar helical appearance. 
Hairiness is a very important yarn characteristic having influence on fabric production 
processes and some fabric properties.  
Hairiness characterizes the amount of fibers protruded from the compact yarn body towards 
the outer yarn surface. Two main optical principles are applied for measuring yarn hairiness. 
First one is based on counting fibers at relatively longer distances (1 mm and more) for 
example Zweigle. The second principle is scanning of light intensity of illuminated fibers in 
hairiness region, realized by Uster Tester. First method is unable to evaluate the fibers near to 
the yarn surface, while the second one gives only single cumulative scalar value 
characterizing yarn hairiness. The new principle of measuring the yarn hairiness [4] from 
longitudinal views is based on passing a light beam across the yarn image by an imaginary cut 
corresponding to one row of pixels processes the image. Black and white pixels are obtained 
after binary segmentation. The mid point of longest section of black pixels defines the yarn 
axis. The distance of black pixels from yarn axes are determined. The relative frequency of 
the black pixels on each distance x is found experimentally from many images (usually 800) 
defines so called the hairiness trace. Evaluation of hairiness requires determination of borders 
between yarn body and hairiness region, i.e. the value of effective yarn diameter, which 
corresponds to 50% of hairiness trace. The value of hairiness can be expressed numerically by 
estimation the area under the hairiness trace in the interval <d/2; 3d>. There are close 
connection between this hairiness and hairiness evaluated from Uster Tester 4. 
There are visible differences between yarns having different fineness. For the same fineness 
are clear differences between yarn production technologies. Lowest hairiness and highest 
diameter have rotor yarns.  
Ring yarns have lowest diameter and moderate hairiness. Experimental yarns have moderate 
diameter and highest hairiness. The computed hairiness is given in the fig. 6. 
 

Fig. 5 Yarn diameter [mm] Fig. 6 Yarn hairiness [-] 
 
Yarn diameters computed from hairiness curves are given in the fig. 5. There are some 
differences between both yarn diameters caused by distortion of glued cross sections. The 
hairiness is markedly increasing linear function of yarn fineness and the technology of yarn 
production is important as well. The lowest hairiness is for rotor, moderate for ring and 
maximal for experimental yarns.  
Yarn unevenness: The yarn unevenness CVUster, thick/thin places and neps were measured on 
the Uster Tester 4 apparatus. Results are given in the table 3. The irregularity index I is ratio 
of CVUster and limit unevenness CVlim 

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8 

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8
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limCVCVI Uster=  (1) 
Limit unevenness is computed from Martindale relation [2] 

enCV 100lim =  (2) 

where ne is experimentally evaluated number of fibers in yarn cross section. The index of 
unevenness is clearly increasing function of yarn fineness. The influence of technology is 
statistically insignificant (see. fig. 7)  

Fig. 7 Unevenness index [-] Fig. 8 Yarn tenacity [N/tex] 
 

Table 2. Fiber and yarn geometrical parameters 

 

Yarn fineness 10 tex Yarn fineness 20 tex Yarn fineness 29,5 tex 

100% cotton MII 
combed 100% cotton AI carded 100% cotton  AI carded 

Ring   
no.1  

Exper.  
no.2 

Ring  
no.3 

Rotor  
no.4 

Exper.  
no.5 

Ring  
no.6 

Rotor  
no.7 

Exper.  
no.8 

Fiber fineness 
[tex]  0,143-0,153)*  0,190-0,202 0,177-0,189  

Fiber length [mm]  28,9-30,8  24,0-26,0  24,1-26,1 
Fiber tenacity. 
[cN/tex]  27,70-40,54  15,31-22,45  16,39-22,95- 

Yarn fineness 
[tex]  9,88 9,43 19,42 19,82 20,1 28,46 29,48 29,42 

Yarn twist [m-1] / 
Twist coefficient 
[m-1ktex2/3] 

1189 / 60 
 

1232 / 60 
 

889 / 65 
 

888 / 65 
 

802 / 65 
 

658 / 65 
 

681 / 65 
 

652 / 65 
 

Fiber number in 
yarn cross-sect.  
[-] 

 79-85  71;77  128-140  126-142  133-143  174-192  178-194  197-218 

Packing density [-]  0,46-0,51  0,49-0,53  0,41-0,46  0,41-0,45  0,39-0,42  0,39-0,42  0,38-0,42  0,39-0,43
Yarn diameter 
from cross-sect. 
[mm] 

 0,12-0,13  0,11-0,12  0,16-0,19  0,16-0,19  0,17-0,19  0,20-0,23  0,22-0,24  0,20-0,23

Yarn diameter 
from longit. views 
[mm] 

0,119 0,123 0,177 0,212 0,192 0,253 0,287 0,267 

Hairiness - image 
anal.  [-] 0,015 0,018 0,023 0,018 0,031 0,028 0,021 0,042 

Hairiness Uster[-] 
 3,7 4,16  5,47 4,12 7,01 7,00 4,91 9,07 
)* 95 % confidence intervals 
Yarn tenacity and elongation: Single yarn strength was evaluated on the Instron tensile tester 
4411. Yarn tenacity and elongation values with fiber utilization factors in yarn are given in 
table 3 and dependences on yarn fineness are given in fig. 7, 8, 9, 10. Yarn strength is 
dependent on the many factors: 
  

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8 

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8 
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fiber parameters; including strength and surface characteristics, 
yarn specifications, resulting in yarn packing density,  
the technology applied and machine setting. 
 
There is visible the known fact that increasing yarn count leads to decreasing of tenacity and 
increasing of break elongation. For the same yarn fineness is visible smallest tenacity and 
elongation at break for rotor yarn in comparison with ring and experimental ones.  
 

  

Fig. 9 Fiber utilization factor [-] Fig. 10 Yarn elongation [%] 
 
This result is due to disordered structure of rotor yarn. The structure of ring and experimental 
yarns are similar but experimental yarns have loosed subsurface layers and therefore the 
strength is slightly smaller. The fiber utilization factor in yarn shows the same tendency. 
 

Table 3. Unevenness and ultimate mechanical properties of yarns 

 

Yarn fineness 10 tex Yarn fineness 20 tex Yarn fineness 29,5 tex 

100% cotton MII 
combed 100% cotton AI carded 100% cotton  AI carded 

Ring  
no.1  

Exper. 
no.2 

Ring  
no.3 

Rotor  
no.4 

Exper.  
no.5 

Ring  
no.6 

Rotor  
no.7 

Exper.  
no.8 

CV Uster [%] 13,99 14,19 14,98 15,53 15,15 13,83 13,70 13,39 
Unevenness 
index 
[-] 

1,27 1,22 1,73 1,80 1,78 1,87 1,87 1,93 

Thin places 
[km-1] 7/14 5/5 2/8 52/59 4/9 0/4 6/6 0 

Thick places 
[km-1] 60/70 54/66 357/242 116/140 204/204 152/96 44/46 105/91 

Neps [km-1] 160/195 166/219 692/484 646/711 483/525 318/212 168/195;1 200 
Tenacity 
[Ntex-1] 0,21;0,22  0,19;0,21 0,16;0,17 0,11;012  0,14;0,15 0,15;0,16  0,10;0,11  0,14;0,15

Elongation 
[%] 4,3;4,5  4,23;4,44  4,66;5,96 4,94;5,22  5,50;5,76 6,25;6,47  5,87;6,11  6,08;6,29

*) 95 % confidence intervals 
 
The technology of yarn production leads to the following differences in yarn structure and 
properties: 

• Rotor yarn has characteristic closed structure with tips. This yarn has smallest 
hairiness. Disordered internal structure leads to the smallest strength. 

• The ring yarn has more arranged structure with higher hairiness and maximal strength. 

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8 

Ring 1,3,6 
Rotor 4,7 
Experimental 2,5,8 
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• The experimental yarns have similar internal structure as ring one. The main 
differences are in hairiness and looser arrangements in subsurface layers. Result is 
slightly lower strength. 

• Increasing of yarn titre (fineness in tex) leads to increasing number of fibers in yarn 
cross-section, increasing yarn diameter, hairiness and unevenness. The strength is 
decreasing function of yarn titre. 

Yarns produced by different technologies have comparable geometrical characteristics. The 
main differences are in hairiness, strength and elongation at break. 

 
5. LOW DEFORMATION FABRIC PROPERTIES 
The low deformation range and surface properties of gray fabric (r) and finished fabric (u) 
measured on KES are summarized in ray graphs. The properties of gray fabrics made from 20 
tex ring yarns are selected as 100% (circle having radius 1). In figs. 11, 12, 13 are results for 
gray fabrics  
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Fig. 11 KES fabric properties of gray fabric in warp and weft directions from yarn of 
fineness 20 tex. 
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Fig. 12 KES fabric properties of gray fabric in warp and weft directions from yarn of 

fineness 10 tex. 
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Fig. 13 KES fabric properties of gray fabric in warp and weft directions from yarn of 
fineness 29,5 tex. 

 
The results for finished fabrics are shown in figs. 14, 15, and 16. 
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Fig. 14 KES fabric properties of finished fabric in warp and weft directions from yarn 

fineness 10 tex. 
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Fig. 15 KES fabric properties of finished fabric in warp and weft directions from yarn 
fineness 20 tex. 
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Fig. 16 KES fabric properties of finished fabric in warp and weft directions from yarn 
fineness 29,5 tex. 

 
It is visible that there are differences due to fineness, yarn type and fabric treatments. For gray 
fabrics are higher differences in shearing properties (see fig 13) between rotor yarn and other 
two yarn types. Coarser rotor yarns (29.5 tex) appear to lead to more stiff locked structure of 
fabric. The shearing characteristics of fabrics from rotor yarns 20 tex are higher as well. In 
finer yarns are differences between low deformation properties less visible. Differences in 
surface properties of gray fabric are not directly corresponding to differences in yarn 
hairiness.  For the finished fabrics are results more scattered. For fabrics from yarns 29.5 tex 
is still visible higher resistance to shear. The surface roughness characteristics in the warp 
directions are higher for experimental yarns in comparison with rotor and ring yarns. It can be 
concluded that the yarn parameters (here especially hairiness) are not directly connected with 
corresponding characteristics of fabrics (here friction and roughness).  

 
6. CONCLUSION 
The technology of yarn formation has great influence on the internal structure and mechanical 
properties of yarns. Especially the hairiness and ultimate mechanical tensile characteristics are 
changed due to structural differences. It is therefore possible to select right technology from 
point of view of desired properties and production economy. The low deformation and surface 
fabrics properties are not directly connected with properties of yarns. On the other hand the 
ultimate mechanical properties of fabrics and their transport properties correspond to yarns 
properties more directly [6]. 
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This part is devoted to developments in fabric structures and properties in a nontraditional 
perspective. Prediction of fabric air permeability from predicted volume porosity (as 
combination of yarn diameters and weft / warp setts is reported. It can be expected that 
procedures for objective evaluation of textiles quality will keep on developing and they will 
thus simplify a complex optimization of textiles manufacturing process in respect of their 
required utility. The application in the computer aided textile design will be more precisely 
oriented to the better quality of products. One of the chapters focuses on geometric and micro-
mechanical modelling of 3D orthogonal fabrics for composite applications and employs 
Meso-FE (Finite Element) modelling for it. Traditional fiber-reinforced composites have 
improved over the years with respect to material properties and have gained considerable 
acceptance in the aerospace industry. The in-plane properties of woven composite system are 
defined by the fabric structure and properties. Some non-conventional applications of woven 
fabrics for cut resistant and electromagnetic shielding purpose are highlighted. One 
contribution is comparison of method for evaluation of surface uniformity of nonwovens 
based on the data in the form of rectangular arrays (quadrat method). Thus the contributions 
cover a range of fabric structures and applications in the woven and nonwoven category. 
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Chapter - 23 
 

COMPLEX CRITERION FOR COMPUTER AIDED TEXTILES 
DESIGN  

 
Jiří Militký and Dana Křemenáková  

Textile Faculty, Technical University, Liberec, Czech Republic  
 

1. INTRODUCTION 
One of main tasks in the realization of computer aided textile design is creation of selection of 
optimal solution. This criterion can be simply created based on the complex quality indices. 
The degree of quality (complex criterion) is often expressed as utility value U [1]. Evidently, 
general quality of textiles is characterized by many of various utility properties Ri (i = 1,…m). 
These are such properties that make it possible for the product to fulfill its function. Then the 
Utility value U∈<0, 1> aggregates partial quality properties in certain way [2]. 
The purpose of the paper is to describe the construction of this criterion suitable for computer 
aided textile design. The application of U and corresponding pseudodistance is demonstrated 
on the example of characterization of the effect of catalysts on the quality of crease resistant 
finished fabrics under laboratory conditions. The target fabric was selected according to the 
requirements to minimize the influence of finishing on the loss of mechanical properties and 
surface abrasion on one hand and improve the recovery angles on the other hand. The 
program COMPLEX written in MATLAB will be briefly mentioned.  
 
2. DISTANCE FUNCTION 
For computer aided design purposes, it is essential to calculate the distance between target 
(designed) fabric and the variants calculated virtually or selected from database system. Let 
the target fabric is characterized by set of Gi values for m utility properties and j th variant 
fabrics is characterized by the set of Rij properties for the same utility properties. Let each 
property has importance characterized by some weighting factors wi, standardized to have sum 
equal to one. The distance dj between target fabric and j-h variant fabric is in majority cases 
calculated from selected metric.  
 
(a) Euclidean distance (metric):  
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(b) Hamming or Manhattan distance (metric):  
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(c) General Minkowski distance (metric):  
 

Mj
1

( )
m

pp
i ij

i
d G R

=

= −∑          



 
 

303

Where, for p = 1, it is Hamming distance and for p = 2 it is Euclidean metric. The consequence 
of increasing p is to exaggerate the more dissimilar units relative to the similar ones. 
Unfortunately, these distances are not invariant to changes in scale and the results can change 
appreciably by simply changing the units of measurement. 
In effect the Mahalanobis distance is a generalization of the idea of standardization. The 
squared Euclidian distance based on standardized variables is the sum of the squared 
differences, each divided by the appropriate variance. When the variables are correlated, a 
distance can be defined to take this correlation into account. 
The Mahalanobis distance (metric) can be thought of as an appropriate statistical distance for 
use in properties space similarly as the Euclidean distance but where there exist different 
variances and covariances between properties expressed by covariance matrix  
 

1
MAj ( ) ( )T

j jd −= − −G R C G R         
 
where C is covariance matrix for properties, G is vector of properties for target fabric and Rj is 
vector of properties for jth variant fabric.  
For case of two properties (G1, G2) and (R1, R2) suppose that the variances for each property 
are 2

1s  and 2
2s , respectively, and that the correlation between both properties is r. The squared 

Euclidian distance based on the original values is  
 

E

2 2 2
1 1 2 2( ) ( )d G R G R= − + −         

 
The same quantity based on standardized properties is squared (standardized Euclidian 
distance)  
 

SE

2 2
2 1 1 2 2

2 2
1 2
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If r = 0, then the last quantity is also the Mahalanobis distance. 
If 0r ≠ , the Mahalanobis distance is  
 

MA SE
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The differences between Euclidian and Mahalanobis distances are shown in the fig.1. 

 

 
Fig. 1 Differences between Euclidian (circle) and Mahalanobis (ellipse) distances 

 
In the red circle are all distances shorter or equal to selected value (equal to circle radius). The 
corresponding Mahalanobis distances are lying in the green ellipse. 
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The main shortcoming of all these distances is assumption that distance from target value is 
independent on situation when properties increase or decrease. For the case of calculation of 
distance for computer aided textile design, it is in fact distance characterizing loss of quality. 
It means that target fabric has highest quality and aim is to construct variant fabrics with 
similar quality. Higher distance then should correspond to lower quality (usefulness).  
 
3. COMPLEX QUALITY CHARACTERIZATION 
The textile product or semi product quality is characterized by several properties expressing 
their ability to fulfill functions it was designed for. The degree of quality (complex criterion) 
is often expressed as utility value U (see e.g. [1]). Evidently, general quality of textiles is 
characterized by many of various utility properties Xi (i = 1,...m). These are such properties 
that make it possible for the product to fulfill its function. Utility value U∈<0, 1> aggregates 
in fact partial quality properties. 
Evaluation of quality based on complex criterion is closely related to the well-known problem 
of complex evaluation of variants [2]. For complex evaluation of variants, the R matrix of the 
(n x m) order is available containing for individual V1,.........Vn variants ( R matrix rows) the 
values of selected R1,.......Rm characteristics ( R matrix columns) The Rij element of the matrix 
thus expresses the value of the j - th characteristic of Xj for the i –th variant of Vi. The aim is 
to sort individual variants in the order of their importance. In economics several different 
methods are used in this field and most of them are based on preferential relations [2]. A 
special technique is the so called "useful effect method" or "base variant method". Base 
variant practically represents an ideal state where individual characteristics get optimum 
values. 
By means of bj ( j=1,...m) values for individual characteristics of a base variant, dimensionless 
standard quantities uij  are calculated. If the increase of the Xj characteristic is accompanied by 
the increase of quality, the standard quantities are calculated according to the relation 
 

1= ij
ij

j

R
u min( , )

b
       (1) 

 
In opposite case, the dividend and the divisor are interchanged. As U(R) = U(u) is an 
aggregating function, a suitable weighted average is used. Generally a question may arise 
whether a suitable aggregating function really exists [1]. 
When applying the method of base variant for expressing of textiles quality, the following 
problems have to be solved: 
 
• Selection of Xi characteristics corresponding to utility properties, 
• Determination of preferential functions u(Rij) expressing "partial quality" for chosen 
utility property, 
• Assessment of the importance of individual utility properties, 
• Proper aggregation, i.e., determination of the U function. 
 
When expressing quality, each fabric is generally compared as for two specific base variants. 
One of them expresses an ideal state of an absolutely satisfactory product where U is near 
one, the other a state of a just unsatisfactory product where U is near zero. In sequel the "i" 
index for the i - th variant of Vi is left out. 
Utility properties Xj (i = 1,.....m) are chosen in several ways. For technical textiles most of the 
utility properties are known from potential area of application. For clothing textiles the utility 
properties are based on consumer requirements. Some of them are specified by standards. 
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Occasionally the redundancy among the selected utility properties exists. For finding the 
minimum sufficient set of properties multivariate statistical techniques (e.g. principal 
component analysis) can be used. The utility properties are also often selected on the basis of 
new measurement methods. For the case of distance computation in fact the properties are 
already selected. 
Relative contribution of utility properties to general quality is usually expressed by weights wi 
whose standard is set to make Σwi=1. In relation to their choice, various aspects for 
expressing the utility may be given preference. 
When obtaining the weight wj , analysis carried out by several experts is often used. Two 
main techniques can be used: 
 
a) Method of rank - properties are assorted in accordance with their importance 
 
b) Method of marking - each property obtains mark from the scale 0 - 10. 
 
Statistical procedures must be worked out so that they also can reveal the quality of a 
particular expert and that eases a relatively precise determination of individual βj values (see 
[3]). 
In certain cases a combination of various weights may be used. Statistical weights may be 
proportional to variance of individual utility properties.  
For the case of distance computation weights wi are usually known or may be simply 
estimated. 
The first step in calculation of utility function U is transformation of individual Ri (i = 1,.....m) 
measured values to the standardized Wi form using base characteristics and a subsequent  
determination of partial utility functions uj=u(Wj). 
There are many special procedures and they differ by the scale in which individual utility 
properties are expressed. In branch of textiles, ordinal and mainly cardinal scales are used. 
Ordinal characteristics - In this type of scale, classification has been introduced, but 
differences are not quantified. As an example of it may serve grade scales for expressing dye 
fastness, hand and serviceability. Grades are awarded by the comparison with etalons or by 
ranking. Usually the higher the grade; the higher is the partial textile quality. Standardization 
is carried out by the relation 
 

1i i
i

i i

R SW min( , )
D S

−
=

−
       (2) 

 
where Sj is a value of a just unsatisfactory base variant (inadmissible value, here equal to the 
lowest grade) and Dj is a value of an absolutely satisfactory base variant (wanted value, here 
equal to the highest grade or target fabric value). Partial utility functions are then calculated 
by the relation. 
 

i iu W β=        (3) 
 
where β is a coefficient expressing nonlinearity of the transformation. If β > 1, it is a convex 
transformation. If β < 1, it is a concave transformation and if β = 1, it is a linear one. We 
choose β < 1 that expresses the fact that any improvement near the unsatisfactory base variant 
will affect the quality much more deeply than any improvement near a quite satisfactory base 
variant. 
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Cardinal characteristics - are usually expressed in physical units. During their standardization 
the fact should be taken in account that there are two types of cardinal characteristics. 
One-side bounded characteristics are of two basic types. For the characteristics of first type 
(HB - higher is better) is valid: after the D j> Si value has been exceeded utility does not 
change any more (strength, recovery angle, etc.). For the characteristics of second type (LB - 
lower is better) is valid: till the Dj < Si value has been reached utility is maximum and does 
not change (pilling, shrinkage, etc.). Both types can be treated by the same manner. 
Standardization is computed by the following relation 
 

H i i S i i ii
i

i i

  (   -  ) +   (   -  )SZ R Z D RW = 
 - SD

     (4) 

 
where ZHi and ZSi are chosen in view of what should become the values of the uj preferential 
function for an unsatisfactory base variant or for a satisfactory base variant respectively. For 
calculating the preferential function, Harrington preference function is often used 
 

i iu  = exp (  - exp (  -W  ))       (5) 
 
For this type of preference function we choose ZSi= - 0.5 (corresponding to ui = 0.19) and 
ZHi=1.5 (corresponding to ui = 0.8). Instead of the equations (4) and (5), a piecewise linear 
function may be also used. In this case the proper lower Li and upper Hi limits for each 
property Xi should be specified (see fig. 2 for the case of LB).  
 

 
Fig. 2 One side bounded properties 

 
Simultaneous standardization and transformation to the partial utility function is realized by 
calculating of quantity 
 

( )0 9 1i i i
i i

.u R H
H L

= − +
−

      (5a) 

 
Two-sides bounded characteristics are those where on both sides partial utility decreases from 
"the optimum". As an example of it may serve air permeability or bending rigidity. Here 
standardization is realized by the equation 
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i i
i

i i

 - R DW = 
 - SD

       (6) 

 
where Si is the bottom limit for unsatisfactory base variant. Symmetry is assumed so that the 
top limit for unsatisfactory base variant equals to Sμj = 2Di - Si . 
In the equation (6) it has been already assumed that ZHi= - 1 and ZSi = 1. For the calculation of 
preference function the following relation is used 
 

1.5
i iu  = exp (   abs (  W   ))−        (7)  

 
Instead of the equations (6) and (7) the piecewise linear function may be used as well. 
Because quality is here monotone decreasing function of property value R on both sides from 
optimal (constant) region and therefore has the piecewise linear transformation form shown in 
the Fig. 3. 

 
Fig. 3 Two side bounded properties 

 
In this case, the lower limits L1, L2 and upper limits H1, H2 should be chosen. For calculation 
of ui the eqn. (5a) can be easily adopted. 
To determine the aggregating function U various types of weighted average may be used (e.g. 
arithmetic, geometric or harmonic). The arithmetic average is the simplest but it leads to too 
"optimistic" assessment of utility value. Therefore the most suitable is the weighted 
geometrical average that meets the following requirements: 
 
o  The values of utility properties close to absolutely unsatisfactory base variant are more 
important for expressing the quality than those close to optimum base variant, 
 
o  Unsatisfactory value of utility properties cannot be compensated by values of other 
characteristics (if a fabric is absolutely unsatisfactory in one quality criterion then its utility is 
practically zero). 

 
The weighted geometrical average U is calculated by the relation 
 

m

ii
i=1

U = exp (    ln (   ) )uβ∑      (8) 
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The U value can be used alone as complex quality criterion for each variant and target fabric 
as well. In this case the U values for some variants can be better than for target fabric. Second 
possibility is to calculate some pseudodistances as  
 

( )  1Pj jd K U= −       (8) 
 
where K is constant with meaning of maximum possible distance when quality is equal to 
zero. The simplest is to choose K = 1, and pseudodistance is then in the interval <0, 1> . In 
the case of pseudodistance computation the target properties are usually used instead of 
properties for an absolutely satisfactory product.  
 
4. PROGRAM COMPLEX 
When forming the aggregating function U from experimentally determined values of 
individual utility properties, the statistical character of the Rj quantities should be considered 
and the corresponding variance D(U) should be also determined besides the U. One procedure 
for estimation of E(U) and D(U) based on Taylor series expansion is given in the paper [4]. 
In program COMPLEX written in MATLAB the technique described in [5] has been applied. 
It is based on the assumption that for each utility property Xj, the mean value Rj and variance 
s2

j are determined by statistical treatment of the measured data or based on previous 
knowledge. 
The proper determination procedure of the utility value U of statistical characteristics consists 
of the following parts [6]: 
 
I. Generation of R(k)

j  (j=1,.....m) values having normal distribution with mean values Rj and 
variances s2

j. The pseudorandom number generator built in MATLAB is used here.  
 
II. Calculation of the utility value U(k) using the relations (3), (5), (7) and (8). 
 
III. The steps I and II are repeated for k=1,.....s (usually s = 600 is chosen). 
 
IV. Construction of a non-parametric estimator of probability density function and histogram 
from the values U(k) (k=1,.....n) and computation of the E(U), D(U) estimates. To characterize 
the form of utility value distribution, skewness and kurtosis are determined, too. 
 
The procedure can be easily modified in case that some values Rj corresponding to utility 
property Xj do not have normal distribution. 
It is also possible to investigate the effect of correlation between Rj and Rk values that 
correspond to Xj and Xk utility properties. 
In the program COMPLEX the pseudodistances dP are calculated as well.  
 
5. EXPERIMENTAL 
The main aim is to show the procedure of complex criterion evaluation and pseudodistance 
calculation on the simple and clear example. The effect of catalysts on the quality of crease 
resistant finishing was investigated under laboratory conditions. The target fabric was selected 
according to the requirements to minimize the influence of finishing on the loss of mechanical 
properties and surface abrasion on one hand and improve the recovery angles on the other 
hand. This fabric is in fact ideal one because the (at least small) drop of mechanical properties 
due to this type of finishing is obvious.  
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The V0 variant is an untreated fabric, the V1 is a fabric with crease resistant finish treated with 
the Catalyst AC (Monsanto) and the V3 is a fabric with resistant finish treated with the 
Catalyst CR (Cassela). The values of target fabric are denoted as Di in the table 2. 
Table 1 contains selected Ri characteristics (utility properties). All the measurements were 
done by means of standard testing procedures. 

 
Table 1. Selected Utility Properties 

Code Utility Property Dimension 
R1 Tensile Strength N/5cm 
R2 Elongation % 
R3 Tearing Strength mN 
R4 Shrinking % 
R5 Dry Recovery Angle degree 
R6 Wet Recovery Angle degree 
R7 Surface Abrasion % 

 
Mean values RMj of Xj utility properties and values corresponding to just unsatisfactory Sj and 
satisfactory Dj (target fabric) base variants are given in Table 2. The relative errors of 
measurements were in all cases of below 5%. 
 

Table 2. Values of Individual Utility Properties 
 R1 R2 R3*103 R4 R5*102 R6 R7 
V0 372 9.7 16.7 3.1 0.62 67 0.03 
V1 316 8.7 8.52 2.1 1.14 120 2.77 
V2 336 9.4 9.48 2.7 1.19 125 1.78 
Sj 250 7 8.00 2 1.10 120 5 
Dj 372 10 16.7 0 1.35 145 0.03 

 
4. RESULTS AND DISCUSSION 
By using the above described program COMPLEX in MATLAB the mean E(U), variance 
D(U), and pseudodistance dP values for all three variants have been estimated. Results are 
summarized in Table 3. (for simplicity, constant weights wj = 1/7 and K = 10 were chosen ). 
 

Table 3. Statistical Characteristics of Utility Values 
Variant E(U) D(U) Pseudo-distance 

dP 
Euclidean distance 

dE 
V0 1.24 10-6 1.59 10-11 0.99 169 
V1 0.352 1.54 10-3 0.648 8530 
V2 0.354 1.31 10-3 0.646 946 

 
Apparently, based on E(U) the V2 variant is slightly better that the V1 one. From statistical 
point of view the mean utility values for V1 and V2 variant are not significantly different. The 
pseudo-distances show the relative big difference due to relatively high loss of surface 
abrasion and tearing strengths. The order of distances based on the pseudo-distance is quite 
different from the order obtained from Euclidean distance. Classical Euclidean distance shows 
wrongly that the best variant is V0 i.e. untreated fabric. 
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5. CONCLUSION 
Evidently expressing the quality based on complex variant evaluation is of a universal 
character (fibers, yarns etc.). There are, of course, many other techniques; some of them (e.g. 
polar property diagram) do not even carry out any aggregation. The advantage of the complex 
quality criterion U manifests itself especially in the case when quality of a whole series of 
textiles is being compared. The pseudodistance has many advantages in comparison with 
classical distances. Main improvement is proper functioning for the cases of one side bounded 
properties (asymmetric partial distances).  
It can be expected that procedures for objective evaluation of textiles quality will keep on 
developing and they will thus simplify a complex optimization of textiles manufacturing 
process in respect of their required utility. The application in the computer aided textile 
design will be more precisely oriented to the better quality of products.  
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Chapter -24 
 

FABRIC DRAPE PREDICTION 
 

Jiří Militký, Dana Křemenáková and Zdeněk. Kůs 
Faculty of Textile Engineering, Technical University of Liberec, 461 17 Liberec, 

 Czech Republic 
 

1. INTRODUCTION 
It is well known that textile fabrics are hierarchically structured with high anisotropy and 
nonlinear viscoelastic response. They undergo large complex deformations as response to 
relatively small forces. One of such deformation is fabric drape, which can be assumed as 
complex buckling and shearing of an original planar configuration. The drape behavior is 
mechanically very complex phenomena connected with fabric weight and various 
characteristics as bending rigidity and shear resistance. There are known empirical models 
based on the one-third rule applied to bending and shear. Some models are based on the 
dimensionless variables or nonparametric regression as neural networks. 
The main aim of this contribution is comparison of hard and soft (neural network) models and 
selection of optimal one from point of view of prediction potency. The measurements of 
Cusick's drape coefficient (from draped fabric images) and mechanical characteristics 
measured on the KES apparatus for the 79 fabric data set are used for evaluation of model. 
The predictive ability is tested by the 12 fabrics not used for model creation. 
The drape behavior is very complex phenomena connected with various characteristics as 
bending rigidity and shear resistance. There are known empirical models based on the one-
third rule applied to bending and shear. Some models are based on the dimensionless 
variables or nonparametric regression as neural networks. 
The main aim of this contribution is selection of optimal model of drape from family of hard 
regression models according to prediction potency. The combination of classical parametric 
regression and exploratory tools (partial regression graphs) is used.  
As the soft models the neural network realized by radial basic functions is selected. The 
complex study based on the measurements of Cusick's drape coefficient (from draped fabric 
images) and mechanical characteristics measured on the KES apparatus for huge fabrics set 
are used for evaluation of the optimal model. The predictive ability is tested by using of the 
12 fabrics not used for model creation. 
 
2. EVALUATION OF DRAPEABILITY 
Drape or „Drape ability“are terms or that property of textile materials which allows a fabric to 
arranges itself into graceful folds or pleats when acted upon by force gravity  
Numerous “drape tests” have been reported. Well known is F.R.L. Drape meter. The sample 
holder consists of two flat plates circular in shape (area Po) mounted on a shaft coming 
through the base (see. fig. 1). 
The circular fabric sample of area Pm is sandwiched between the plates and the shaft is raised 
until the overhanging portions of the sample no longer touch the base. The image of this 
draped pattern is cast onto a sheet of ground glass by means of a lens system.  
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Fig. 1 Realizations of Drape measurements 

 
The drape coefficient is then defined as percent of the annular – ring area covered by the 
draped sample DC.  
 

m p

m o

P P
DC

P P
−

=
−

        (1) 

 
There exist a lot of methods for evaluation of the draped sample area Pp. Classical is tracing 
of draped sample image on a thin piece of paper and evaluation of projected pattern area by 
weighting or by using of plan meter. In work [1] the mechanical integrator was proposed. 
Modern techniques are based on the using of image analysis for determination of projected 
area. Pp. There exists a lot of works oriented to measurement of mechanic properties in static 
and dynamic state and correlation with static and dynamic drape [8]. Circular shape of flat 
plates is replaced by pentagonal shape etc. The review of traditional and modern methods for 
drape characterization is described in thesis [10]. The static drape coefficient is generally 
unstable. The drape shape changes easily by minute acting of force on draped fabrics. For 
improving of stability of measurements the specific system of drape measurement (samples 
handling, shape capturing and sample hanging) has been proposed. The error of measurement 
is then reduced below 4%. [13]. Dynamic drape testers are capable to include the dynamic 
effects as well [11]. 
 
3. DRAPE AND MECHANICAL CHARACTERISTICS 
Cusick [6] suggested that bending and shearing moduli were the main factors describing 
drape behavior of fabrics. The bending characteristics are in general more important. The 
quadratic regression model predicting drape from bending length and shear angle was selected 
[6]. Publication of Morooka and Niwa [3] provides the basis for determination a drape 
coefficient DC from bending rigidity and the weight of fabric. 
 

3 3 3
90 0 455.1 115* ( / ) 131.1* ( / ) 1.2* ( / )DC B W B W B W= + + + +  (2) 

 
where B90 is bending rigidity [g cm2/cm] along warp, B0 along weft and B45 in bias direction, 
W [mg/cm2] is fabric weight. This regression equation was derived from 138 samples of 
woven fabrics and mechanical properties were measured by KES system, If B90 and B0 are 
only measured the modified form  
 

311.3 213.5* ( / )aDC B W= +       (3) 
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is proposed, Here Ba is average between bending rigidity in the warp and weft directions. Seto 
and Niwa [14] included to the model for drape prediction the bending 2HB and shear 2HG 
hysteresis as well. The so called Niwa model has the form 
 

3 3 3 3
0 1 2 3 4* ( / ) * (2 / ) * ( / ) * (2 / )DC b b B W b HB W b G W b HG W= + + + +  (4) 

 
The bending rigidity B, bending hysteresis 2HB, shear rigidity G and shear hysteresis 2HG 
were measured on KES and have units used in this system. The draping index DI was 
proposed for evaluation of drape from basic construction parameters of fabric. The empirical 
formula for DI has the form [8] 
 

104.8 12.496* .0372*  0.738* 0.188*DI T W Fs Yc= + + − −   (5) 
 
where Fs is mean of fabric sett along warp and weft side [thread/cm], t [mm] is fabric 
thickness, W [g/m2] is fabric weight and Yc is mean of yarn fineness along the weft and warp 
side [tex]. The higher DI corresponds to lower drape ability. The correlation between DC and 
DI is about 0.5 only. 
It has been found that drape coefficient correlates well with 3 /B W and /HG W  where HG is 
shear hysteresis. The main disadvantage of above described relations is dimensional non-
homogeneity and nonlinear pattern in partial regression graphs indicating not suitable 
transformation. These and other models for prediction of drape DC were compared in the 
work of Militký and all. [9]. The bending behavior (dimensionless parameter DB) was 
measured on the TH4 apparatus. Principle is registration of force B [N] required for bending 
of sample from initial flat state to final state bend to angle 60 degrees. Bending length was L 
= 15.1 mm and sample width was b = 25 mm. Shearing behavior (dimensionless parameter 
DS) was characterized by the force S [N] required for deformation of sample (sample length L 
= 200 mm and sample width b = 50 mm) till the angle between warp and weft reach 60 
degrees. The tensile testing machine and special adapter for measurement of angle between 
warp and weft were used. The best model selected on the requirement of minimum predictive 
error had the form 
 

0.562 0.269*log( ) 0.0813*log( )DC DB DS= − − + +    (6) 
 
This model is one the best from statistical point of view but the dimensional non homogeneity 
is still presented. 
 
4. DIMENSIONLESS CHARACTERISTICS OF DRAPE 
Prediction of drape from mechanical characteristics is facilitated by utilization of 
dimensionless quantities created in accordance with realization of measurements and 
requirement of dimensional homogeneity. From mechanics of sheet materials the 
dimensionless group J1 and J2 were derived [15]. 

 
2 3

                =Yl WlJ1 J2
B B

=   

 
where W is fabric weight per unit area, B is bending stiffness Y is tensile modulus and l is 
characteristic length defining the size of material. 
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For characterization of bending ability is simple to use bending force B [N] or flexural 
rigidity. In the work [20] the simple bending of sample gripped on the one end was used 
Length of specimen was L and width was b. Results was force B required to bend sample to 
60 degrees. 
Dimensionless bending factor DB was then defined as  

 

bLWg
BDB

***
=   

 
where g is gravitational acceleration (9.81 ms-1), L = 15.1 mm is bending length and b = 25 
mm is sample width. The area weight of fabric is W. The shearing ability was in [20] 
characterized by the shearing force S [N]. Shearing force S [N] was evaluated, as force 
required changing the right angle between warp and weft to the angle 60 degrees. 
Dimensionless shearing factor DS was then defined as  
 

bLWg
SDS

***
=    

 
where L = 200 mm is sample length and b = 50 mm is sample width. 
For the selection of dimensionless parameters describing the set of characteristics having the 
known dimensions the so called dimensional analysis can be applied. This analysis is based 
on the Buckingham pi theorem that for each dimensional homogeneous and complete 
relationship f on n physical variables xi 

 

1 2( , ,.. ) 0nf x x x =  
 
there exists a corresponding relationship 1 2( , ,.. ) 0mF π π π = of only m<=n dimensionless 
groups  
 

 1
1

ij

i

r
a

j j r
i

x xπ −
+

=

= ∏    

 
where m = n - r , Index r is rank on dimensional matrix (matrix if dimension exponents). For 
solving of this problem the MATLAB program “Dimensional analysis toolbox” can be used. 
Let we use the following variables connected with drape  

N = {'g','t','w','BT','ST','Y'}; where g is gravitational acceleration (9.81 ms-1), t is 
fabric thickness, w is fabric weight per unit area, BT is bending stiffness ST is shearing 
stiffness, and Y is tensile deformation energy having dimensions }corresponding to the 
software requirements) 

u = {'m/s2','m','kg/m2','kg/s2','kg/s2','Nm'}; 
By using of above mentioned program with base factors bv={'w','BT','t'};the three following 
dimensionless factors results 
 

1 2 3 2

* *      
*

g t w ST Y
BT BT BT t

π π π= = =   
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In reality, the KES parameters have special units not comparable with MATLAB program. 
The above mentioned factors are therefore not dimensionless if the BT is bending rigidity ST 
is shear rigidity and Y is deformation tensile work evaluated from KES. 
 
5. REGRESSION MODEL BUILDING 
In many cases is not possible to construct the mathematical form of model based on the 
information about system under investigation only. In these cases the interactive approach to 
regression type models building could be attractive. 
In the proposed strategy of regression models building [4], the graphically oriented methods 
for estimation of model correctness and identification of spurious data are selected. These 
methods are based on the special projections enabling the investigation of partial 
dependencies of response on the selected exploratory variable. Classical ones are partial 
regression plots or partial residual graphs. Nonlinear or special patterns in these graphs can be 
used for extension of regression model and including nonlinear terms or interactions. For 
identification of spurious data the analysis of influential points can be used as well. For 
evaluation of model quality the characteristics derived from predictive capability are used. 
Some statistical tools for realization of above-mentioned techniques are described in the 
books [4, 11]. 
 
5.1 Basic of linear regression models 
A linear regression model is a model which is formed by a linear combination of explanatory 
variables x or their functions,  
 

0 ij
1

 x
m

i j i
j

y β β ε
=

= + +∑  i = 1, ..., n  

 
Linear model means generally linear according to model parameters. For additive model of 
measurements errors the linear regression model has the form 
 

y β ε= +X         (7) 
 
In eqn. (7) the (n x m) matrix X contains the values of m explanatory (predictor) variables at 
each of n observations, β is the (m x 1) vector of regression parameters and εi is (n x 1) vector 
of experimental errors. The y is (n x 1) vector of observed values of the dependent variable 
(response). 
Columns xj i. e. individual explanatory variables define geometrically the m-dimensional co-
ordinate system or the hyperplane L in n-dimensional Euclidean space En. The vector y 
usually does not have to lie in this hyperplane L. The least squares are the most frequently 
used method in regression analysis. For a linear regression, the parameter estimates b may be 
found by minimization of measure between the vector y and the hyperplane L. This is 
equivalent to finding the minimal length of the residual vector p= −e y y , where p =y Xb  is 
the predictor vector 
The classical least squares method is based on the minimization of function 
 

2

1 1
( )

n m

i ij j
i j

S y x b
= =

⎡ ⎤
= −⎢ ⎥

⎣ ⎦
∑ ∑b       (8) 
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The conventional least squares estimator b has the form 
 

 
−= T 1 Tb (X X) X y        (9) 

The symbol A-1 denotes inversion of matrix A.  
The perpendicular projection of y into hyperplane L can be made using projection matrix H 
and may be expressed as 
 

 −= = T 1 T
Py X b X(X X) X y       (10) 

 
where H is projection matrix.  
Residual vector e = y - yP is orthogonal to subspace L and has the minimal length. Variance 
matrix corresponding to prediction vector yP has the form D(yP) = σ2 H and variance matrix 
for residuals is D(e) =σ2 (E - H). Residual sum of squares has the form 
 

RSC ( ) ( )S= = = − =T T Tb e e y E H y y P y ,  
 
and its mean value is 2E( )  (n m- )σ=RSC . Quality of regression is often (not quite correctly) 
described by the multiple correlation coefficients R [4]. For model building the multiple 
correlation coefficient is not suitable. It is non-decreasing function of number of predictors 
and therefore the over-parameterized model results.  
Prediction ability of regression model can be characterized by quadratic error of prediction 
(MEP) defined for linear models by relation 
 

2
( )

1

( ) /
n

T
i i i

i

MEP y n
=

= −∑ x b        (11) 

 
Here b(i) is the estimate of regression model parameters when all points except the i-th are 
used and xi is ith row of matrix X.. The statistics MEP for linear models uses the prediction  
yPi = xi

T b(i) which was constructed without the information about the i-th point. The estimate 
b(i) can be computed from least squares estimate b 
 

( ) ( )1

( )  / 1T
i i i iib e H

−⎡ ⎤= − −⎢ ⎥⎣ ⎦
b X X x       (12) 

 
Here Hii is a diagonal element of projection matrix H. Optimal model has minimal value of 
MEP. The MEP can be used for definition of the predicted multiple correlation coefficient PR 
[4]. 
 

2
2

*1
( / )i i

n MEPPR
y y n

= −
−∑ ∑

      (13) 

 
Quantity 100 PR2 is called predicted coefficient of determination. The PR is attractive 
especially for empirical model building because is not dependent on the number of regression 
parameters. For over-parameterized model s is PR low. 
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5.2 Graphical aids for model creation  
In multiple regression one usually starts with assumption that response y is linearly related to 
each of predictors. The aim of graphical analysis is to evaluate the type of non-linearity due to 
function of predictors describing well the experimental data. Several diagnostic plots have 
been proposed for detection of curve between y and xj [2, 5].  
Very useful for designed experiments without marked collinearities is partial regression plot 
(PRP). This plot uses the residuals from the regression of y on the predictor xj, graphed 
against the residuals from the regression of xj on the other predictors. This graph is now the 
standard part of modern statistical packages and can be constructed without recalculating of 
least squares. To discuss the properties of this plot type let assume the regression model in the 
matrix notation 
 

*
( )  +j jc= +y X β x ε         (14) 

 
Here X(j) is matrix formed by leaving out the j-th column xj from matrix X, β*is (m-1) x 1 
parameter vector and c is regression parameter corresponding to the j-th variable xj. For the 
investigation of partial linearity between y and j-th variable xj the projection into subspace L 
orthogonal to space defined by columns of matrix X(j) is used. Corresponding projection 
matrix into space L has the form  
 

P(j) = E - X(j) (X(j)
T X(j))-1 X(j)

T . 
 
Using this projection to the both sides of eqn.(14) the following relation results  
 

( ) ( ) j ( )  c+j j j=P P x P ε        (15) 
 
The product P(j) X(j) β* is equal to zero because the space spanned by X(j) is orthogonal to the 
residuals space. The term vj = P(j) xj is the residual vector of regression of variable xj on the 
other variables which form columns of the matrix X(j) and the term uj = P(j) y is the residual 
vector of regression of variable y on the other variables which form columns of  the matrix 
X(j). The partial regression graph is then dependence of vector uj on vector vj. If the term xj is 
correctly specified the partial regression graph forms straight line. Systematic nonlinearity is 
indication of incorrect specification of xj. Random pattern shows unimportance of xj for 
explaining the variability of y.  
The PRP are useful for inspection of data quality and model quality as well. Form 
nonlinearities in PRP graph the proper transformation or inclusion of nonlinear functions of 
explanatory variables cane be deduced. The PRL is part of the he program MULTIREG for 
creation of linear and linearized regression models, estimation of their parameters and 
corresponding statistical analysis [4]. 
 
5.3. MATLAB program 
The program MULTIREG serves for creation of linear and linearized regression models, 
estimation of their parameters and corresponding statistical analysis. The least squares method 
is the only special case among a series of biased parameter estimation, controlled by a single 
parameter. Before computations, the data can be transformed to a polynomial form, the Taylor 
expansion (up to quadratic terms) or generally (any variable is transformed by a user 
function). A SVD is used for solving of over determined system of equations in the least 
squares sense. Variety of regression characteristics including partial regression graphs is 
computed. The PRL is created very simply from matrix P(j) created by using of matrix 
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oriented expressions in MATLAB For diagnostic purposes, the plenty of graphs for proving 
the assumptions about data, models and least squares criterion have been included [4]. 
 
6. NEURAL NETWORKS 
Neural networks (NN) have recently received a huge application in many fields where 
statistical methods are traditionally employed [16]. The application possibilities of neural 
networks in textile are described by [17]. From statistical point of view are NN wide class of 
flexible nonlinear regression and discriminant models, data reduction models, and nonlinear 
dynamical systems [18]. 
 
6.1 Neural network structure 
A neural net consists of a large number of simple processing elements called neurons or 
nodes. Each neuron is connected to other neurons by means of directed communication links, 
each with an associated weight. The weights represent information being used by the net to 
solve a problem. Each neuron has an internal state, called its activation or activity level, 
which is a function of the inputs it has received. Typically, a neuron sends its activation as a 
signal to several other neurons. It is important to note that a neuron can send only one signal 
at a time, although that signal is broadcast to several other neurons.  
The activation of neuron can be given by some function of its net input, e.g., the logistic 
sigmoid function (S-shaped curve). The neurons are arranged to the layers, Standard three-
layer structure has input layer, output layer and on hidden layer (see. fig. 2)  

 
Fig. 2 Three layer neural network (RBF) 

 
The signals go through layers in one direction. After a set of inputs has been fed through the 
network, the difference between true or desired output and computed output represents an 
error. Sum of squared errors S (see. eqn. (16) is a direct measure of performance of the 
network in mapping inputs to desired outputs. By minimizing of S it is possible to obtain the 
optimal weights and parameters of activation function. 
 
6.2 Radial basis functions and NN 
The radial basis functions are special kind of neuron activation. Their characteristic feature is 
that their response decreases (or increases) monotonically with distance from a central point. 
The center, the distance scale and the precise shape of radial functions are adjustable 
parameters. A typical Gaussian radial function (activation function) for scalar input has the 
form  
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))(exp()( 2

2

r
cxxh −

−=       (16) 

where c is center and r is its radius. In the case of vector inputs are radii and centers m 
dimensional vectors. Radial basis functions are frequently used for creation of NN for 
regression type problems. Traditional is single hidden layer network (see. fig. 1) with m 
neurons that can be expressed by the model 
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where wj are weights. For the training set: xi, yi i = 1..n is evaluation of weights based on the 
minimization of criterion 
 

2( )i i
i

S y f= −∑        (17) 

 
For fixed parameters of functions h(x) is weights estimation typical linear regression task. For 
the case when weights are estimated only leads minimization of S to the linear least squares 
task. In the case when the centers, radii and number of terms are estimated as well leads 
minimization of S to the nonlinear least squares task.  
 
6.3 Regularized forward selection 
The basic algorithm (FS2) starts with a set of candidate RBF with different positions but the 
same size, and an empty network [19]. Candidates are selected and added to the network one 
at time while keeping track of the estimated prediction error. At each step the candidate, 
which most decreases the sum of squared errors and has not already been selected is chosen to 
be added to the network. Initially, predicted error decreases but as the network gets bigger its 
complexity increases and it eventually begins to over fit the data. At that point the predicted 
error starts to increase and the algorithm stops adding RBF's. The location of the candidate 
RBF's are determined by the inputs in the training set so there are many candidates as there 
are cases. The nominal width in each dimension is equal to the total spread of input values 
and is the same for each candidate. The combination of regression tree with FS2 strategy is 
here used for creation of NN regression models [19]. This method first models the data with a 
regression tree then uses the nodes in the tree to determine the centers and radii of a set of 
RBFs. A subset of these is then selected for the final model by forward selection. The 
MATLAB toolbox RBF2 created by Ord [19] was applied.  
 
7. EXPERIMENTAL PART 
The set of 79 selected commercial fabrics were used for evaluation drape coefficient and 
mechanical characteristics. The area weight of these fabrics varied from 55 to 350 g/m2 and 
sett were in the range 100 - 900 [1/10cm]. Plain, twill, satin and derived weaves were used. 
Material composition ranged from pure cotton, polyester, viscose and wool to two component 
blends. The majority of fabrics were dyed and finished. For testing of models predictability 
the set II of 12 gray fabrics was used. 
The drapeometer of FRL type with circular fabric sample dimension Pm = 706.9 mm2 and 
sample holder circular plate area Po = 254.5 mm2 was used for evaluation of drape ability. 
The special procedure improving stability of results was applied. The projected area Pp was 
computed from digital image of draped sample by the image analysis system LUCIA. The 
shapes of projected patterns were from circular (no node) to very complex (till 10 nodes). 
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The tensile, bending and shear mechanical characteristics were measured on KES system. 
Based on the preliminary knowledge from testing and dimensional analysis the 4 potential 
variables were chosen. These variables are given in the table 1.  
 

Table 1. Basic variables for drape prediction 
 

 
 
 
 

 
8. RESULTS AND DISCUSSION 
Both set I and II were analyzed by multivariate statistical methods for evaluation of potential 
sources of heterogeneity (clusters and outliers). The variables form tab. I and fabric thickness 
t [mm] were investigated. Set I was used for model creation and set II was used for testing of 
models predictive ability.  
 
8.1 Preliminary data analysis 
The paired dependencies between selected variables are given in fig.3.Thicker black circles 
are markers of points in set II. 
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Fig. 3 Paired dependencies between selected fabric properties (thicker black circles are points 

of set II) 
 
It is visible that set II is not separated from data in set I and therefore the prediction will be 
not outside of boundaries of individual variables used for models creation. 
There exist paired dependencies especially between thickness and area weight, thickness and 
tensile energy, bending and area weight, and bending and shearing. The distribution of 
individual variables is skew to the right but very probably unimodal. There exist paired 
dependencies especially between thickness and area weight, thickness and tensile energy, 
bending and area weight, and bending and shearing.  
The differences between individual fabrics in the set I and set II are shown in the fig. 4. 
Construction of this plot is described in [12]. It is visible that the variables of fabrics in the set 
II are surrounded by the lines corresponding to the set I. There exists some outlying fabrics in 
some properties but differences are not so critical for subsequent analysis.  

Symbols Characteristic name 
RT  Tensile resilience 
B  Bending rigidity 
G  Shear stiffness 
W Weight per unit area 
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Fig. 4 Profiles for all points in set I and set II (thicker lines are points of set II) 

 
On the fig. 5 are arranged data in the space of variables T, B, S as result of K means 
clustering (procedure is described in [12]). There are visible two clusters. In the smaller 
cluster (markers are triangles) are fabrics having indexes  
 

37    38    42    44    46    48    49    61. 
 

All these indexes belong to the set I. In the bigger cluster (markers are squares) are therefore 
fabrics from both groups I and II. From profiles in both clusters shown on the fig. 6 the 
similarities between majorities of properties is visible. Differences are in the values of tensile 
deformation energy only.  
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Fig. 5 Results of K means clustering for both sets I and II (clusters are 
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Fig. 6 Profiles for points in individual clusters 

 
The suitability of two clusters for description of grouping tendency is supported by 
dendrogram (hierarchical clustering – see [12]) on the fig. 7  
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Fig. 7 Dendrogram for sets I and II 

 
It is visible that highest node is supporting the division into two clusters. From point of view 
of utilization of both sets there is no big problem with appearance of these two clusters 
because the tensile deformation energy is not presented in the majority of models. This fact is 
supported by projection of both sets I and II to the first three principal components 
(explanation is in [12]) shown on fig. 8. 
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Fig. 8 Projection of both data sets to the principal components 
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The points belonging to the set II are marked by symbol T. It is cleat that set II is embedded 
in points of set I and potentially outlying points are from set I only. The biplot (explanation 
see [12]) on fig. 9 shows the relation between variables and locations of point simultaneously. 
This plot supports the above discussed facts. 
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Fig. 9 Biplot of data in set I and II 

 
The potentially outlying points are characterized by the high Mahalanobis distances (see 
[12]). The plot of Mahalanobis distances for both sets are shown in the fig. 10. 
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Fig. 10 Mahalanobis distances of fabrics (star marker are for set II) 
 
8.2 Predictive models creation 
Prediction ability of regression model was characterized by predicted multiple correlation 
coefficients PR. The three main variables x1 = B/W, x2 = G/W and x3 = RT/W were select.  
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In the first run the standard linear regression model containing all three explanatory variables 
was created. The predicted correlation coefficient 64 % is moderate but the dependence 
between measured and predicted drape DC shown on the fig. 11 is curved and highly 
scattered. 
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Fig. 11 Dependence between predicted and measured drape for full linear model 

 
In the second run the modified regression model  
 

3 3
1 1 2 2 3 3oDC b b x b x b x= + + + +       (18) 

 
was selected. The predicted correlation coefficient 80.6 % is relatively high but the 
dependence between measured and predicted drape DC is slightly curved and scattered (see. 
fig. 12). 
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Fig. 12 Relation between measured and predicted drape for model (18) 

 
The partial regression graphs in the fig 13 show the nonlinearity in all variables. 
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Fig. 13 Partial regression graphs for model (18) 
 
Optimal regression model was created by using of transformation of these variables leading to 
the maximum degree of linearity in the partial regression plot (PRP). The optimal model has 
the form 
 

4111.98 25.5 14.8 ln( ) 10.57= − + −
W G RTDC
B W W    (19) 

 
Corresponding predicted correlation coefficient is 89.4%. The relation between predicted and 
measured drape for this model is shown on the fig. 14. 
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a)     b) 

Fig. 14 Relation between measured and predicted drape for optimal model (19) 
a) data set I used for model creation, b) data set II not used for model creation 
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The good prediction ability of eqn. (19) for prediction of drape from set II is clearly visible. 
  
8.3 Models creation by RBF 

The RBF neural network was used for prediction of DC from the four main variables x1 = 
B, x2 = G, x3 = RT and x4 = W. The set I was used as training set and set II as testing of 
model quality. Algorithm described above selected 15 nodes as optimum. The centers and 
radii of these nodes are shown in fig. 15.  
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Fig. 15 Optimal radii (a) and centres (b) for RBF function 
 
Optimal weights: 63.0489, -11.4070, 23.3772, -30.6885, -100.0251, -20.3704, -76.8787, -
95.0228, 28.3292, 40.0781, -102.7935, -38.9255, 183.6775, 319.0555, -244.7211. Mean 
relative error of prediction 14.65 % is lowest from all strategies used in RBF2 toolbox. The 
quality of prediction is shown in fig. 8. The systematic shift is clearly visible. The prediction 
ability for regression model is clearly visible by direct comparing of fig. 14 and fig. 16 In the 
case when instead of variables from tab. II the variables selected by regression model building 
are used (see eqn. (21)) is the mean relative error about 12.4 % and prediction is much better 
(the optimal number of nodes is 8). The nonparametric regression model based on RBF has 
still worse fit in comparison with optimized regression model. Number of parameter in the 
case of RBF in fact highly exceeds number of parameters for optimized linear regression. The 
use of neural network for practical computation is typically computer assisted.  
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Fig. 16 Relation between predicted and measured drape for optimal RBF model and  

data set II not used for model creation 
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9. CONCLUSIONS 
The utilization of partial regression graphs is very useful for building of statistical models 
especially based on the experimental design arrangements. These nonlinear models are often 
very simple and are attractive especially for selection of optimal technological processes 
conditions. Optimal regression model for DC is very simple and suitable for prediction of 
drape from KES measurements. The use of neural network model is probably acceptable 
when it is not time for regression model building by interactive manner with help of 
computer. 
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Chapter - 25 
 

CUT RESISTANCE OF TEXTILE FABRICS 
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Department of Textile Materials, Technical University of Liberec Textile Faculty, 46117 
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1. INTRODUCTION 
Mechanical resistance of textile fabrics are usually characterized by the parameters of tensile 
stress strain curves as initial modulus, and ultimate strength or elongation. For more complex 
characterization of mechanical resistance the ball bursting test is used as well [1-3]. 
Very interesting for practical application is so called cut resistance [4]. A sliding sharp edge 
penetrating material is one of the most dangerous cases of cutting because it requires the 
smallest applied load. Cut resistant materials are generally very important, not only for the 
protection of the human workforce but in recent times also in the automotive production lines. 
Thus it is vital that the concept of cut-resistance not only be understood but also improved to 
insure continuous security for all at risk. Cut resistant fabrics have to be designed and 
developed based on the type of application. Improved cut resistance is interesting also as a 
part of characterization of textiles mechanical resistance. 
There is no exact definition of the term “cut-resistance” available within the textile industry 
today [5]. However the testing of cut resistance is based on the method for determining the so 
called cut-on resistance of textile materials which means the resistance against the cutting-on 
by a sharp-edged tool after the tool is stabbed in. Therefore it is used to measure the amount 
of force that a textile material can withstand before an object, like a blade is able to penetrate 
it or cause damage. The more force a textile material is able to withstand, the more cut 
resistant the particular material becomes.  
The aim of this work is to describe the simple cut resistance test method based on the 
modification of the tensile testing machine. Cut resistance is characterized by the maximum 
load and total deformation work. These characteristics are compared with results of ball 
bursting test and tensile test for set of fabrics composed from cotton and polypropylene. 
 
2. INFLUENCES ON CUT RESISTANCE  
The cut resistance of any material to cutting may also depend on the way the cutter is applied. 
An example: if scissors is the cutter, the fabric yarns are stressed in shear and tension. If the 
fabric is placed on a surface such as a table and a knife is drawn across it, the fabric is stressed 
in shear and compression. A fabric gripped at its edges and slashed with a knife may be cut in 
tension and shear [9]. Cut resistance is highly sensitive to the condition of the blade edge. 
However with a blunter blade, the initiation of fiber breakage was delayed and higher peak 
stresses were sustained, leading to increased cut energy. Ceramic blades may be more 
efficient than metallic blades. It is also important to measure the effect of pretension on cut 
resistance since fabric layers toward the back of a multi-ply fragment impact barrier will be 
stretched and loaded in tension before being contacted by the edge of a sharp blade. Test 
methods often attempt to compensate for blade variation by specifying blade shape and then 
by cutting a control material and comparing the cut resistance of that control with the 
resistance of the test sample [4]. 
Different pretensions are able to shift to lower stresses and strains, resulting in earlier fiber 
failure and reduce the cut energy. Cut resistance therefore depends on the test variables 
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mentioned above since both cut energy and failure initiation strain decrease with decreasing 
slice angle, blade sharpness and yarn pretension [15] 
 

  
    

(a)            (b) 
Fig. 1 a) Morphology of blade at 10µm [9]. b) Deformed blade edge after cut test at 10µm [9]. 
 
Two razor-sharp blades may be ground to measurably the same angle, but may still have 
differences in exact profile and hardness at the extremity of the contact edges. The blade edge 
is often blunted by the action of cutting the sample. Thus, the advantage of cutting fabric with 
an inclined blade is immense. The effect is due in part to the enhanced shear component 
imposed on the tensile state in the yarn and the exposure of fresh, sharp edge to the yarn as 
the blade advances. 
The following forces are present in a cutting process: a normal force - FN, which is applied at 
the blade-material point of contact; a frictional force - FF, which develops when the blade 
slides and penetrates the material; the resultant cutting force FR, which is the resultant vector 
of FN and FF. Fig. 2(a) represents the case of a material where the coefficient of friction FF is 
much higher than FN, which is typical of some rubber materials. Figure 2(b) represents the 
case of a material for which FN is higher than FF, which is typical for fiber materials such as 
Spectra® and Kevlar®.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Schematic presentation of forces involved in the cutting process. 

 
An increase in the friction coefficient can enhance or reduce the cut resistance, depending on 
the thickness, the Young modulus, and the micro-structure of the material. The total energy 
required propagate a cut strongly depends on two components: a lost energy dissipated by the 
gripping force exerted by the material on the blade sides; and an essential cutting energy at 
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the tip of the blade. These energies have opposite effects on the cut resistance of a material. 
An increase in the energy dissipated in friction due to gripping of the material on the blade 
sides, increases the cut resistance. Conversely, an increase in the frictional force at the blade’s 
edge reduces the cut resistance, as determined by ASTM F 1790 and ISO 13997. Thus an 
increase in the friction coefficient augments both energies and can result in two opposite 
effects on cut performance. The magnitudes of these forces, which differ from material to 
material, are important when selecting the right test method for evaluating the cut resistance 
of protective materials [13].  
 
3. CUT RESISTANCE TESTING 
The cut resistance of fabrics is an important attribute for some special applications. The effect 
of cutting depends strongly on blade sharpness, speed, sample holder geometry, shape of the 
blade and the load applied. Thus it can be seen that a possible definition for cut resistance can 
be defined as the force, which causes the blade to cut through the fabric to a transverse length. 
There are two major components which have influence on the cut performance [8]: 
 

• The energy transferred from the blade to the fabric which is dependent on the 
contact area between the blade and the fabric and the coefficient of friction. 

 
• The energy necessary to move the fabric from the fabric / blade contact point. This 

energy is connected with energy necessary to permanently deform the fabric. 
 

The cut performance should be therefore, in some way correlated to the fabrics toughness 
expressed as deformation work in the transverse direction.  
An increase in the friction coefficient can modify the cut resistance, depending on the 
thickness and the structure of the material.  
The cut resistance of fabric is highly dependent on the weft and warp density. A higher weft 
and warp density will give a higher cut resistance.  
The cut resistance of any material to cutting may also depend on the way the cutter is applied. 
An example: if scissors is the cutter, the fabric yarns are stressed in shear and tension. If the 
fabric is placed on a surface such as a table and a knife is drawn across it, the fabric is stressed 
in shear and compression. A fabric gripped at its edges and slashed with a knife may be cut in 
tension and shear [9]. Cut resistance is highly sensitive to the condition of the blade edge. 
However with a blunter blade, the initiation of fabric breakage was delayed and higher peak 
stresses were sustained, leading to increased cut energy. Ceramic blades may be more 
efficient than metallic blades. It is also important to measure the effect of pretension on cut 
resistance since fabric layers toward the back of a multi-ply fragment impact barrier will be 
stretched and loaded in tension before being contacted by the edge of a sharp blade. Test 
methods often attempt to compensate for blade variation by specifying blade shape and then 
by cutting a control material and comparing the cut resistance of that control with the 
resistance of the test sample [4]. 
Cut resistance can be tested through various ways. Globally there are three different standards 
that are accepted by industry to measure cut-resistant properties with three different methods 
namely; the European standard EN 388, the ASTM F 1790 standard mainly used in North 
America and the ISO 13997 which is used worldwide. These different standards are not 
identical and do not correlate, thus causing confusion for end users in their specification 
process of selecting the right product for their application [10-14].  
The EN 388 is a European standard designed to assess the performance of a fabric or layers of 
fabric for their ability to resist heavy rubbing, cutting by a blade or sharp object, tearing and 
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puncture by a pointed object. The test procedure includes a separate test for each of these 
properties, and a performance level is awarded according to each result [10]. The minimum 
test results required to achieve the various performance levels are listed below: 

 
Table 1. The Cut Index Level (I), [10]. 

Test / Property Performance level 
Level 1 2 3 4 5 

Abrasion resistance – cycles 100 500 2000 8000 - 
Blade Cut Resistance Index 1.20 2.50 5.00 10.00 20.00 
Tear Resistance – Newton’s 10 25 50 70 - 

Puncture Resistance – Newton’s 20 60 100 150 - 
 

Abrasion resistance test is carried out using an instrument known as a Martindale tester in 
which the material to be tested is placed on a bed and a rubbing head of fixed size and weight, 
covered with a standard abrasive material, is moved in a circular motion over the test 
specimen. Four samples of the material are tested and the test result is the number of cycles 
required to rub through the material. The performance level of a single material is decided by 
the lowest result of the four tests in accordance with the table above. The blade cut resistance 
test follows the EN 388 standard using the Coup test whilst the whilst the tear resistance test 
takes a sample of material to be tested is prepared in a standard way and clamped in the jaws 
of a strength testing machine. This process is similar to the tensile testing method. The jaws 
are moved apart at constant speed and the force needed to tear the material measured. For 
single materials the performance level is given by the lowest result of four tests. For multiple 
layer items each layer is tested separately. The performance level is based on the lowest 
individual result of the most tear resistant material. Puncture resistance is measured on  the 
same principle as the ball bursting test method. 
 

 
 

Fig. 3 Cut index representation  
 

Fig. 3 details the testing categories for EN388: 2003. A tested item is given a performance 
rating of 1 to 4 (lowest to highest) on some or all of the listed categories. The 'blade cut 
resistance' test is an exception as it measures from 1 to 5. Often an 'x' will replace one or more 
of the numbers; this means that the corresponding test was not performed.  
 
4. BLADE CUT RESISTANCE TEST 
The proposed blade cut resistance test is based on the forcing a steel blade through a 
clamped area of fabric. The fabric samples having a size of 100mm by 100mm are used. A 
ring clamp mechanism having an internal diameter of 44.45 ± 0.2 mm and means of support 
so as to keep it raised at least 25 mm. The support is the Testometric M350-10CT tensile 
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testing machine. The steel blade is added as an extra fixture. The Testometric M350-10 CT 
has a crosshead guidance system, which provides precise alignment and smooth running. A 
polished steel blade 110 mm in length is pressed against the fabric in the clearing circle of the 
clamping mechanism. The blade penetrates the fabric up to ± 70mm at a speed of up to 1000 
mm/min. For blade cut resistance test a constant speed of 100 mm/min was selected. A 
pretension is also applied at 1N. When the blade has reached the penetrating length of 70 mm, 
it stops and is retracted.  
The experimental blade cut resistance design has similar principles to the previously 
mentioned standards. The blade penetration into tested fabric is shown in the fig. 4 
 
 

 
Fig. 4 Penetration of fabric by the blade. 

 
Typical stress-strain curves from blade cut resistance test are shown in fig. 5. 
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Fig. 5 Example of stress-strain curves taken from blade cut resistance test method. 

Cut resistance is characterized by the maximum load and total deformation work i.e. area 
under stress strain curve. Deformation work is widely used for characterization of material 
toughness. 
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5. EXPERIMENTAL PART 
The fifteen polypropylene cotton fabrics with three different weave structures namely plain, 
twill and satin, different compositions of polypropylene and cotton and lastly different weft 
sett are tested. These fabrics were produced by a local company named SPOLSIN. List of 
tested fabrics and their construction parameters are given in the table 2. These fabrics were 
subjected to blade cut resistance test method. The mean values of maximum on the resulted 
stress strain curve and the area under the stress strain curve were calculated by using a simple 
MATLAB program. The area under the stress strain curve is used as characteristic of the 
cutting resistance of fabrics. The cut resistance (mean area under stress strain curve) was 
compared with the results of ball bursting test and the tensile strength test.  
 
The bursting strength of woven fabrics was evaluated by forcing a steel ball through a 
clamped area of fabric. A ring clamp mechanism having an internal diameter of 44.45 ± 0.2 
mm and means of support so as to keep it raised at least 25 mm was used. A polished steel 
ball 25.4 ± 0.02 mm in diameter was pressed against the fabric in the opening of the clamping 
mechanism [3]. The stress-strain curves from burst strength test were used for evaluation of 
characteristic parameter of this test. The burst strength is equal to the burst load at break 
divided by cross section area of the sphere. The burst toughness is equal to the area under 
burst stress strain curve till burst break elongation.  
 
Tensile properties as tensile strength, initial modulus, strain and stress at break, energy to 
rupture (tensile toughness) were determined by Testometric mechanical test instrument. The 
full-scale load of mechanical test machine was 100kN and the cross head speed was 
100mm/min for the mechanical tests. The test results were taken from WINTEST software 
program supplied from Testometric. Tests were performed at room temperature (23oC). 
 

Table 2 List of tested fabric parameters. 
       
 

Code 
 

Composition 
warp sett 
[1/10cm ] 

weft sett 
[1/10cm]

thickness[
mm]

areal Mass 
[g/m2] 

weave 
 

1 100% PP 180 72 0.78 146.5 plain 
2 100% PP 180 180 0.725 183.15 twill 
3 100% PP 180 180 0.9 204.9 satin 
4 100% CO 180 72 0.565 131.15 plain 
5 100% CO 180 160 0.545 185.6 twill 
6 100% CO 180 180 0.735 189.35 satin 
7 65% PP 35% CO 180 72 0.705 143.9 plain 
8 65% PP 35% CO 180 134 0.66 182.75 twill 
9 65% PP 35% CO 180 180 0.84 185.25 satin 
10 50% PP 50% CO 180 72 0.655 137.85 plain 
11 50% PP 50% CO 180 134 0.66 175.4 twill 
12 50% PP 50% CO 180 180 0.815 200.85 satin 
13 35% PP 65% CO 180 72 0.63 139.4 plain 
14 35% PP 65% CO 180 165 0.605 197 twill 
15 35% PP 65% CO 180 180 0.78 189.4 satin 
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For all tests the measurements were repeated 10 times and mean values were used for 
subsequent analysis. Tests were realized in the warp and weft directions.  
The characteristics results of cut resistance test, ball bursting test and tensile test were used 
for investigation of mutual dependences. 
 
6. RESULTS AND DISCUSSION 
The dependence of cut resistance on the areal mass of fabrics is shown in the fig. 6. The 
moderate correlation is clearly visible. It was found that fabric samples 1, 2 and 3 show the 
highest cut resistance values and thus it can be said that polypropylene fibre has a higher cut 
resistance than cotton. It is also seen that fabric samples 2, 5, 8, 11 and 14 shows a series of 
fabrics with the same weave structure that generally have a higher cut resistance, this series 
has twill weave structure. A similar trend is observed in both warp and weft direction. The 
plain weave structure generally represents the least cut resistance. This can be attributed to the 
greater number of contact point or intersections per unit area of the twill weave structure 
which enables the cutting force to be shared by a greater number of threads and hence a 
higher cut resistance. In a simpler way, this is because of the better stress propagation as more 
number of threads takes up and shares the cutting force. In general, the cut resistance of all the 
weave structures in the warp direction is higher than in the weft direction. This is attributed to 
the higher number of warp yarns compared to the weft yarns per unit length. 
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cut resistance = 1.519*areal mass - 35.57

 
Fig. 6 dependence of cut resistance on the areal mass of fabrics 

The correlation between the blade cut resistance test, the ball bursting test and the tensile 
strength test was investigated by creation of correlation maps containing gray levels 
corresponding to the partial correlations between all parameters pairs. The correlation map for 
maximum loads, work to maximum loads and break loads calculated from results of all three 
methods and created by the MATLAB program are shown in the fig. 7. 
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Fig. 7 Partial correlation coefficients map 

The pairs of parameters having partial correlation coefficient above level of 0.75 are given in 
table 3. 

Table 3. Parameters pairs having significant partial correlation. 
Parameter 1 & Parameter 2 partial 

correlation 
coefficient 

Ball burst - Work at highest force & Ball burst - Highest force 0.974 
Blade cut - Work at highest force & Blade cut - Highest force 0.813 
Tensile - Work at highest force & Tensile - Work at break 0.947 
BBllaaddee  ccuutt  --  WWoorrkk  aatt  bbrreeaakk  && TTeennssiillee -- HHiigghheesstt ffoorrccee 00..770077  

 
From table 3, it is possible to conclude that there is only one correlation dealing with blade 
cut resistance test of great importance to this particular study. This is correlation between the 
blade cut test with parameter: work at break (i.e. cut resistance) and the tensile strength test 
with parameter highest force.  
The correlation between the blade cut test characterized by work at break and the tensile 
strength highest force is shown in fig. 8 
From the linear regression shown in fig. 8, it is seen that there exist a fairly good correlation 
between the blade cut test with parameter: work at break and the tensile strength test with 
parameter highest force. Therefore this correlation is the only one that can be successfully 
used to demonstrate the correlation between the cut resistance and other two different testing 
methods for characterization of fabric mechanical resistance. The correlation between cut 
resistance and tensile toughness is very low (see. Fig. 7) with can be explained by another 
deformation processes in tensile and cut resistance tests. 
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Fig. 8 Dependence between the cut resistance and the maximum tensile force. 

 
7. CONCLUSIONS 
The cut resistance of fabrics remains a very important attribute to special application fabrics. 
In the future it might even be recommended that all fabrics are able to resist some form of 
cutting as safety in everyday life become a greater concern with each passing day. The current 
methods and standards of cut resistance however still remains problematic, as two pieces of 
material from different parts of the world can generally not be compared with the cut 
resistance value they have been given, as there is no correlation among the standards. 
It was found that there are correlations between the various parameters tested, however it 
appears that only one correlation is of benefit to the study.  
That is the correlation between the blade cut test with parameter work at break i.e cut 
resistance and the tensile strength test with parameter highest force. In actuality some degree 
of correlation can be found between any two parameters. The correlation mentioned earlier 
however does fall about the 0.75 limit and is therefore considered to be a good correlation. 
The study would have benefited more from correlations between similar tests with less 
variation in function, for example, instead of using a spherical fixture in the ball bursting test, 
another fixture more similar to a blade, a diamond shaped fixture could be used. This would 
have made the principle of the tests more alike and therefore it would have been possible to 
find better correlations between the tests. 
The characterization of cut resistance by the calculation of deformation work is fairly good 
for practical use and can be easily correlated with construction parameters of fabrics as areal 
mass. 
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Chapter – 26 
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1. INTRODUCTION 
It is well known, that air permeability through fabrics depends on many factors starting with 
geometrical structure [4]. This property is connected with so called porosity. Porosity has 
decisive influence on utilization of fabric for some technical application (filters, sails, 
parachutes) and clothing application as well. Fabric porosity depends generally on the fabric 
and yarns constructions. It was shown that for tightly woven fabrics there exists a good 
agreement between air permeability and inter fiber pore volume or porosity [6]. The 
correlation between air permeability and construction parameters of open woven fabrics are 
not so strong [4]. 
Due to differences between ideal and real geometry and random variation of fabric structure 
there are no linear dependencies between air permeability and predicted fabric porosity on the 
other side [5]. Lack of theoretical model for this situation leads to the utilization of 
multivariate nonlinear regression models or nonparametric regression techniques as neural 
networks. In this work the introduction to the radial basis function neural networks in the 
context of nonparametric multivariate regression modeling is explained. The advantages of 
RBF in comparison with classical neural networks are discussed. The strategy of optimal RBF 
numbers selection is described. 
Prediction of fabric air permeability from predicted volume porosity (as combination of yarn 
diameters and weft / warp setts is tested. Total 27 wool/PET plain weaves with constant sett 
of warp and varying sett of weft and varying yarn fineness are used for predictive model 
building. The multiple linear regression models based on the yarn fineness and fabric sett are 
compared with nonparametric models created by neural network.  
 
2. FABRIC POROSITY  
There exist a lot of models characterizing the idealized porosity PI from some construction 
parameters of weaves. Classical parameters are sett (texture) of weft Du [1/m], sett of warp 
Do [1/m], fineness of weft yarn Ju [tex], fineness of warp yarn Jo [tex], planar weight of 
weave WP [kg m-2], density of fibers ρF [kg m-3] and thickness of fabric tW [m]. For the 
idealized arrangement of yarns in fabric thickness is expressed as, 
 

dodutI +=          (1) 
 
where du is diameter of weft yarn and do is diameter of warp yarn. When tW ≈ tI the yarns 
cross sections in fabric are roughly circular. This type of arrangements is assumed in sequel. 
For idealized circular yarn with the same packing density it is simple to compute diameters 
from the relation 
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M

Jodo
ρπ610

2
=         (3) 

 
Here ρC and ρM are unknown densities of weft and warp yarns. These densities are 
combinations of densities of fibers ρF and air ρA according to the packing of fibers in yarns. 
For known packing density μM is ρM = μM ρF and the same relation is valid for a weft yarn. 
The values ρC and ρM are therefore function of twist and method used for yarn creation. For 
the moderate level of twist it has been empirically found that 
 

525.0/   CFC ≈= μρρ         (4) 
 
and this correction can be imposed to the relations (2) and (3( for computation of du or do.  
 
2.1 Volume porosity 
The volume porosity is defined as 

volume accessible whole
yarns by covered volume  1  

 

−=VP  

Determination of volume porosity is based on the idealized fabric surface structure projection 
shown on the Fig. 1.  
 

                                                                                            dM   1/DM

                     dC

1/DC

 
 

Fig. 1 Idealized surface of fabrics projection (solid lines bound the unit cell) 
 
The unit cell (element of structure) shown on solid line contains a part of curved weft and 
warp yarns portions. Volume of this cell is equal to  

   
(Du*Do)

t 
(Du*Do)

do)(duv W
e ≈

+
=        (5) 

 
Length of crimped weft yarn portion is roughly equal to 
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Here factor 1.16 is correction for approximation of weft yarn sine course by the line segment 
[4]. Length of crimped warp yarn is then 
 

2  
1 

Do
1.16*dol 2

CO +=    

 
The corrected volume of weft yarn is 
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and volume of warp yarn is 
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Volume porosity is then defined as 
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2.1 Density porosity 
The simplest way is to compute „density“ porosity of fabrics from relation 
 

/    where       V P
D W F W

V W

m WP 1
v t

ρ ρ ρ= − = =      (9) 

 
Here mV [kg] is weight and vV [m3] is corresponding volume of fabrics having the surface of 1 
m2. From the measured planar weight WP, fabric thickness tW and known density of fibers it is 
then simple to compute the “density porosity” as 
 

 
P

D
F W

WP 1
tρ

= −          (10) 

 
2.2 Surface Porosity 
From pure geometrical point of view, surface porosity can be evaluated from the cover factor 
CF of fabric. Classical Pierce definition of CF is based on the idealized projection of fabric 
(see. Fig. 1). CF is defined as the area of yarn in the solid unit cell rectangle 
 

dudo
Du
do

Do
duAY *−+=        (11) 

 
divided by the area of dotted lines bounded rectangle 1)*( −= DuDoAC  The CF has then form 
 

DoDudodudoDoduDuCF ***** −+=      (12) 
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The diameters of yarn can approximately be computed from eqn. (2), (3) with corrections (4). 
More realistic are elliptical shapes of yarns (see[5]). Surface porosity is then given by relation 
 

CF1  PS     −=         (13) 
 
3. AIR PERMEABILITY 
Let the fabric is modeled as the semi-porous sheet of thickness tW. The overall pressure drop 
Δp = pahead - pbehind of airflow passing through this semi-porous sheet is dependent on its 
porosity. This loss is suitably indicated by the loss of pressure coefficient LP [4, 5] 
 

2**5.0 w
pLP

ρ

Δ
=         (14) 

 
where ρ is air density (for dry air at standard atmosphere and 25o C ρ = 1.175 kg m-3) and w is 
air velocity in front of the material. The pressure loss depends upon the Reynolds number Re 
(ratio of the dynamic to the viscous forces of the flow). The Re can be expressed as [4,5] 
 

 
ϑ

=
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*Re

oP
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         (15) 

 
Here d is diameter of mean (cylindrical pore), Po is the so-called surface porosity (open area 
of fabric divided by the total area of fabrics) and ϑ  is kinematical viscosity of air. In the 
standard tests mean value of Re ≅ 200. The pressure loss can be divided into the dynamic 
losses and friction losses. Combining of these losses the LP can be expressed in the semi-
empirical form [5].  
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This equation is valid between Re ≅ 1(for all porosity ratio) and Re ≅ 103  (for porosity ratio 
lower that 0.5). Gorbach [5] derived semi-empirical relation 
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where coefficients k1 and k2 are dependent on the Re and fabric structure. 
If the pressure drop Δp is small, the airflow through fabrics of surface area SW  follows  
D´ Acry law 
 

WoW t
p

RS
w Δ

= *1
        (18) 

 
where Ro is air flow resistance. In the standard test SW = 20 cm2 and Δp (200 Pa) fixed. The 
air permeability AP is expressed in the form 
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      (19) 

 
For standard test the dry air permeability AP is connected with coefficient of pressure loss LP 
through relation 
 

25
2 /10*5.8

*175.1
400 AP

w
LP ==       (20) 

 
The relation between air permeability and porosity can be obtained by combining the relation 
(20) and (16) or (17). 
The empirical relation between AP and planar weight of fabric WP has been found as well 
 

2
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Here constants K1 and K2 depend upon density of fibers and their resistance R. For a higher 
pressures drop there is quadratic dependence between pressure drop and air velocity [9].  
 
4. NEURAL NETWORKS  
Neural networks (NN) have recently received a huge application in many fields where 
statistical methods are traditionally employed [1]. The recent application possibilities of 
neural networks in textile are described in work [7]. From statistical point of view NN are 
wide class of flexible nonlinear regression and discriminant models, data reduction models, 
and nonlinear dynamical systems [8]. 
A neural net consists of a large number of simple processing elements called neurons, units, 
cells, or nodes. Each neuron is connected to other neurons by means of directed 
communication links, each with an associated weight. The weights represent information 
being used by the net to solve a problem.  
Each neuron has an internal state, called its activation or activity level, which is a function of 
the inputs it has received. Typically, a neuron sends its activation as a signal to several other 
neurons. It is important to note that a neuron can send only one signal at a time, although that 
signal is broadcast to several other neurons.  
 
For example, consider a neuron j, which receives inputs from neurons X1, X2 , Xn. Input to this 
neuron is created as weighted sum of signals form other neurons. This input is transformed to 
the scalar output yj. Classical Mc Culloh and Pit neuron is threshold unit having adjustable 
threshold jμ . The output is then defined as 
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The activation yj of neuron can be given by some function of its net input, y = h(y-in), e.g., the 
logistic sigmoid function (S-shaped curve). 
The neurons are arranged to the layers, Standard three-layer structure has input layer, output 
layer and on hidden layer. The signals go through layers in one direction. After a set of inputs 
has been fed through the network, the difference between true or desired output and computed 
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output represents an error. Sum of squared errors ESS is a direct measure of performance of 
the network in mapping inputs to desired outputs. By minimizing of ESS it is possible to 
obtain the optimal weights and parameters of activation function h(.). 
Special kind of neuron activation are radial basis functions. Their characteristic feature is that 
their response decreases (or increases) monotonically with distance from a central point. The 
center, the distance scale and the precise shape of radial functions are adjustable parameters. 
A typical Gaussian radial function has the form  
 

))(exp()( 2

2

r
cxxh −

−=        (21) 

 
where c is center and r is its radius. Radial basis functions are frequently used for creation of 
NN for regression type problems. Traditional is single layer network with m neurons that can 
be expressed by the model 
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where wj are weights. For the training set : xi, yi i = 1..p evaluation of weights is based on the 
minimization of criterion 
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If a weight penalty term is added to the sum of squared errors the ridge regression criterion 
occurs 
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where jλ  are regularization parameters. For fixed parameters of functions h(x) weights are 
estimation of typical linear regression task. 
The basic algorithm (FS2) starts with a set of candidate RBF with different positions but the 
same size, and an empty network (2). Candidates are selected and added to the network one at 
time while keeping track of the estimated prediction error. At each step the candidate, which 
decreases the sum of squared errors to the minimum and has not already been selected is 
chosen to be added to the network. Initially, predicted error decreases but as the network gets 
bigger its complexity increases and it eventually begins to over fit the data. At that point the 
predicted error starts to increase and the algorithm stops adding RBF's. As an additional 
safeguard against over fitting, the method uses ridge regression and the regularization 
parameter λ  is reestimated between each iteration. The location of the candidate RBF's are 
determined by the inputs in the training set so there are many candidates as there are cases. 
The nominal width in each dimension is equal to the total spread of input values and is the 
same for each candidate. The FS2 strategy is here used for creation of NN regression models. 
 
5. DIMENSION REDUCTION 
One of the main features of multivariate data is their dimension, which is main source of 
statistical analysis complication. It is then practical to make data reduction, which is 
acceptable in the following cases: 
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a) Scatter of some variables is on the noise level and therefore are not informative. 
b) There are strong linear dependencies (correlations between columns of matrix X 

given by redundant variables or as results of inherent dependencies between 
variables. These variables can be without loss of precision replaced by the 
reduced number of new variables or replaced by artificial ones. 

 
The main reason of dimension reduction is curse of dimensionality [3] i.e. number of points 
required to achieve the same precision of estimators is exponentially growing function of 
number of variables. For higher number of variables leads e.g. multivariate regression to the 
parameters estimates having too wide confidence intervals, imprecise correlation coefficients 
etc. 
One of simplest technique enabling dimension reduction is principal component analysis 
(PCA) as a representative of so called linear projection methods [3]. The main aim of 
principal component is linear transformation of original variables xi, j = 1, ..., m, to the smaller 
group of latent variables (principal components) yj. Latent variables are uncorrelated, explore 
major parts of data variability and their number is often much reduced. Latent variables are 
commonly called as principal components. First principal component y1 is linear combination 
of original variables describing greatest possible part of overall data variability. Second 
principal component y2 is perpendicular to y1 and describes maximal part of variability which 
is not contained in first principal component. Further principal components are generated in 
the same way.  
Basic part of PCA is decomposition of data covariance matrix C to eigenvectors and 
eigenvalues according to relation [3] 
 

C = V Λ VT          (25) 
 
where V is (m x m) matrix, containing as columns eigenvectors Vj and Λ is (m x m) diagonal 
matrix, containing diagonal eigenvalues λ1 <= λ2 <= ... λm of covariance matrix. Matrix V is 
orthogonal, i.e. VTV = E, where E is identity matrix. The variance of j- th principal 
component D(yj) = λj is equal to j-th eigenvalue. Overall variance of all principal components 
is equal to  
 

λ j

m

1=i

 = C tr ∑          (26) 

where tr (.) is matrix trace. Relative variance explained by the j-th principal component yj is in 
the form  
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         (27) 

 
If the sum of first m1 relative variances Pj is sufficiently high (near 1, say 0.95) it is possible 
to replace m original variables by the m1 first principal component. Graphical selection of 
suitable number of principal components is based on the Scree plot which is column diagram 
of ordered eigenvalues λ1 <= λ2 <= ... λm i dependence of index i.  
For better interpretation of PCA it is suitable to quantify contribution of original variables to 
the principal components. It can be derived that the contribution of each original variable to 
the length of j th principal component is proportional to squared element Vij of eigenvector 
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matrix V. Length of this vector is proportional to λ i . The importance of i-th original 

variable contribution to the j th principal component is then proportional to λ*2
ijV .  

The contribution plot is grouped histogram where each group corresponds to one principal 
component. Individual columns in groups have heights proportional to λ*2

ijV . Individual 
heights are standardized to be relative portions (their sum is equal to 1). Based on the 
contribution plot is simple to select important original variables and remove variables on the 
noise level. Apart from linear projection methods as PCA there exist a lot of nonlinear 
projection methods. Widely known are Kohonen sell organized map (SOM), nonlinear PCA 
and topographical mapping. SOM algorithms principle is projection to the smaller dimension 
space preserving approximate distances between points. When dij

* are distances between pairs 
of points in original space and dij are distances in the reduced space is the target function 
(reaching minimum during solution) E in the form 
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Minimization of E function is realized by using Newton methods or by heuristic searching. 
Simple projection technique is robust version of PCA when covariance matrix S is replaced 
by robust variant SR. In this projection it is simpler to identify point clusters or outliers. [3]. 
The Scree plot and contribution plot are here used for evaluation of principal component 
replacing fabric construction parameters. 
 
6. GRAPHICAL AIDS FOR MODEL CREATION 
In multiple regression one usually starts with assumption that response y is linearly related to 
each of predictors. The aim of graphical analysis is to evaluate the type of non-linearity due to 
function of predictors describing well the experimental data. The power type function of 
predictors is suitable when relation is monotone. Several diagnostic plots have been proposed 
for detection of curve between y and xj  [1]. Very useful for designed experiments without 
marked collinearities is partial regression plot (PRL). This plot uses the residuals from the 
regression of y on the predictor xj, graphed against the residuals from the regression of xj on 
the other predictors. This graph is now the standard part of modern statistical packages and 
can be constructed without recalculation of least squares. To discuss the properties of this plot 
type let us assume the regression model in the matrix notation 
 

y = X(j) β* + xj c + εi        (29) 
 
Here X(j) is matrix formed by leaving out the j-th column xj  from matrix X, β*is (n-1) x 1 
parameter vector and c is regression parameter corresponding to the j-th variable xj. For the 
investigation of partial linearity between y and j-th variable xj the projection into subspace L 
orthogonal to space defined by columns of matrix X(j) is used. Corresponding projection 
matrix into space L has the form P(j) = E - X(j) (X(j)

T X(j))-1 X(j)
T .Using this projection to both 

sides of eqn. (29) the following relation results  
 

P(j) y = P(j) xj c + P(j) ε        (30) 
 
The product P(j) X(j) β* is equal to zero because the space spanned by X(j) is orthogonal to the 
residuals space. It is clear that the term vj = P(j) xj is the residual vector of regression of 
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variable xj on the other variables which form columns of the matrix X(j) and the term uj = P(j) y 
is the residual vector of regression of variable y on the other variables which form columns of  
the matrix X(j).  The partial regression graph is then dependence of vector uj on vector vj. If the 
term xj is correctly specified the partial regression graph forms straight line. Systematic 
nonlinearity is indication of incorrect specification of xj. Random pattern shows unimportance 
of xj for explaining the variability of y. The partial regression graph (PRL) has the 
following properties: 
 
1. The slope c in PRL is identical with estimate bj in a full model.  
2. The correlation coefficient in PRL is equal to the partial correlation coefficient Ryxj. 
3.  Residuals in PRL are identical with residuals for full model. 
4.  The influential points, nonlinearities and violations of least squares assumptions are 

markedly visualized. 
 
The partial regression graphs are used here for checking of multiple regression models form. 
 
7. EXPERIMENTAL PART 
The 27-wool/PET plain weaves with constant sett of warp Do and varying sett of weft Du and 
varying yarn fineness Jo, Ju were created in pilot plant scale. The yarns from mixture of wool 
fiber (45%) and PET fibers (55%) were used. The mean density computed as weighted 
harmonic average is 3/1350 mkgc =ρ . From these parameters the porosity characteristics Ps 
and Pv were computed. From individual textiles the 10 samples 10x10 cm were randomly 
selected. 
The air permeability AP has been measured under standard conditions Δp = 200 Pa and Sw = 
200 cm2 in the standard atmosphere. Ten measurements were realized and the mean value is 
used for calculations. 
The porosity Po from light transmission was investigated by the image analysis system. The 
system consists of microscope, CCD camera and personal computer. The treatment of digital 
images was made by the software LUCIA-M. This software is designed for analysis of the 
high color (3x5 bits) images having resolution of 752x524 pixels. The special threshold 
procedure was adopted for estimation of the relative pore area (corresponds to Po) 
 
8. RESULTS AND DISCUSSION 

The correlation analysis combined with partial regression graphs and RBF neural network 
were used for prediction of air permeability from volume porosity and for creation of 
multivariate model utilizing the yarn fineness and fabric sett for prediction of air 
permeability.  

 
8.1 Permeability and porosity 
Correlation map for air permeability (AP), computed porosities (Pv, Ps) and measured light 
transmission (Po) is given on the fig. 2. 
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Fig. 2 Correlation map for air permeability (AP), computed porosities (Pv, Ps) and measured 

light transmission (Po) 
 
It is clearly visible that the correlations between computed porosities and air permeability are 
very low. Moderate correlation exists between AP and measured porosity from light 
transmission Po. Corresponding regression line is shown on the fig. 3. 
 

 
Fig. 3 Dependence of air permeability (AP) on measured light transmission (Po) 

 
The algorithm FS2 selected only one neuron as optimal with the following parameters: 
  

• Location: 0.327877  
• Weight:  3038.61 
• Radius:  0.259159 
 

Overall characteristics of fit are: coefficient of determination 4.5% and mean relative error 
33.7 %. It is clear that the prediction ability of this model is poor. On the other hand it will be 
probably not possible due to big scatter of points to dramatically improve the fit. The 
dependence between porosity and air permeability is for these fabrics not very strong. 
 
8.2 Permeability and fabric construction 
On the fig. 4 the Scree plot and on the fig. 5 the contribution plots are shown.  
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Fig. 4 Scree plot for construction parameters (Du, Jo, Ju) 

 

 
Fig. 5 Contribution plot for construction parameters (Du, Jo, Ju) 

 
It visible that majority of overall variation is described by the first PC only. The loadings for 
individual PC are given in the table 1. 

 
Table 1. Factor loadings for all PC 

 

 
The first component is therefore created as linear combination PC1 = -0.143*Ju + 0.989*Jo. 
The regression model for this variable is shown in the fig. 6. 

 PC 1 PC 2 PC 3 
Du 0 1 0 
Ju -0.143 0 0.989 
Jo 0.989 0 0.143 
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Fig. 6 The regression line for first PC1 

 
The correlation map for air permeability (AP), warp yarn fineness (Jo), weft yarn fineness 
(Ju) and weft sett (Du) are shown on the figure 7. 
 

 
Fig. 7 Correlation map for air permeability (AP), and construction parameters (Jo - warp 

fineness, Ju - weft fineness, Do - warp sett) 
 

The moderate correlations between construction parameters and air permeability are visible. 
The higher correlation is for warp fineness (Jo). Corresponding regression line is shown in the 
fig. 8.  

 
Fig. 8 Dependence of air permeability (AP) on warp fineness (Jo) 
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For investigation of influence of weft sett Du, weft yarn fineness Tu and warp yarn fineness 
To on air permeability the classical linear regression model   
 

JobJubDubbAP o *** 321 +++=       (31) 
 
has been used. The partial regression graphs for individual variables Du, Ju and Jo are 
practically linear. For illustration the partial regression graph corresponding to Ju (having 
maximal partial correlation) is shown in the fig. 9.  
 

 
Fig. 9 Partial regression graph for weft yarn fineness Ju 

 
The influence of weft sett on AP is little because the partial correlation coefficient is very 
low. Influence of both yarns fineness on AP is higher as is visible from high partial 
correlation coefficients. Parameter estimates are given in table 2. 
 

Table 2. Parameters for multiple linear model 

Parameter Estima
te 

Standard 
error  

bo 13200 1940 

b1 -0.121 0.489 

b2 -9.89 2.37 

b3 -135 17.2 

 
Overall characteristics of fit are: coefficient of determination: 79.9 %, predicted coefficient of 
determination: 73.6 %, mean relative error: 11.5 %.  Using algorithm FS2 the neural network 
model has been created. This algorithm selected 8 neurons as optimal. The dependence 
between predicted and measured air permeability is shown in the fig. 10.  
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Fig. 10 Relation between measured and predicted air permeability (neural network) 

 
Overall characteristics of fit are: coefficient of determination: 96.3 %, mean relative error: 5.8 
%. The nonparametric regression model based on RBF has therefore better fit in comparison 
with classical linear model. Number of parameters in this case highly exceeds number of 
parameters for classical linear regression. 
 
9. CONCLUSION 
The utilization of neural network for creation of nonparametric models is relatively simple. 
Resulting fit is usually sufficient and there are no problems with multicollinearities and 
nonlinearities. On the other hand resulting model contains relatively higher number of 
parameters. The volume porosity for these fabrics is not sufficient for description of air 
permeability. The multivariate regression model based on the sett and yarns fineness has 
relatively good fit. 
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Chapter - 27 
 

SPATIAL STATISTICS AND SURFACE UNIFORMITY OF 
NONWOVENS 

 
Jiří Militký and Václav Klička1)  

Dept of Textile Materials, Technical University of Liberec, 461 17 Liberec, Czech Republic 
1)Rieter a.s., Ústí n. Orlicí, Czech Republic 

 
1. INTRODUCTION  
The products from nonwovens are nowadays applicable in the fields requiring relative high 
mass uniformity or uniformity of basic physico - mechanical properties. There exists a lot of 
methods for description of planar anisotropy and other structural characteristics of nonwovens 
[1,2].  
The spatial variation of geometric and other properties is the main peculiarity of textile 
products. For the purpose of design, quality control and application in composites it is 
necessary to have tools for expressing this variability by suitable characteristics. Especially 
products from nonwovens are nowadays applicable in the fields requiring relative high mass 
uniformity or uniformity of basic physico - mechanical properties [3]. There exist a lot of 
methods for description of planar anisotropy and other structural characteristics of nonwovens 
[4-6]. Selected methods of continuous and discontinuous measurement of planar uniformity of 
nonwovens are described in the dissertation of [6]. In parallel to the description of unevenness 
of linear textile structures by the length variation function, there can be constructed surface 
variation function for textile fabrics. The surface variation function can be easily used for 
description of unevenness or uniformity. Another possibility is to use some techniques based 
on the spatial pattern analysis as variance to mean ratio. 
The main aim of this work is attempt to describe surface irregularity of nonwoven textile 
structure based on the so-called quadrat methods, where characteristic of quadrat is its weight. 
Principle is to divide sample to the rectangular net of cells named quadrats. In these quadrats 
some characteristics as weight, mean optical transparency, mean relief etc. can be measured. 
Direction X is equivalent to the machine direction (index i). In this direction are N quadrats. 
Direction y is equivalent to the cross direction (index j). In this direction are M quadrats. 
For evaluation of mass irregularity five kinds of methods are useful.  
 

• First one is based on the computation of variation coefficient in selected directions 
(machine and cross direction)., and testing the significance of their differences [7]. 

• Second one is based on the modeling of raw data arrays by the ANOVA (analysis of 
variance) type models and testing hypothesis about homogeneity in selected directions 
[8]. 

• Third one is based on the analysis of random field. The moment characteristics of 
second order as spatial covariance and variogram are used for description of these 
fields. The fractal dimension characterizing random field complexity will be computed 
from variogram [9]. 

• Fourth one is based on the global and local spatial variation indices of Geary and 
Moran type [10].  

• Fifth one is based on the utilization of multivariate kurtoisis of indicator random 
variables [11]. 
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There exist a lot of other characteristics as spatial descriptors of irregularity [5] suitable for 
special situations (point patterns).  
The comparison of proposed characteristics of uniformity is demonstrated on the example of 
chemically bonded lightweight nonwoven lap.  
 
2.  IRREGULARITY CHARACTERIZATION 
Irregularity characterization is classically based on the coefficient of variation CV or derived 
statistics. For characterization of lattice data array the models based on the ANOVA principle 
are often used.  For detailed description of irregularity field the second order characteristics as 
function of distance separation vector can be used as well. These characteristics can be 
compared with ideal models of nonwoven structures. The spatial autocorrelation enables to 
characterize organised patterns in data. Some simple indices can be obtained from indicator 
random variable which is simply threshold of original spatial variable.  
 
2.1 Spatial lattice processes 
Spatial data are investigated on the specific domain D.  Usually D is a subset of 2-
dimensional space, but generally the d dimensional domain can be used and then dD ℜ⊂ .  
The vector s contains information on the data location.  Locations in D are denoted by the 
vector s. In 2-dimensional space, s have 2 components (x, y) containing the coordinates.  At 
locations s, the values of some variable z(s) of interests (mass, density, thickness etc.) are 
obtained.  The Z(s) is a random variable at each location. The general spatial model has the 
form }:)({ D∈ssZ . 
There exist three basic model types: 
 
1: Geostatistical data.  Here D is a continuous fixed subset of dℜ ; Z(s) is a random vector at 

location D∈s . 
2: Lattice data.  Here D is a fixed but countable subset of dℜ  such as a grid some 

representation with nodes; Z(s) is a random vector at locations D∈s . 
3: Point Patterns.  Here D is a random subset of dℜ  and is called a point process; if Z(s) is a 

random vector at location D∈s  then it is a marked spatial point process; if Z(s) ≡ 1 
so that it is a degenerate random variable, then only D is random and it is called a 
spatial point process. 

 
For the quadrat method is quantity z(x) random function of two variables called random field. 
This random field is fully described by the n variate probability density function 
 
 { }1 2( , ,.. ) ( ) ,    1...n n i i ip z z z P z z s z dz i n= ≤ ≤ + =i .    (1) 
 
Homogeneous random field has property of invariance according to the translation. The mean 
value m(x) = E(z) is defined as  
 dzzpzzE ∫=  )( )( 1         (2) 

  
Variability of random field is characterized by the covariance function 
 
 212122211   ),( )()(((),( dzdzzzpzEzzEzC −−= ∫∫21 xx .   (3) 

For the case when points x1 and x2 are coincident is covariance function reduced to the 
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variance function D(x) defined as [8]. 
 
 22 )))((())(()( xxx zEzED −= .      (4) 
 
Another measure of spatial variability is so called variogram or semivariogram defined as 
half of variance of the increment (z(x1) - z(x2)) 
 
 )]()([*5.0),( 2121 xxxx zzD −=γ  .     (5) 
 
or 
 
 ))(ρ1()(Var))()((Var)(γ hhuuh −=+−= ZZZ  
 
For homogeneous random field is covariance function dependent on the distance between 
points  
x1 = (x1,y1) and x2 = (x2,y2) only. For this case is ),( ),( 1212 yyxxCC −−=21 xx . 
For isotropic random field is covariance function invariant against rotation and mirroring. 

This function is then dependent on the length d x x y y= − + −( ) ( )2 1
2

2 1
2  and 

therefore )( ),( dRC =21 xx . A random function z(x) is said to be second order stationary, if 
(Cressie (1993)) 
 

• the mean value exists and is independent on the location vector x, i.e. E(x) = m. 
• for each pair of random variables z(x) and z(x + h) is covariance dependent on the 

separation vector h only 2)](*)([)( mzzEC −+= hxxh   
 
The stationarity of variance imply the stationarity of covariance and Variogram 
 
 )0()0())(( CCzD === hx   )()0()( hh CC −=γ .   (6) 
 
The second order stationarity implies that the covariance and variogram are the equivalent 
tools for characterization of spatial correlation. It is clear that second order stationarity leads 
to the continuity at origin because 0)0( =γ . 
If 0(0) 0cγ = > , then c0 is called as nugget effect (small scale variations cause discontinuity at 
origin). If .)( const=hγ  for all h then the z(.) are uncorrelated in this direction.  
The dependence of )(hγ  on h can be expressed by the various parametrical models. Very 
often it is suitable to use the spherical model expressed in the form  
 

 
ahcch

ah0ahahcch
>+=

≤≤−+=
for   )(

for    ])/(5.0)/(5.1[)(

0

3
0

γ
γ

   (7) 

 
where h is the length of h. The distributional properties of variogram and techniques for 
parameter estimation are discussed in the book of [1]. 
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If the spatial phenomenon is seen as being generated by the addition of several independent 
sources having similar spatial distributions, then the z(x) can be modelled by a multivariate 
Gaussian random function. Since the linear combination of multinormal vector is also 
normally distributed a check of this assumption is based on the verification that the difference 
[z(x) - z(x+h)] is normally distributed with man 0 and variance )(2 hγ . 
For computation of sample estimators of above defined measures of spatial continuity the 
experimentally determined values of planar densities (or mass) z(xi) = z(k,j) of k,j th cell (k = 
1...m, j = 1...n) of the rectangular net are used. The sample directional variogram function for 
chosen separation vector h is calculated according to the following formula 
 

 ∑
=

+−=
)(

1

2)]()([
)(2

1)(
h

h
h

h
N

i
ii xzxz

N
γ       (8) 

 
where N(h) is number of points in separation distances h. For regularly distributed points x 
are the separation distances multiples of distance between cells of net. Therefore it is possible 
to compute characteristics for directions 0o (h = c*[1,0]), 45o (h = c*[1,1]), and 90o (h = 
c*[1,0]) for lags c = 1,2,3... only. Averaging of variograms calculated in all directions leads to 
the omnidirectional variogram. 
The sample-standardized variogram for separation vector h is defined as 
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s h
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=          (9) 

 
where 
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For an omnidirectional case is the standardized variogram directly related to the correlogram 

)(1)( hh γρ −= .  
For graphical exploration of spatial variation the h-scatter-plot and variogram surface are 
useful. On the h-scatter-plot the z(xi) are plotted against z(xi+h). For Gaussian distribution 
forms the h-scatter-plot the elliptical cloud around the diagonal line with higher density of 
points in the centre of this cloud. A succession of h-scatter-plots calculated for increasing lags 
(values of h) provides check of stationarity. If successions of h-scatter-plots show that the 
centre of the clouds of pairs depart from diagonal line, the stationarity cannot be accepted. 
Variogram surface is constructed as a set of variograms arranged to cells of regular grids 
starting from central one with zero separation vector (0, 0). Every cell has separation vector h 
created as number of lags in x and y directions from central one. This surface identifies the 
directions of anisotropy i.e. preferential directions in which the directional variograms should 
be constructed. 
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For computation of these spatial measures the program Variowin 2.2 (Pannatier (1996)) and 
our program NONVCOMP written in MATLAB 7.0 can be used  
The variogram or correlogram are moments of the bivariate distribution between properties at 
any two spatial locations. The bivariate distribution is a more complete measure of spatial 
dependency than the Variogram 
 

P( ( ) , ( ) ') ( , , ')ZZ z Z z F z z≤ + ≤ =s s h h      (12) 
 
While the variogram considers the overall spatial continuity between any two locations, the 
bi-variate distribution quantifies spatial continuity between specific classes of the property at 
any two locations. For example, the bivariate distribution allows quantifying the spatial 
correlation between the low property values (when z, z’ is low) separately from the high 
(when z, z’ is high) property values.  The overall variogram )(γ h  measures the dissimilarity 
between all ranges of the data taken together. To quantify the bivariate distribution, one 
employs so-called indicator random variables 
 

1   if 
( , )

0              elsewhere

 Z( ) Tp
I z

>⎧
⎪= ⎨
⎪
⎩

s
s       (13) 

 
It is possible to define multiple of these indicator variables for each threshold Tp. The 
indicator correlogram or variogram is related to the bivariate distribution. 
 
2.2 Analysis based on CV% 
Surface irregularity is classically described by the coefficient of variation (CV). This 
coefficient is traditionally used as the characteristics of unevenness.  
According to the common definitions we can simply computed the overall mean, variance and 
coefficient of variation 
 

 1 ( )ij
i j

m z
MN

= ∑∑  2 21 ( )ij
i j

s z m
MN

= −∑∑  sCV
m

=   (14) 

 
Here zij is selected characteristic of quadrats (here mass mij.). Direction X is equivalent to the 
machine direction (index i). In this direction are N quadrats. Direction y is equivalent to the 
cross direction (index j). In this direction are M quadrats. 
The quantity CV is in fact external variation coefficient CB(F) between cell areas F2. 
Ideal value of CV for nonwovens of total weight W having Poisson distribution of random 
fibres of fineness TV and density Vρ  is defined as [12]. 
 

 
4

4
2( )      

2
V V

N
TCV P
W

ρπ
=      

 
The total variance s2 can be divided to the two terms by using of means in the machine 
direction and cross direction 
 

1
io ij

j

m z
M
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m z
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= ∑  
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Symbol „0“denotes index used for summation i.e. iom is mean value for i th position in the 
machine direction. For the machine direction (expansion of eqn.(14) by using of the mio) the 
following relation results  [7]. 
 

s s sL HL
2 2 2= +          (15) 

 
where the variance in the machine direction 2

Ls  is  
 

s
N

m mL io
i

2 21
= −∑( )         

 
and the variance in the transversal direction 2

HLs  is  
 

2 21 ( )HL ij io
i j

s z m
MN

= −∑∑        

 
For the cross direction is  
 

2 2 2
H LHs s s= +          (16) 

 
where the variance in the cross-direction 2

Hs  is  
 

2 21 ( )H oj
j

s m m
M

= −∑          

 
and the variance in the longitudinal direction 2

LHs  is 
 

2 21 ( )LH ij oj
i j

s z m
MN

= −∑∑         

 
The coefficients of variation CVL, CVHL, CVH and CVLH are obtained by dividing the 
corresponding standard deviations by the mean m. These coefficients are from statistical point 
of view the point estimates of population variation coefficients CVPL, CVPH, etc. For creation 
of confidence intervals the variance of point estimates have to be computed [8]. The rough 
formula of sample variation coefficient variance D(CV) has the form [2] 
 

2
2 (2 1)( )

2 ( 1)
n CV nD CV CV

n n
⎛ ⎞+ +

= ⎜ ⎟−⎝ ⎠
 

 
where n = (N or M) is number of cells in the corresponding direction.  Asymptotic 95 %th 
confidence interval for CVP is then defined as 
 

)CV(DCV 2±         (17) 
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The coefficients of variation are statistically different in the cases when corresponding 
confidence intervals are not intersecting. This analysis can be simply realized by using of 
program NONVCOMP in MATLAB. 
The uniformity of mass distribution can be also characterized by index of dispersion. 
 

 
2

d
sI
m

=          (18) 

 
Spatial randomness corresponds to the Poisson distribution. The null hypothesis of 
randomness can be tested by comparison of Id with quantiles of 2χ  distribution. It is possible 
to compute the limit ML below the pattern is uniform and limit MU above the pattern is 
clumped [5]. 
 
2.3 Analysis by the ANOVA 
The differences between variability in machine and cross directions can be formally tested by 
the analysis of variance (ANOVA. The zij can be interpreted as realizations of random field on 
the discrete two dimensional integer valued rectangular mesh (regular lattice). Let the zij are 
described by the following model [8]. 
 
 ij ij ijz μ ε= +   jijiij ..c βαβαμμ +++=     (19) 
 
where μ ij  is true value in the ij cell, ε ij , μ  is total meanα i  are effects in the cross 
direction, β j  are effects in the machine direction and c is constant of Tukey one degree of 
freedom non - additivity. 
Uniformity in the machine direction is equal to validity of hypotheses 0 : 0, 1...jH j Mβ = =  
and uniformity in the cross direction is equal to validity of hypotheses H i Ni0 0 1: , ...α ≡ = .  
Testing of these hypotheses can be realized by the ANOVA (model with a single observation 
per cell). For the ANOVA model the following constraints are imposed  
 

α i
i

∑ = 0 ,  β j
j=
∑ =

1

0 ,  α βi
i

j∑ = 0 ,  α βi
j

j∑ = 0 . 

For the pure additive effects the interactions . . 0ij i jcτ α β= =  and then  
 

( )1ˆi ij
j

z m
M

α = −∑   and   ( )1ˆ
j ij

i
z m

N
β = −∑   

 
where m is estimator of the total mean defined by the eqn.(2). 
From residuals ˆˆîj ij i je z m α β= − − −  the parameter c can be simply estimated  
 

2 2

ˆˆˆ . .
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ij i j
i j
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i j

e
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α β
=

∑∑

∑∑
       (20) 
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For ANOVA testing the sum of squares due to machine direction (effects jβ̂ ), cross direction 

(effects iα̂ ) and due to interaction are computed and compared with total sum of squares 
NMs .** . Statistical tests based on the F-criterion may be performed. According to the 

results of testing of the null hypothesis H orj i0 0 0( )β α= =  the statistical uniformity in the 
machine and cross direction can be accepted or not. 
When eqn. (19) is considered as the special regression model, the diagonal elements of 
projection matrix have the same value.  
 
 

M.N
MNHii

1−+
=  

 
Outlying cells may be then detected by the standardized residuals 
 

)H(

e
e

iiR

ij
Sij

−
=

12σ
 

 
where σR

2  is variance of error term estimated from residual sum of squares divided by 
corresponding degrees of freedom (NM-N-N). Roughly, if eSij >3, the given cell is taken as an 
outlier. ANOVA analysis is a part of NONVCOMP program written in MATLAB. 
 
2.4 Multivariate kurtoisis 
It is known that kurtosis is the 4 th normalized moment of a investigated property z 
distribution. Let z is n dimensional random vector having vector of mean values m and 
covariance matrix C   
 

( )*( )TE ⎡ ⎤= − −⎣ ⎦C z m z m        (21) 
 
The multidimensional kurtosis Kn is nonregular affine invariant measure of peakness defined 
by relation  
 

1 2{[( ) ( )] }TKn E C−= − −z m z m       (22) 
 
For univariate case is Kn equivalent to the standard coefficient of kurtosis (normalized fourth 
central moment). For n - variate normal distribution is kurtosis Kn = n(n+2). 
Let zr is reduced and centered random vector defined by relation 
 
 1/ 2 ( )−= −xr C z m         (23) 
 
The above-introduced multivariate kurtosis is then simply  
 
 4( )Kn E ⎡ ⎤= ⎣ ⎦xr         (24) 
 
where *  is Euclidian norm. The sample estimate based on the sample (x1, x2  , xN ) where 
component are n variate vectors is equal to  
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−      (25) 

 
Sample mean vector m and covariance matrix S are defined by the usual manner 
 

1 1

1 1       ( ) ( )
1

N N
T

i i i
i iN N -= =

= = − −∑ ∑m z  S z m z m     (26) 

 
For the case when N > n+1 is matrix S almost surely nonsingular. 
For the bivariate rectangular distribution is Kn=5.6 and for the discrete bivariate uniform 
distribution on the grid of size (2n+1)x(2n+1) is valid [1] 
 

)1n(n
2.16.5Kn
+

−=         (27) 

 
In this case tends Kn to 5.6 if is the size of grid is sufficiently large. The kurtosis is generally 
sensitive to peakedness and peaked distributions have high values of Kn. In the bivariate case, 
peakedness can be considered as a spatial clustering of values. Therefore the surface 
homogeneity is characterized by Kn=5.6 and in the case of surface heterogeneity is Kn much 
higher. This property of bivariate kurtosis can be simply used for measuring the homogeneity 
of a given attribute (investigated property) on fabric surface. For continuous attributes it is 
only necessary to threshold individual values into binary ones.  
The threshold operation (transformation to the binary values) is defined as 
 

1)y,x(z =     for   r>Tp  or  0)y,x(z =   elsewhere    (28) 
 
The value Tp determines the type of the outcomes 0 or 1. Spatial concentrations of outcomes 
of the same value are called clusters. In this binary case there are 0-valued and 1-valued 
clusters. For evaluation of Tp the selected quantiles can be simply used. The sample quantiles 
can be computed from order statistics z(1) < z(2) < ... < z(D) where D=N*N is number of cells in 
grid.  It can be shown that z(i) is rough estimate of sample quantile for probability  

1N
iPi +

=          (29) 

 
For obtaining of quantiles with prescribed probability (e.g. Pi = 0.9) the linear approximation 
can be used. The program NONVCOMP in MATLAB created for estimation of kurtosis 
based homogeneity evaluation computes Tp as sample based quantiles for probabilities 0.1, 
0.2,..,0.9. 
 
2.5 Fractal dimension 
A convenient way of characterizing the smoothness (uniformity) of an isotropic surfaces is 
Hausdorf or fractal dimension. If the surface is very smooth is fractal dimension equal to Dp = 
2. For extremely rough surfaces is fractal dimension approaching to limit value Dp = 3. Let 
the random field z(x) is stationary Gaussian and covariance function C(h) is sufficiently 
smooth [13]. The behavior of this function near the origin can be described by power type 
model 
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 αγ hhh c)(C)0(C)( ≈−=       (30) 
 
The value α always lies between 0 and 2 and equals (for Gaussian field) to 2 if z(x) is 
differentiable. The value α is conventionally obtained through linear regression of the log-log 
transformation of eqn (30). Fractal dimension is computed from equation (Davies (1999)) 
 
 2/1dD α−+=        (31) 
 
where d=2 for surface and d=1 for curve .The extent to which the fractal index of a line 
transects of a random field vary with orientation is particularly limited. Even in the case 
where the fractal dimensions of line transect samples can assume different values in different 
directions, the fractal dimension of surface z(x) is 1 plus the higher of the fractal dimensions 
of line transect sections. For the rectangular mesh the direction of rows, columns and diagonal 
direction are sufficient. 
For computation of fractal dimension D the program NONVCOMP in MATLAB has been 
written  
 
2.5 Spatial autocorrelation 
For characterization of the random field non-homogeneity or patterns in investigated 
properties (local concentration, clustering etc.) the spatial autocorrelation could be used (Cliff 
and.  
The spatial autocorrelation deals simultaneously with both location and attribute information. 
Most measures of spatial autocorrelation can be recast as a (normalized) cross-product 
statistic that indexes the degree of relation between corresponding entries from two matrices - 
one specifying the spatial connections among a set of n locations, and the other reflecting a 
very explicit definition of similarity between the set of values on some variable z realized 
over locations [14]. 
In spatial autocorrelation analysis some measure of contiguity is required. Contiguity has a 
rather broad definition depending on the research question; however, most analyses in spatial 
autocorrelation adhere to a common definition of neighborhood relations. Namely, 
neighborhood relations for regular net of points (raster format) are defined as either rooks 
case (B), bishops case (A) or queens (kings) case (C). These are rather simple and intuitive 
as their names suggest (Figure 1).  
 

X  X  X  X X X
 O  X O X X O X
X  X  X  X X X

        A              B          C 
Fig. 1 Different definitions of contiguity 

 
The connectivity (spatial weight) matrix W contains elements Wij = 1, if i-th and j-th cell are 
neighborhood or Wij = 0 if i-th and j-th cell are far each other.  
Let value Zk = z(i,j) for k = i + m*(j-1) are arranged columnwise. The Geary autocorrelation 
index is defined by relation (Cliff and Ord(1973)) 
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where Zm is arithmetic mean of all cells. The statistics c is defined in the range from 0 to 2. 
Negative spatial autocorrelation is for c > 1 and positive spatial autocorrelation is for c < 1. 
Mean value (spatial randomness) is equal to E(c) = 1. Variance D(c) based on the 
approximate normality is defined as  
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Individual symbols in eqn. (33) are defined as 
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Symbol Wi* denotes i-th row and W*i denotes i-th column of matrix W. Random variable  
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has approximately standardized normal distribution. If absolute value abs(Z(c)) ≥ 2 the 
significant autocorrelation occurs  
Very interesting are local measures of spatial dependence. The aim is often the detection of 
clusters, whose purpose is to identify „hot spots“ (extremely outlying points or locations 
having sufficiently unusual local behavior), without any preconceptions about their locations. 
For the detection of clusters the statistics Gi(d) introduced by [13] are useful. The statistic 
Gi(d) is defined as 
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z*)d(w
)d(G       (34) 

 
where wij(d) is a symmetric one/zero spatial weight matrix with ones for all links defined as 
being within distance d of a given i, all other links are zero including the link of point i to 
itself. The d argument is here dropped when only a single distance is under consideration. The 
sum of the weights is written as 
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When we set 
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it may be shown that 
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It was shown that if E(Gi) is bounded away from 0 and from 1, then the permutations 
distribution of Gi under Ho approaches normality. The statistics Gi can be redefined as a 
standard variable by taking the statistic minus its expectation, )1/(][ −= nWGE ii  divided by 
the square root of its variance; at the same time the requirement on weights to be binary could 
be allowed.  
Moran´s global spatial autocorrelation statistic can be written as 
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    (38) 

 
3. EXPERIMENTAL PART 
The chemically bonded (by the acrylate binder) nonwoven from viscose fibres (VS) was 
prepared. Starting lap of planar weight 30 g m-2 was created on the pneumatic web former. 
The lap consists of two types of viscose fibers mixed in the weight ratio 67/33 (VS 3,1 
dtex/60 mm and 1,6 dtex/40mm). Binding acrylate (relative amount 20 %) was applied by 
padding. The rectangular samples of dimensions 100 x 100 mm were used for further 
analysis. Samples were cut to quadrats having dimensions 10 x 10 mm. Relative errors of 
quadrat dimensions were from 0.88% to 1.22%. For the case of mass density 60 g/m2 has 
quadrat with area Sj = 100 mm2 weight around 6 mg. Quadrat mass mij was evaluated as mean 
from five measurements. Maximum relative error of weighting for samples having around 60 
g/m2 was 1.606%. 
 
4. RESULTS AND DISCUSSION 
The results are part of outputs from program NONVCOMP. The local mass variation of tested 
sample is visible from fig. 2. 
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Fig. 2 Local mass variation contours 
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For deeper investigation of anomalous regions the moving windows were used. Principle is 
division the study area to the several local neighborhoods of equal size (moving windows) 
and within each local window the mean and variance are computed. The dimension of moving 
windows can be gradually changed to obtain good identification of local anomalies. The plot 
of local means and variances are given in fig. 3. The row mean and variances are shown as 
well.  
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Fig. 3 Local statistics characterizing stability of mean and variance 
 

There are visible some departures from constancy of mean and variance (stationarity). Deeper 
analysis of local anomalies is based on the investigation of residuals. Simple parametric 
model is based on the ANOVA model without interaction ij i j ijz μ α β= + + + ε . The residuals 
and squared residuals for this model are on the fig. 4. The residuals were computed from total 
mean m, row means iom  and column means ojm or by replacing of means by medians. 
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Fig. 4 Residuals and squared residuals for ANOVA model 
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The local “hot spots” (anomalies) are here clearly visible. The median ANOVA residuals 
were used for computation of Geary spatial autocorrelation coefficient. The bad case was 
Bishops arrangement with following results: 
Geary's C =0.982 and the standardized variable Z(c) =0.199. The residuals are therefore 
spatially uncorrelated and in data are the long scale variations mainly.  For original data and 
Bishops arrangement is Geary's C =0.819 and the standardized variable Z(c) =20.39. These 
data exhibits very strong small scale variation. The division of total variance, index of 
dispersion and ANOVA, has described mass variation. Details about results will be in full 
text. The division of total variance is in the table 1.  
 

Table 1. Variances and coefficients of variation CV [%] 
Characteristics S2 L / CV L 

(machine) 
S2 H / CV H 
(cross) 

S2 / CV (total) 

weight 1.17 / 1.84 24.75 / 8.445 25.93 / 8.64 
 

The Id = 0.444 is slightly above lower limit for randomness ML= 0.3607. ANOVA analysis 
leads to results that variability in both directions is important. Basic statistical characteristics 
of resulted random field of surface density are given in the table 2. 
 

Table 2. Basic characteristics of surface density 
Number of values 100 Dimension
Mean 58.92 [g m-2] 
Standard deviation  5,12 [g m-2] 
Variation coefficient  8.64 [%]

 
The variogram is machine direction, cross direction, diagonal direction and omni-variogram 
are shown on the fig. 5 in the untransformed and log /log form 
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Fig. 5 Variograms in untransformed and double logarithmic plot 

 
The approximate linearity in double log plot enables calculation of fractal dimension. The 
least squares estimates from all points are: D rows = 2.83, D cols = 2.91, D diag = 2.79, D 
omni =   2.86. The surface is therefore very complex. 
The spherical model for omni-variogram (see eqn. (7)) is shown on the fig. 6. By using of 
nonlinear least squares the following results were obtained:  
Sum of squares due to regression on x1 =    74.72 
Sum of squares added by x2   =     3.93 
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Total sum of squares   =    83.03 
Co (Nugget) =    14.04 
C+Co (Sill) =    29.28 
a = 4.642217. 
 
 Due to high nugget effect the stationarity of data cannot be accepted.  
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Fig. 6 Spherical model for omnivariogram 

 
The kurtosis for various percentiles is shown on the fig. 7. 
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Fig.7 Kurtosis for various percentiles 

 
It is clear that from Tp = 0.7 till Tp = 0.7 looks the distribution of “binarized” local mass as 
homogeneous. For lower and higher values the formation of spatial clusters is clearly 
indicated.  
The indicator functions (see eqn. (13)) for selected Tp are shown on the fig. 8. It is visible that 
for higher Tp are identified local anomalies.  
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Fig. 8 Indicator functions for selected thresholds (cut) 

 
5. CONCLUSION 
The system of spatial data analysis based on the above mentioned methods can be used for 
identification of spatial dependence for regular lattice data or planar unevenness evaluation. 
Tested nonwoven exhibits large-scale variation and higher complexity with local anomalies.  
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Chapter - 28 
 
THERMAL CONDUCTIVITY PREDICTION OF TEXTILE MATRIALS 

  
Jiří Militký and  Dana Křemenáková  

Faculty of Textile Engineering, Technical University of Liberec, 461 17, LIBEREC, 
 Czech Republic 

 
1. INTRODUCTION 
Now-a-days people are more and more interested in clothing assuring physiological comfort. 
Physiological comfort is strongly connected with thermal comfort, which is defined as a state 
of satisfaction with the environmental thermal conditions. One of the first attempts for 
specification of thermal comfort was introduction of special units clo or tog dealing with 
thermal resistivity Tr.  
Thermal resistivity is defined as fabric thickness divided by fabric thermal conductivity K 
The clo and tog are measures of thermal resistance and include the insulation provided by any 
layer of trapped air between skin and clothing and insulation of clothing itself. One tog is 
equal to 0.1 m2 K W-1 and clo is equal to 1.55 tog. One clo corresponds to the intrinsic 
insulation of a business suit worn by a sedentary resting male in a normally ventilated room at 
21oCand 50 % RH and an air ventilation of 0.1 m/s. These conditions represent the 
environmental state at which most males feel comfortable. Suitable clo values for winter and 
summer clothing is approximately 0.8 and 0.5, respectively (obviously, with decreasing 
thermal resistivity the clothing's ability to insulate against the environmental conditions 
decreases as well). 
Prediction of the thermal conductivity of fibrous structures is important for the purpose of 
designing of new fabrics and prediction of their ability to provide thermal comfort. There 
exist plenty of various models for prediction of thermal conductivity of multiphase materials 
which can be used for prediction of textile fabrics thermal conductivity (see e.g. [5, 6]). 
Tai [7] deduced mathematical expressions for the equivalent thermal conductivity of two and 
three-dimensional orthogonally fiber-reinforced composites in a one-dimensional heat flow 
model. Tai showed that whether a square slab model or a cylindrical fiber model is used 
makes little difference to the heat flux; while the fiber volume fraction matters. Transversal 
heat conductivity of fibrous composites is dependent on the yarn shape and fabric 
macroscopic porosity. 
Krach and Advani [8] investigated the effect of void volume and shape on the effective 
conductivity of a unidirectional sample of a 3-phase composite using a numerical approach 
consisting of a unit cell. Their findings clearly showed that the influence of porosity on 
thermal conductivity could not be described solely by the void volume. Other predictions 
based on the models of fabric unit cell were presented by Stark and Fricke J [10] or Ning and 
Chou [9]. Application of these models for systems in which the matrix phase is replaced by 
air phase is complicated by fact that during measurement of thermal conductivity fabric is 
deformed, shape of yarns is not circular and therefore unit cell is then not precisely known. 
The simpler approach is to use estimated porosity and packing density as characteristics of 
fabrics porous structure. 
It is well known that thermal conductivity of fabric is mainly influenced by their porosity. The 
fabric porosity is a function of construction parameters such as yarn fineness and set of weft 
and warp. The ideal volume porosity can be computed from basic fabric parameters and the 
structure of elementary cell. The main aim of this work is the creation of simple mechanistic 
model for the prediction of fabric thermal conductivity from basic fabric properties such as 
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yarn diameters, weft and warp sett, planar weight and thickness of fabric. This model is in 
fact the combination of air conductivity and conductivity of fibrous phase in hierarchy fibers, 
yarn and fabric. The experimentally obtained thermal conductivities of wool/PET plain 
weaves with constant sett of warp and varying sett of weft and varying yarn fineness are used 
for checking of the predictive ability of this model. 
 
2. THERMAL CONDUCTIVITY OF TEXTILE MATERIALS 
Thermal conductivity K is defined as proportionality factor in the Fourier equation describing 
the steady state one directional transport of heat through a body of cross sectional area A and 
length L due to thermal difference ΔT. 
 

  TQ K A
L

Δ
=          (1) 

 
where heat flow is generated by the temperature gradient. as is shown in fig. 1.  
 

 
Fig. 1 Thermal transport through solid body 

 
Thermal conductivity of solid matter is about 1 - 5 [W m-1K-1], e.g. water K = 0.6 [W m-1K-1], 
ice K = 2.24 [W m-1K-1] and air K = 0.024 [W m-1K-1].  
No adequate theory exists which may be used to predict the thermal transport in the polymeric 
systems accurately. A simple phonon model of thermal conductivity is described by Van 
Krevelen [1]. Most of the semi empirical expressions for prediction of the thermal 
conductivity K are based on the Debye equation 
 

   PK C u Lρ=          (2) 
 
where ρ  is the density, u is the velocity of the elastic waves (sound velocity), Cp is the 
specific heat capacity and L represents the average free path length (distance between 
molecules in adjacent layers). In crystalline solids the thermal conductivity is enlarged by a 
concerted action of the molecules. All constants enabling to use eqn. (2) for prediction of 
polymeric fibers thermal conductivity at room temperature are published in the book [1]. 
Semi crystalline polymers exhibit higher thermal conductivity than amorphous ones. For 
typical PET with 40 % crystallinity Kpe = 0.272 [W m-1K-1]. This value is used for the 
prediction of the thermal conductivity of polyester fibers. 
The thermal conductivity of textile fibers generally depends on their chemical composition, 
porosity and content of water. Haghi [2] published thermal conductivity for some typical 
fibers. For practically nonporous polypropylene fiber he found K = 0.518 [W m-1K-1] and for 
porous acrylic fiber K = 0.288 [W m-1K-1]. In hydrophilic fibers the thermal conductivity 
depends on the moisture content characterized by regain R [%] (percentage of water in 
structure). The following relation describes the dependence of K on R for wool fibers [2] 
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  (3) 

 
Empirical relation between K and R for cotton fiber was found to be [2] 
 

310 44.1 63
100co
RK − ⎛ ⎞= +⎜ ⎟

⎝ ⎠
       (4) 

 
In case when the two fibers A and B are blended (blending ratio i.e. proportion of fiber A in 
blend is equal to br) their conductivity KAB is estimated as upper limit defined as  
 

(1 )AB r A r BK b K b K= + −        (5) 
 
The mean density of blended fiber ρAB is  
 

 
(1 )
A B

AB
r B b Ab b

ρ ρρ
ρ ρ

=
+ −

       (6) 

 
The thermal conductivity of textile fabrics is based on the thermal conductivity of fibers, 
yarns and on the construction of fabrics responsible for major part of fabric porosity.  
 
2.1 Yarn conductivity 
Fabric is composed from weft and warp mutually interlaced yarns. Input characteristic of yarn 
is fineness of weft yarn TC and fineness of warp yarn TM. For idealized circular yarn with 
constant packing density the yarn diameter may be computed using the following relations  

 

C
C 6

C

2 T
d

10 π ρ
=         (7a) 

and 
 

M
M 6

M

2 T
d

10 π ρ
=          (7b) 

 
Here ρC and ρM are unknown densities of weft and warp yarns. These densities are 
combinations of densities of fibers ρF and air ρA =1. 200 [kg m-3] according to the packing of 
fibers in yarns. For known packing density μM is ρM = μM ρF and the same relation is valid for 
a weft yarn.  
The values ρC and ρM are therefore functions of twist and the method used for yarn spinning. 
Yarn porosity PY is defined as 
 

  1-Y CP μ=          (8) 
 
Neckar [3] derived equations for prediction of mean packing density of yarn as a function of 
twist Z, fineness and type of material (constant M)  
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Symbol μm [-] denotes practical limit packing density. The packing densities of most of yarns 
computed from eqn (9) vary in the range of 0.42 to 0.60. For moderate levels of twist it has 
been empirically found that FC C/   0.525ρ ρ = μ ≈ . This correction can be imposed to the 
relations for computation of dC or dM. 
For computation of a yarns thermal conductivity KY a model based on the combination of 
thermal conductivities of air and fibers accounting fibers orientation is proposed.  
 

11 1  

a F
Y F

a FY

Y a F

K KK K
K KP z

P K K

−
= +

⎡ ⎤−−
+ +⎢ ⎥+⎣ ⎦

     (10) 

 
where z = 1 when all fibers are perpendicular to the direction of heat flow, z = 2/3 for random 
fiber orientation and z = 5/6 for half of fibers being random and the other half being normal to 
the direction of heat flow.  Based on the preliminary testing the best choice is z = 1 
 
2.2 Woven fabric conductivity 
Classical parameters of fabrics are sett (texture) of weft DC [1/m], sett of warp DM [1/m], 
planar weight WP [kg m-2] and thickness of fabric tW [m]. 
The volume porosity is computed from the idealized fabric surface structure projection shown 
in the fig.2.  
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Fig. 2 Idealized surface of fabrics projection (solid lines bound the unit cell) 

 
The unit cell (element of structure) contains a part of curved weft and warp yarns portions. 
Volumes and lengths of these portions are computed from an equation derived by Militký [4]. 
Corrected volume porosity is then defined as 
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The simplest way is to compute „density“ porosity of fabrics from relation 
 

/    where       V P
D W F W

V W

m WP 1
v t

ρ ρ ρ= − = =     (12) 

 
Here mV [kg] is weight and vV [m3] is corresponding volume of fabrics having the surface of 1 
m2. From the measured planar weight WP, fabric thickness tW and known density of fibers it is 
then simple to compute the „density“ porosity“ as 
 

 
P

D
F W

WP 1
tρ

= −         (13) 

 
For expression of thermal conductivity of fabric is then simple to use two phase model  from 
yarns (moist) having thermal conductivity KY and air with thermal conductivity Ka in serial 
(lower limit) or parallel (upper limit) arrangements as is shown in the fig. 3. The relative 
portion of air phase is equal to porosity PV and relative portion of fibrous phase is 1 - PV.  
 

Parallel Series

Heat Heat

 
Fig. 3 Limit arrangement of yarns (black) and air (white) in conductivity model 

 
The thermal conductivities for parallel and serial arrangements KP and KS, respectively, are 
equal to 
 

* (1 )*P V Y V aK P K P K= + −        (14) 
 
and 
 

*
* (1 )*

a Y
s

V a V Y

K KK
P K P K

=
+ −

       (15) 

 
Actual composition of fibers and air phases can be presented by linear combination of parallel 
and series structures of its constituents’ thermal resistance [5]. The compromise is to compute 
the mean thermal conductivity KPS as arithmetic mean between upper and lower limit.  
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2
P S

Ps
K KK +

=         (16) 

 
This might not give an accurate prediction of the fabrics thermal conductivity due to the 
specific orientations the fibers take within the yarns as well as the distribution, shape, and size 
of the pores. However, the parallel/series structure gives a first hand prediction and would 
give reasonable prediction accuracy for practical applications due to its simplicity.  
 
3. EXPERIMENTAL PART  
The 27-wool/PET plain weaves with constant sett of warp DC and varying sett of weft DM and 
varying yarn fineness TC, TM were created in pilot plant scale. Yarns from mixture of wool 
fiber (45%) and PET fibers (55%) were used. The mean density computed as weighted 
harmonic average is 3 /c 1350 kg mρ = . From these parameters the porosity characteristics Ps 
and Pv were computed. From individual textiles the 10 samples 10x10 cm were randomly 
selected. The experimental thermal conductivity Kex [W m-1K-1] was measured by means of 
the ALAMBETA device (see. fig. 4).  

 

 
Fig. 4 ALAMBETA device 

 
For computation of fabric heat conductivity limits KS, KP and KPS according to the above 
described methodology a program CONDUCT in MATLAB language was developed. 
Outputs from this program are volume porosities PV and computed heat conductivities KS, KP 
and KPS in comparison wit experimental heat conductivities Kex.  

 
4. RESULTS AND DISCUSSION  
The dependence of thermal conductivity Kex [W m-1K-1] on the volume porosity is shown in 
the fig. 5. The maximum relative errors of measurements was up to 2.5 % 
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Fig. 5 Experimental and predicted thermal conductivities dependent on volume porosity PV 

 
The upper curve on the fig. 5 corresponds to the upper limit KP, the lower curve on the fig. 5 
corresponds to the lower limit KS and middle curve is arithmetic mean KPS. 
The experimental thermal conductivities (black points) are practically fully covered by 
computed limits of heat conductivity. These results are surprisingly good because no 
measured characteristics were used for computations. Fabric parameters are used for 
computation of the volume porosity only.  
 
5. CONCLUSION 
On the basis of the conducted investigations the thermal conductivity of wool PES blended woven 
fabrics can be predicted from volume porosity PV and combined model of parallel and serial 
arrangements KPS.. For heat conductivity prediction the presented approach delivers 
sufficiently accurate results for the purpose of prediction of thermal comfort as well as for the 
design of fabrics. This methodology is prepared as part of a complex system for fabric design 
LIBTEX. LIBTEX system offers a computer based method for the virtual design of fabrics and 
computation of their properties  
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Chapter – 29 
 

ELECTROMAGNETIC SHIELDING OF HYBRID FABRICS  
 

Veronika Šafářová and Jiří Militký  
Faculty of Textile Engineering, Technical University of Libere,c Liberec Czech Republic 

 
1. INTRODUCTION  
It is well known that electric or electronic machinery and communication appliances are 
producing electromagnetic wave. If the electromagnetic wavse are not isolated effectively, 
they will interfere with each other and result in technical errors. If one gets exposed under the 
electromagnetic, radiation environment, physical harms may occur on human body. Some 
protection against electromagnetic waves is now required for textile structures designated for 
daily use. For electromagnetic shielding applications, typically a SE of at least 20 dB 
(indicates that 99% of the electromagnetic (EM) energy is reflected or absorbed by the 
material) is needed. The electromagnetic interference shielding efficiency characterization 
needs to use special devices. Simpler are measurements of surface or volume resistivity or 
reciprocal values of conductivity. It is known from theory that at sufficiently high frequencies 
it is possible to measure characteristics of electrical part of electromagnetic field only and 
therefore it should be linear relation between total shielding effectiveness ST [dB] and fabric 
resistivity or conductivity. The main aim of this work is investigation the form of relation 
between resistivity and total shielding effectiveness ST. for special types of fabrics.  
The fabrics with the same structure and variable portion of conductive phase were used. 
Fabrics were made from hybrid yarns containing metal fibers. Volume resistivity was 
measured according to the standard ČSN 34 1382. Electromagnetic shielding was 
characterized by the attenuation of electromagnetic field power density by using a simple 
device. The measurements obtained from this device were compared with measurements of 
electromagnetic shielding realized on special device working in the wide spectrum of 
wavelengths (Ege University Turkey). Results from both devices will be compared. 
According to World Health Organization [13], exposure to electromagnetic fields is not a new 
phenomenon. However, during the 20th century, environmental exposure to man-made 
electromagnetic fields has been steadily increasing as growing electricity demand, ever-
advancing technologies and changes in social behavior. Everyone is exposed to a complex 
mix of weak electric and magnetic fields, both at home and at work. Sources of such 
emissions could include generation and transmission of electricity, domestic appliances and 
industrial equipment, telecommunications and broadcasting. If the electromagnetic waves are 
not isolated effectively, they will cause interference with each other and result in technical 
errors. If one gets exposed under the electromagnetic, radiation environment, physical harms 
may occur on human body [14, 15] 
It is well known that electric or electronic machinery and communication appliances are 
producing electromagnetic wave. If the electromagnetic waves are not isolated effectively, 
they will cause interference with each other and result in technical errors. Electromagnetic 
radiation effects can be divided into two categories according to its level and time:  
 
1) Stochastic health effects are associated with long-term, low-level (chronic) exposure, 
caused by ionizing radiation. 
2) Non-stochastic health effects appear in cases of exposure to high levels of radiation, and 
become more severe as the exposure increases. Short-term, high-level exposure is referred to 
as 'acute' exposure, caused by non-ionizing radiations. 
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Electromagnetic (EM) fields below 10 GHz (to 1 MHz) penetrate exposed tissues and 
produce heating due to energy absorption. The depth of penetration depends on the frequency 
of the field and is greater for lower frequencies. Absorption of EM fields in tissues is 
measured as a specific absorption rate (SAR) within a given tissue mass [4, 5]. Most mobile 
phones transit and receive EM radiation at a frequency of 900 MHz. This is in the range of 
non-ionizing radiation but still it may cause heating, which can lead to severe health effects 
(These effects are known as thermal effects). For a phone to pass US certification [6], that 
phone’s maximum SAR level must be less than 1.6 W/kg. Current standards for EM 
exposures include limits expressed in terms of SAR. Reduction of SAR of EM protective 
clothing will vary significantly with certain EM field characteristics, particularly frequency.  
EM fields above 10 GHz are absorbed at the skin surface, with very little of the energy 
penetrating into the underlying tissues. The basic quantity for EM fields above 10 GHz is the 
intensity of the field [4, 5] measured as power density [W m-2]. 
The electromagnetic environment is dominated by high-powered radio and television 
transmitters, and 95% of the population is exposed to a radiated power density of 0.1 μW cm-2 
or less. 
In recent years, conductive fabrics have obtained increased attention for electromagnetic 
shielding and anti-electrostatic purposes. This is mainly due to their desirable flexibility and 
lightweight. Metal is considered to be the best electromagnetic shielding material due its 
conductivity but it is expensive, heavy, and may also have thermal expansion and metal 
oxidation, or corrosion problems associated with its use. In contrast, most synthetic fabrics 
are electrically insulating and transparent to electromagnetic radiation [16].  
Conductive fabrics can be created by using electrically conductive metallic fibers. They can 
be produced in filament or staple lengths and can be incorporate with traditional non-
conductive fibers to create yarns that possess varying degrees of conductivity (see. fig. 1). 
 

 
Fig. 1 Microscopic images of  hybrid yarn containing 5% of stainless steel fibre  

(diameter of fibre is around 9 μm). 
 
 Another way represents conductive coatings which can transform substrates into electrically 
conductive materials without significantly altering the existing substrate properties. They can 
be applied to the surface of fibers, yarns or fabrics. The most common are metal and 
conductive polymer coatings.  
Fabrics which contain only mesh composed of hybrid yarns created by PES and metal fiber 
(stainless steel) achieve satisfactory results when compared total shielding effectiveness with 
fabrics composed of 100% hybrid yarns [17]. 
The main aim of this work is investigation the form of relation between resistivity and total 
shielding effectiveness ST. for special types of fabrics. First group of fabrics are made from 
hybrid yarns containing metal fibers and second group of fabrics are cotton twill with mesh 
composed from hybrid yarns containing PES and metal fiber. 
 
2. ELECTROMAGNETIC FIELD 
An electromagnetic field is built up from various electric E and magnetic field H components. 
An electric field is created by a voltage difference and magnetic field is created by a moving 
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charge, i.e. by a current. Every current is thus accompanied by both an electric and a magnetic 
field. Electromagnetic radiation consists of waves, see Fig. 2.  
 

 
Fig. 2 Electromagnetic waves 

 
Radio frequency RF energy includes broad range of frequencies ranging from 10 kHz to 300 
GHz, and is non-ionizing. The frequency ranges from 30 kHz to 300 MHz includes mobile 
phones, radio and television Radar and micro waves etc. 
The ratio of E to H is defined as the wave impedance Zw, [Ω] and depends on the type of 
source and the distance from the source. Large impedances characterize electric fields and 
small ones characterize magnetic fields.  
Depending on the distance to the source, field components with different directional vectors 
and properties dominate [4]. The far field area begins when the distance to the source is large 
enough to form a coupled electric and magnetic field for which the field components are 
perpendicular to each other. Besides, this field can be considered locally to be a plane wave, 
so that the exposure is uniform over the body or body part. The radiation part of the field 
dominates in the far field area.  
In the far field area the ratio between the electric field E [V m-1] and the magnetic field H [A 
m-1] remains nearly constant and equal to 377 Ω, i.e. the intrinsic impedance of free space. It 
is thus sufficient to measure only the electric field or only the magnetic field to establish that 
the action values are not being exceeded. 
In the near field area, the magnetic and electric fields are no longer coupled and the 
components of each field must be evaluated separately. Exposure in the near field area is no 
longer uniform. In the near field the exposure depends on the spatial distribution of the 
electric or magnetic field, the frequency used, the specific conductivity of tissue σ, the 
dielectric permittivity of tissue ε, the contact of the body with the ground and the machine, 
and the position and thus the geometry of the exposed person. The far field starts at a distance 
r from the source, for which 
 

22 Dr
λ

≥  

 
where D is the maximum dimension of the antenna and λ the wavelength, both in meters. 
Conductive textile characteristics connected with protection against electrostatic field were 
studied in numerous publications [1-3] 
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3. ELECTROMAGNETIC SHIELDING  
In electromagnetic shielding, there are two regions, the near field shielding region and far 
field shielding region. When the distance between the radiation source and the shield is larger 
than λ/2π (λ is the electromagnetic source wavelength), it is the far field shielding region. The 
electromagnetic plane wave theory is generally applied for electromagnetic shielding in this 
region. When the distance is less than λ/2π, it is in the near field shielding and the theory 
based on the contribution of electric and magnetic dipoles is used for electromagnetic 
shielding. 
The amount of attenuation due to shield depends on the electromagnetic waves reflection 
from the shield surface, absorption of the waves into the shield and the multiple reflections of 
the waves at various surfaces or interfaces in the shield. The multiple reflections require the 
presence of large surface area (porous or foam) or interface area (composite material 
containing fillers with large surface area) in the shields. The loss connected with multiple 
reflections can be neglected when the distance between the reflecting surfaces or interfaces is 
large compared to the skin depth δ [m] (the penetration depth) defined as 
 

1
  f K

δ
π μ

=  

 
where f [Hz] is the frequency, μ is the magnetic permeability equal to μ0 μr, μ0 is the absolute 
permeability of free space (air = 4π 10-7 and K [S m-1] is the electrical conductivity. An 
electric field at a high frequency penetrates only the near surface region of a conductor. The 
amplitude of the wave decreases exponentially as the wave penetrates the conductor. The 
depth at which the amplitude is decreased to 1/e of the value at the surface is called the “skin 
depth,” and the phenomenon is known as the “skin effect.” 
Efficiency of electromagnetic shields is commonly expressed by the total shielding 
effectiveness ST [dB], which represents the ratio between power P2 [W] received with the 
shield is present and power P1 received without the shield is present. 
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where log(x) id decadic logarithm. 
For electromagnetic shielding applications, typically a SE of at least 20 dB (indicates that 
99% of the electromagnetic (EM) energy is reflected or absorbed by the material) is needed. 
A SE of 30 dB indicates that 99.9% of the EM energy is reflected or absorbed by the material, 
with only 0.1% exiting the shielding material. 
When electromagnetic radiation is incident on a shielding material, the reflection, absorption, 
and transmission phenomena take place [7]. The total shielding effectiveness ST is then 
summation of the SA due to absorption (SA), reflection (SR), and multiple reflection (SM), i.e., 
 

T A R MS S S S= + +  
 
For a single layer of shielding material, when SA is >10 dB, then SM ~ 0 and can be neglected.  
The shielding due to reflection SR can be expressed by relation  
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where n is the index of refraction of the shielding material. 
According to definition of shielding effectiveness, it is possible to express the shielding 
effectiveness SE for electric field and the shielding effectiveness SH for magnetic field by 
relations   
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where E1 [V m-1] (or magnetic H1 [A m-1]) is the electric field strength outside of shielding 
layer and E2 (or H2) is the resulted electric field strength after passing through shielding layer. 
Typical behaviors of SE and SH vs. the frequency are given in Fig. 3 [10]. 
 

 
Fig. 3 Dependence of electric and magnetic shielding effectiveness on frequency [10] 

 
 It is clear that below a certain frequency ft electric and magnetic field behave in opposite 
sense. Above ft, shielding effectiveness for electric field increases to join the shielding 
effectiveness for magnetic field at higher frequencies. This characteristic frequency ft 
corresponds to the condition where the skin depth δ becomes smaller than shield thickness t 
i.e. 
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where μ is the magnetic permeability of the medium. 
Shielding effectiveness ST of the conductive materials can be expected by the following 
expression [8, 9] 
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where K [S cm-1] is the volume conductivity of the conductive material and f [MHz] is the 
frequency. 
The usefulness of this model can be ascertained by comparison with the model of White [7], 
which is usually used to predict the shielding effectiveness of a sample of thickness t [cm] to 
an electromagnetic wave of frequency  (Hz), given as 
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where K [S cm-1] is the volume conductivity and Kc is copper conductivity (5.82 105 S cm-1). 
The analysis of leakage through openings in conductive fabric shields is based on 
transmission line theory [1]. The shielding effectiveness is given by the equation  
 

1 2 3T a a aS A R B K K K= + + + + +  
 
where Aa [dB] is attenuation introduced by a particular discontinuity, Ra [dB] is a fabric 
aperture with single reflection loss, Ba [dB] is a multiple reflection correction term, K1 [dB] is 
a correction term to account for the number of like discontinuities, K2 [dB] is a low-frequency 
correction term to account for skin depth and K3 [dB] is a correction term to account for a 
coupling between adjacent holes. The empiric relations for these attenuation are published 
e.g. in the work of Perumalraja [1]. Only in the evaluation of term K2 is an implicit knowledge 
of the electrical characteristics (conductivity and permeability) of the fabric required. Since 
this term is valid only for low frequencies [11] it has been omitted from the calculation at 
microwave frequencies.  
In order to approximate the mesh nature of the fabrics the following assumptions are used: 
 
1) The conductive fibers are wound together in a bundle in the center of the bundle of 
nonmetallic fibers. These two bundles together form the fabric strands. 
2) The only influence of the nonmetallic fibers is to space the bundles of metallic fibers apart. 
3) The pores in the fabric are square. 
 
For effective shielding the fabric it should contain as few portions of pores as possible. 
The shield effectiveness ST of materials with (carbon) filler depends on the volume percent of 
the filler material V [%] [12] 
 

2.46 ST V=  
 
For a single layer, the theoretical value ST can be written as  
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where K is conductivity; t, the thickness of the sample; and Z0, the free-space wave 
impedance, 377Ω. [6] 
 
4. EXPERIMENTAL PART 
The six fabrics with the same structure (weft and warp fineness 51 tex, warp sett 20 1/cm, 
weft sett 19 1/cm and twill weave) were used. First three fabrics are made from hybrid yarns 
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containing metal fibers and second three fabrics are cotton twill with mesh composed from 
hybrid yarns containing PES and metal fiber. Details about fabrics are given in the table 1. 
 

Table 1. Tested fabrics 

 
 
Surface and volume resistivity were measured according to the standard ČSN 34 1382, at 
temperature T = 24,8 °C, and relative humidity  RH = 41 %. Surface resistivity was measured 
by applying a voltage potential across the surface of the sample and measuring the resultant 
current. Surface resistivity ρS [Ω/square] was calculated from relation 
 

S S
oR
l

ρ = , 

 
where RS is resistance [Ω], o [m] is the middle perimeter (width of electrodes) and l [m] is the 
distance between electrodes. Volume resistivity is tested in a similar fashion to surface 
resistivity; however, electrodes are placed on opposite faces of a test sample. Volume 
resistivity is measured by applying a voltage potential across opposite sides of the sample and 
measuring the resultant current through the sample. Volume resistivity ρV [Ω cm] was 
calculated from relation 
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where RV  [Ω] is volume resistance reading, h is thickness of fabric [cm], S is surface area of 
electrodes [cm2]. All measurements were repeated 10 times and for calculation the arithmetic 
mean was used. These values are given in the table 2. 
 

Table 2. Mean values of surface ρS,volume ρV resistivity and shielding effectiveness 
Sample ρS [kΩ] ρV [kΩ cm] ST [dB] 

1 56,23 56,92 19,69 
2 26,33 33,20 22,56 
3 18,04 22,24 23,06 
4 187,12 155,99 16,86 
5 124,16 110,75 19,09 
6 46,79 82,77 20,36 

 
Electromagnetic shielding was characterized by the attenuation of electromagnetic field 
power density by using of simple device (see Fig. 4). 
 

 
Fig. 4 Apparatus for measurement of power density attenuation 

 
Basic parts of device are two waveguides. One waveguide is connected with receiving wire 
(antenna). Textile sample is placed on the entrance of second waveguide. The end of this 
waveguide is filled by foam saturated by carbon absorbing the electromagnetic field passed 
through sample. 
 Sample is oriented perpendicularly the electromagnetic waves. Transmitting antenna is 
placed in front of first waveguide input. As source of electromagnetic field the ZigBee 
module working at frequency 2.4 GHz is used. The total shielding effectiveness ST [dB], is 
calculated from eqn. (1) where P1 [W m-2] is input power density and power P2 is power 
density after passing through sample. The mean values of ST are given in the last column of 
table 2. It was found that the ST in the direction of weft and warp were the same. 
 
5. RESULTS AND DISCUSSION 
The results of simple device shown in fig. 4 were compared with results obtained by standard 
method ASTM D 4935 – 99 Standard Test Method for Measuring the Electromagnetic 
Shielding Effectiveness of Planar Materials. Standard method is working in the range 30MHz 
– 1.5GHz. Results of standard method for all samples are shown in fig. 5. 
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Frequency [Hz]  
Fig. 5 The dependence of total shielding effectiveness ST  on frequency for standard method 

 
The problem is that measurements by simple device were at higher frequency 2.4 GHz. From 
extrapolation of curves shown in fig. 4 to this frequency it can be concluded that differences 
are in the order 3 - 5 dB only. The proposed device can be therefore suitable for measurement 
of total shielding effectiveness ST [dB]. 
The dependence of total shielding effectiveness ST on surface resistivity ρS is given in the fig. 
6 and the dependence of total shielding effectiveness ST on volume resistivity ρV is shown in 
fig. 7.  
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Fig. 6 The dependence between total shielding effectiveness ST and surface resistivity ρS 

 
In both cases the approximate linearity is visible. The solid lines in these graphs correspond to 
the linear model with parameters obtained by the minimizing sum of squared differences. 
Corresponding correlation coefficients indicate the good quality of fit 
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Fig. 7 The dependence between total shielding effectiveness ST and volume resistivity ρV 
 
The limit for good shielding effectiveness is about 20dB. By using of these relations it is 
possible to estimate corresponding resistances or selects the portion of conductive component 
of suitable mesh size. It is visible that the lowest mesh size (3x3 mm) or lowest portion of 
metallic fibers (1 % steel) in hybrid yarns is satisfying to the requirement of limit for good 
shielding effectiveness. 
 
6. CONCLUSION 
It was shown that dependence of total shielding effectiveness ST on surface or volume 
resistivity is nearly linear for the frequency of 2.4 GHz. It was found that for good shielding 
effectiveness the lowest mesh size (3x3 mm)or lowest portion of metallic fibers (1 % steel) in 
hybrid yarns should be used. 
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Chapter - 30 
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1. INTRODUCTION 
Fiber-reinforced composite materials have many advantages and are frequently used in a wide 
variety of applications [1]. Most of them are two-dimensional (2D) laminated composites, and 
interlaminar delamination is, therefore, the weakest failure mode in such materials. Various 
techniques have been introduced for increasing the interlaminar strength and the most 
effective one, is supposed to employ three-dimensional (3D) textile technologies [2,3]. 
Several types of 3D fabrics have been developed and have provided unique characteristics. 
Among them, the orthogonal fabric composite, as shown in Fig. 1, provides a fiber 
architecture aimed at retaining in-plane performance while increasing interlaminar toughness, 
by introducing only a small amount of through-thickness (z) reinforcements [4-7]. The 
present paper focuses on geometric and micro-mechanical modelling of 3D orthogonal fabrics 
for composite applications and employs Meso-FE (Finite Element) modelling for it. Finite 
Element (FE) modelling of textile composites is a powerful tool for homogenisation of 
mechanical properties, study of stress–strain fields inside the unit cell, determination of 
damage initiation conditions and sites and simulation of damage development and associated 
deterioration of the homogenised mechanical properties of the composite. Meso-FE can be 
considered as a part of the micro-meso–macro-multi-level modelling process, with micro-
models (fibres in the matrix) providing material properties for homogenised impregnated 
yarns and fibrous plies, and macro-model (structural analysis) using results of meso-
homogenisation.  The paper discusses modelling of such structures by stages of the meso-FE 
analysis and proposes a succession of steps (‘‘roadmap’’) and the corresponding algorithms 
are:  
 
� Building a model of internal geometry of the reinforcement  
� Modelling the geometry in a solid modeller like ANSYS Multiphysics  
� Preparation for meshing: correction of the interpenetration of volumes of yarns in the solid 
model and providing space for the thin matrix layers between the yarns  
� Meshing: Dividing the solid into small elements.  
� Assigning local material properties of the impregnated yarns and the matrix;  
� Application of the loads  
� Generating results – Deformed shape, contour plots, nodal solutions etc. 
 
In this fabric basically the yarns are in 3 directions. All the yarn in 3 directions are mutually 
perpendicular to each other. There are layers of warp and weft yarn and Z-binding yarn (yarn 
in z axis) binds all these layers. The best property with these type of fabric is that there is no 
crimp in the yarns which thereby increases the young’s modulus of the fabric. There is only 
some crimp in Z-binding yarn which is at the boundary of fabric and can be neglected [4]. 
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2. FINITE ELEMENT METHOD 
The finite element method (FEM) which in practical application often known as finite 
element analysis (FEA) is a numerical technique for finding approximate solutions of partial 
differential equations (PDE) as well as of integral equations. The solution approach is based 
either on eliminating the differential equation completely (steady state problems), or 
rendering the PDE into an approximating system of ordinary differential equations, which are 
then numerically integrated using standard techniques such as Euler's method, Runge-Kutta, 
etc. In solving partial differential equations, the primary challenge is to create an equation that 
approximates the equation to be studied, but is numerically stable, meaning that errors in the 
input and intermediate calculations do not accumulate and cause the resulting output to be 
meaningless. There are many ways of doing this. 
 
2.1 ANSYS  
ANSYS is a general purpose finite element modelling package for numerically solving a wide 
variety of mechanical problems. These problems include: static/dynamic structural analysis 
(both linear and non-linear), heat transfer and fluid problems, as well as acoustic and electro-
magnetic problems. It uses a pre-processor software engine to create geometry. Then it uses a 
solution routine to apply loads to the meshed geometry. Finally it outputs desired results in 
post-processing. 
 
2.2 Geometry 
The analysis was done on unit cell of 3D orthogonal fabric. The fabric has three layers of 
stuffer yarns, four layers of feeder yarn and two binder yarns. The cross section of yarn is 
choosen as race-track because it gives best practical results. Analysis is done on unit cell 
instead of full fabric because the number of elements will be very high in case of full fabric 
and ansys couldn’t be able to converge the solution. So, unit cell of fabric is taken for analysis 
using proper boundary conditions so that practical conditions are acheived.  The dimension of 
unit cell is 4mm (width) * 6.3mm(height)  * 2.7.mm(length).  
Effective number of stuffer yarn = 6 
Effective number of filler yarn = 8 
Effective number of binder yarn = 2  
The reason why race-track cross-section (Fig. 2) is used is that, in other geomerties like 
circular, elliptical and lenticular, the contact between two bodies will be line, area of contact 
will be very low, thus for very low load, stress developed will be too high. That is why they 
will not give accurate results. 
 

 
Fig. 1 Unit cell structure of 3D orthogonal fabric. 
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Fig. 2 Race-track cross-section of yarns. 
 

The major axis = 1mm 
   The minor axis =0 .7 mm 

 
3. MATERIAL PROPERTY 
The material used is glass fibre having the following properties. 
Young’s modulus = 86 GPa 
Poisson’s ratio = 0.22. 
Density of material is 2540kg/m3 
Tensile yield strength = 1.538 GPa 
Tensile ultimate strength = 3.1 GPa 
Coefficent of inter yarn friction = 0.3 
 
4. MESH FORMATION 
For analysis purpose, the structure is divided into small elements (Fig. 3). Mesh statistics 
constitute number of elements = 2273, and number of nodes = 13318. 
 

 
Fig. 3 Mesh generation on the unit cell. 
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4.1 Boundary conditions 
 

4.1.1 Fixed support on one side 
The plane of symmetry will not move if equal and opposite forces are applied on the surface 
of the unit cell. Therefore, the unit cell is divided by this plane of symmetry and one side is 
welded with fixed support to prevent the rigid body motion. The blue colour surface indicates  
the welded zone of the fixed support in Fig. 4 . 
 

   

Fig. 4 Fixed support zones. 

 

4.1.2 Frictionless support 
To prevent the intermessing of unit cell, surfaces are provided with frictionless support so that 
there is no motion in the direction perpendicular to the surface (Fig. 5). 
 

 
Fig. 5 Friction-less support zone. 

 
 

4.1.3 Loading  
The stuffer yarns are provided with load as shown in Fig. 6. Pressure load is applied, so that 
uniform force can be exerted on each yarn. 
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Fig. 6 Pressure is applied to one of the face as shown above. 

 
5. RESULTS AND DISCUSSION 
The maximum stress is in the stuffer yarn, this is the place where fabric will start to break.The 
image obtained from ansys simulation given in Fig. 8 shows stress distribution in the unit cell. 
The simulated value of maximum stress at different loads is given in Table 1. The stress-strain 
behaviour obtained in FEM simulation is given in Fig. 7, which shows that the relation is 
almost linear. 

Table 1. Simulated value of maximum stress 
Pressure applied (in MPa) Maximum stress (in MPa) 

20 31.12 
40 61.56 
60 91.78 
80 122.53 

120 181.23 
200 322.31 
400 644.18 

1790 3122.23 

 

 
Fig. 7 Simulated stress analysis. 

 

LOAD APPLIED (in MPa)  

MAXIMUM STRESS(in MPa) 
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5.1 Experimental results 
Sample size:  Length= 250mm, width = 25mm, thickness = 1.87 mm 

 
Table 2. Load applied 

Sample No. Load (in kg) 
1 893 
2 1024 
3 946 
4 976 

Avg. 959.74 
 
So, the average breaking stress = 201.186 MPa 
Ideally the break should occur at ultimate tensile stress. However, in this experiment it 
appears earlier due to various type of failure like fatigue, manufacturing errors, corrosion etc.  
 

 
Fig. 8 Stress distribution. 

 
5.2 Deformation 
The deformation graphs in Fig. 9 & 10 show maximum displacement of an element. With this 
maximum displacement, strain is calculated and the result is shown in Table 3. 
 

Table 3. Strain rate 
Pressure applied (in MPa) Strain (in %) 

20 0.05 
40 0.098 
60 0.14 
80 0.19 

120 0.30 
200 0.46 
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Fig. 9 Applied load vs strain %. 

 
 

 
 

Fig. 10 Stress strain behaviour. 
 
 

Fig. 11 shows the total deformation of the unit cell. 

STRAIN(%) 

STRESS DEVELOPDED (in MPa) 

STRAIN(%) 
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Fig. 11 Total deformation. 

 
6. CONCLUSION 
The model is successful to simulate the tensile properties of orthogonal fabrics. The model 
can be improved by incorporating fibre to fibre friction through introducing appropriate 
linking elements. Other mechanical properties such a compressive strength, shear stress, and 
bending rigidity can be tested. Fabric with similar yarn characteristics and fabric parameters 
can be produced to validate the results. The spaces between the yarns can be filled with the 
elements with the properties of required matrix, in order to conduct tests on a unit cell of 
composite.  
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1. INTRODUCTION 
Traditional fiber-reinforced composites have improved over the years with respect to material 
properties and have gained considerable acceptance in the aerospace industry. The in-plane 
properties of fiber/polymer composite system are defined by the fiber properties, while the 
properties along thickness dimension are defined by the characteristics of the matrix resin [1]. 
The use of an additional phase (e.g. inorganic filler) has been proven to improve the 
mechanical properties of the resin as well as some nanofillers can be used to get advanced 
functional properties in the composite material [2,3].  
Nano-phased matrix based on organic polymers and inorganic particles such as carbon 
nanoparticles have attracted great interest because they frequently exhibit unexpected 
properties including reduced gas permeability, improved solvent resistance, and superior 
mechanical and enhanced flame retardant properties. Different polymer/carbon 
nanocomposites have been successfully synthesised by incorporating various polymer 
matrixes such as epoxy [4-6]. 
This work presents an insight into the effect of preparation procedure and the filler content on 
functional properties of glass fabric reinforced nanocomposite systems. For the preparation of 
nanocomposites, unidirectional glass fabrics were used. Methyl siloxane was used as resin in 
the study.  As fillers, carbon black (CB) nanoparticles having size less than 50 nm were used.  
The characterization of nanocomposites was done using Dynamic Mechanical Analysis 
(DMA), Thermal Mechanical Analysis(TMA), Impact testing , Tensile testing, Thermal 
conductivity and electrical conductivity measurements. The morphology of composites was 
characterized by Scanning Electron Microscopy (SEM). The thermal conductivity of the 
composite was measured by Differential Scanning Calorimetry (DSC) and Alambeta thermal 
conductivity tester. The electrical conductivity was measured by 2 electrode probe method. 

The dependence of heat flow Q, thermal expansion coefficient, α,  the dynamic mechanical 
parameters, E′, E″, tanδ, Tg, thermal and electrical  parameters ( λ, R and ρ), impact energy 
are associated with the filler content and is controlled by the employed curing conditions. 
Experimental results show that some functional properties can be enhanced by the 
incorporation of nanoparticles.   
The primary focus of this paper is to characterize the effect of carbon nanoparticles on 
thermal, electrical and mechanical properties of Methyl Siloxane. An ultrasonicator was used 
to disperse carbon nanoparticles in the resin.  
 
2. EXPERIMENTAL 
2.1 Materials and manufacturing of nanocomposites 
The resin used in this study is commercially available Methyl Siloxane (Lukosil). It is a low 
viscosity resin. The Carbon nanoparticles used were obtained from Sigma Aldrich, USA 
having particle size less than 50nm. 
A precalculated amount of carbon nanoparticle and resin were carefully weighed and mixed 
together in a beaker. The mixing was carried out through a high intensity ultrasound 
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irradiation by a sonicator probe (Bandelin Sonoplus Sonicator, UK) for 10 minutes with 
maximum energy of 30KJ. 
The glass fabric samples were coated with the prepared carbon/siloxane resin and left for 
room temperature curing for 16 hrs. The test samples were again coated with the same 
carbon/siloxane resin and post cured at 2000C for 6 hrs. Finally test samples were cut from the 
original one for thermal, electrical and mechanical characterization [7]. 
 
2.2 Test procedure 
2.2.1 Electrical conductivity 
Hewlett Packard (HP) 4339B high resistance meter was used to measure the surface 
resistance and volume resistance of the composites. The environmental condition for the 
measurement was 220C temperature and 29.5% relative humidity and voltage used was 100V. 
 
2.2.2 Differential scanning calorimetry (DSC) 
A Perkin Elmer Differential Scanning Calorimeter (Pyris 6, DSC) was used under Nitrogen 
atmosphere. The measurements were performed from room temperature to 4000C at a 
scanning rate of 100C/min.  
 
2.2.3 Thermal mechanical analysis (TMA) 
A RMI Thermomechanical Analyzer TMA CXO 3RA-T was used for this purpose. The 
measurements were performed from room temperature to 8000 C, with static force of 100mN 
and rate of 50C/min. 
 
2.2.4 Thermal conductivity measurement 
Thermal conductivity of the samples was measured on Alambeta Thermal conductivity tester 
(hot plate method). 
 
2.2.5 Knife penetration resistance 
Knife penetration resistances of the composite samples were measured on Impact tester. 
 
3. RESULTS & DISCUSSION 
 
3.1 Electrical conductivity 
Volume resistivity and surface resistivity of the composite samples are shown in Figures 1 
and 2 respectively. Volume conductivity and surface conductivity of the nanocomposite 
samples was found to be higher than the neat resin composite. 
 

 
Fig. 1 Volume resistivity (Ωm) of the composite samples 
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Fig. 2 Surface resistivity (Ωm) of the composite samples 

 
Higher electrical conductivity of the carbon nanocomposites is due to the formation of 
conductive path inside the composite according to Maxwell Wagner and Sillars. The simplest 
model for describing an inhomogeneous structure is a double layer arrangement, where each 
layer is characterized by its permittivity ε'1,2 and its conductivity σ1,2. The relaxation time is 
then: 1 2

0
1 2

MW
ε ετ ε
σ σ

+
=

+
. Importantly this shows that an inhomogeneous material may have 

frequency dependent response, even though none of the individual inhomogeneities is 
frequency dependent. A more sophisticated model for treating interfacial polarization was 
developed by Maxwell, and later generalized by Wagners and Sillars (see. [6]). Maxwell 
considered a spherical particle with a dielectric permittivity ε'2 and radius R suspended in an 
infinite medium characterized by ε1. 
 
3.2 Heat flow rate and thermal expansion coefficient 
Heat flow rate through the nanocomposites was higher than the neat resin composite as shown 
in Figure 3. The nanocomposites have a thermal expansion coefficient lower than the neat 
resin composites (Figure 4). 

     
Fig. 3 Heat flow rate through the composite 
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Fig. 4 Thermal expansion coefficient 

 
A higher heat flow rate in case of carbon nanocomposites is due to better conductivity of 
carbon which is an integral part of the composite and acts as an interface between the glass 
reinforcement and the siloxane resin. However, with the presence of nanoparticles in the 
matrix system, the mobility of polymer chains is restricted even under high temperature 
conditions. Thereby the thermal expansion coefficient is lower for this class of materials. 

 
3.3 Thermal conductivity parameters 
As can be observed from Figures 5 and 6, the thermal conductivity, heat flow density and 
absorptivity improve with incorporation of carbon nanoparticles in the matrix. At the same 
time diffusivity and resistivity fall down. This behavior is attributed to the excellent thermal 
conductive nature of carbon, which facilitates better flow of heat through the matrix system 
by transfer of heat between the adjacent particles.  

 

    
 

Fig. 5 Thermal conductivity, diffusivity and heat flow density 
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3.4 Knife impact penetration resistance 
It can be observed from Figure 7 above that a higher energy is required for penetration of 
knife through the carbon particle reinforced nanocomposite compared to pure resin 
composite. 

 
Fig. 7 Work at highest penetration 

 
This proves that the carbon nanoparticles create a stronger interface between the matrix and 
the reinforcement of glass fabric due to their exceptionally high surface interaction. These 
results in a higher resistance offered to penetration of knife through the fiber -nanoparticle-
matrix system. The same is also observed in Figure 8, in terms of higher extension at 
maximum force for a carbon nanocomposite. The nanoparticles offer higher resistance to 
deformation upon knife impact. 

  
Fig. 8 Extension at maximum force 

Fig. 6 Thermal absorptivity and thermal resistivity 
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3.5 SEM images of carbon nanocomposites 
The images obtained from Scanning Electron Microscopy (SEM) show distribution of 
nanoparticles in the composite system (see fig. 9). 

 

      
 

(a)                                                                                                   (b) 
 

Fig. 9 SEM image of composite surface (a) 10 µm magnification (b) 5µm magnification 
 
 
3.6 Particle characteristics distribution on the composite surface 
 
3.6.1 10µm magnification 
 

      
(a)                                                                (b) 

 
 

       
                            (c )                                                             (d) 

Fig. 10 Particle characteristics distribution (10µm magnification) 
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3.6.2.5µm magnification 
 

     
(a)                                                                    (b) 

 
 

         
                            (c )                                                                     (d) 

Fig. 11 Particle characteristics distribution (2.5 µm magnification) 
 
The particle characteristics distribution as shown in the Figures 10 and 11 above indicates that 
it not follows a normal distribution but are markedly skewed. The carbon nanoparticles are 
visibly none uniformly distributed in the matrix. 
 
4. CONCLUSION 
The mechanical strength enhancement can be attributed to the intrinsic characteristics of the 
nanoparticles based on the rule of mixture. Electrical conductivity, which is observed at about 
1% w/w of nanoparticle, indicates the creation of conducting paths and is associated with the 
Maxwell Wagner Sillars (MWS) relaxation, probably due to the formation of aggregated 
microstructures in the bulk composite. The results of DSC show that the heat flow rate 
through nanocomposite is higher than the pure resin composite. 
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