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Abstract: The paper deals with analysis of the structure of textile composite. The quasi­
periodic yam shape, as basic structure unit, is modelled by the Fourier series 
that allows high flexibility, for example very effective approximation. 
Amplitudes and phase constants in Fourier series exhibit the distribution very 
similar to normal one. By the use of random number generators, virtual yams 
can be generated and virtual composite realised from them. The structures are 
effectively visualised by a virtual reality system. The method of visualisation 
allows the immediately use of finite element method to predict the properties 
of virtual composite. Efficient model of virtual composite saves a lot of 
expensive experimental work. 
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1. INTRODUCTION 

Composites are new perspective materials because of their unusual 
mechanical properties. An important group of them are composites 
reinforced by a two-dimensional fabrics - textile composites. They are 
produced by a relatively simple technology. Several layers of woven cloth 
are impregnated with a suitable resin, placed one another, pressed and heated 
in a specified regime. The cloths, or yarns creating the cloths, are termed 
reinforcement and the resin is known as a matrix in composite terminology. 
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The basic composite feature, irrespective of its type and realisation, is 
that composite properties are not a sum or another analytical function of 
individual component properties, reinforcement and matrix, for example. 
Also the composite structure has a strong effect on its properties. This is a 
reason of extensive study of the composite structure. If the structure is 
known with a satisfactory accuracy, the composite can be analysed, for 
example by the finite element method (FEM), and its properties can be 
predicted from suitable models. 

The three-dimensional (30) structure of textile composite is determined 
by yams forming the reinforcement. This structure during composite 
technological processing changes from almost regular ideal to quasi-regular 
real structure. A very convenient way of composite structure study are 
images of cross-sectional cuts made by standard metallographic technique. 
The yam shape can be derived from the image. Among many ways of real 
yam shape description, the most suitable appears the Fourier series. 

By such an approach we get only random specific samples of quasi­
regular real structure. A high degree of uncertainty is typical for this method. 
Therefore the information allows only to create a model of real composite 
structure, which is termed a virtual composite. Statistical methods should be 
a base for such model. The paper presents preliminary results necessary to 
realisation of the virtual composite. 

2. YARN SHAPE 

Yam is a basic unit of the textile composite, therefore composite 
modelling should start by yam analysis. The first step of such analysis is 
yam visualisation. As the cross-sectional cuts were long and narrow, their 
parts were scanned by LUCIA imaging systems and then the whole image 
was composed form partial ones. Our original HW and SW was used [1]. An 
example of typical image is in Fig. 1. Yams, making the reinforcement, are 
visible by human eye, but not by a computer, therefore the yam axis co­
ordinate reading was made manually. 

Figure 1. Image of composite cut 
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The second step is yam analytic description. There is a lot of possibilities 
how to approximate yam axis: polynomial [2], splines [3], Fourier series [4]. 
We preferred the use of Fourier series, as all its parameters have well 
defined interpretation and different level of approximation can be made by 
selecting lower or higher number of parameters. If the yam axis is given as 
the function y(x) defined on the cut of length L, the most suitable Fourier 
series has the form 

y(x) = Ao + f An sin(2mz x + 'Pn ) 
2 n=l L 

(1) 

where An and (/Jn are the amplitude and phase constant of the nth harmonics, 
respectively. They were obtained by the discrete Fourier transform (DFT) of 
the axis points get manually in the previous step. 

The use of Fourier series has other advantage - the yam axis can be 
described ether in the co-ordinate or wave domain as it is typical in electrical 
engineering. The co-ordinate domain is the usual graphical description while 
the wave domain consists of amplitude and phase constant spectrum. Both 
the forms are demonstrated in Fig. 2 and 3. Only amplitude spectrum is 
shown for simplicity in Fig. 3. It must be stressed that both the forms contain 
the same amount of information, but the information is presented in different 
ways. Some features are pronounced in co-ordinate domain and others in 
wave domain. 
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Figure 2. Yam axis presentation in co-ordinate domain 

It is evident from randomly selected yam shape in Fig. 2 that the ideal 
sinusoid changes considerably during processing. Fig. 2 also illustrates the 
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possibility of approximation. Only seven highest harmonics of spectra (see 
Fig. 3) were used and the agreement with experiment is satisfactory. 
Important harmonics have simple and straightforward interpretation. The 
highest, for example mth harmonics, determines the period, or wavelength, 
/..=Lim. Typically m=7. Harmonics near to maximum are responsible for the 
deviation from an ideal sinusoid shape. Low harmonics determine the 
distortion of the layer from its initial plane shape, see sinusoid axis in Fig. 2. 
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Figure 3. Amplitude spectrum of yarn- wave domain 
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If each yam in the cut is approximated, we get an analytic description of 
the cut, which is probably the maximum information that can be get from the 
cut image. An example of the analytically described cut is in Fig 4. We see 
that yams differ one another. 

2,6 

2,0 

1,8 

'E 
.£ ,.. 1,4 

1,2 

1,0 

0,8 

0,4 

0 2 4 6 8 1 0 12 14 1 6 18 20 22 24 
x[mm) 

Figure 4. Approximated yarns in composite cut 
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3. YARN STATISTICS 

The method of random cuts yields yams that are only a small 
random representation of all the yams. Their parameters should be 
processed statistically. As a result of extended experimental work on plane 
weave composite, 96 samples of each harmonics were obtained. Since the 
amount of data is relatively low for statistical processing, non-standard 
procedures were used in parallel with standard ones. 

As it is clear from equation (1), each harmonics is done by the amplitude 
and phase constant. Therefore the statistic parameters of both the amplitude 
and phase must be found. Only a few statistic parameters are important for 
us: the type of distribution and, if the distribution was found, its mean value 
and standard deviation. As for the type of distribution, we predict, from 
analysis of composite technology, that amplitudes exhibit normal and the 
distribution of phase constants is uniform. 

Results of standard statistical SW were checked by our own programs 
and similar conclusions from all the systems were obtained: the phase 
constant distribution is uniform for all harmonics, as we expected. However, 
in contradiction to our prediction, normal distribution of amplitudes was 
found only in few cases. About 90% of harmonics exhibited the Weibull 
distribution. For completeness, in few cases also a log-normal distribution 
appeared and no other distribution was detected. All the distributions are 
subject on any statistics textbook. 

As for statistical parameters, typically values of the variation coefficient 
of amplitudes is about 30%. This means a large dissipation of important 
amplitudes from yarn to yarn and large variation of structure from sample to 
sample. The parameters depending on the structure should vary roughly in 
the same extent. 

4. COMPOSITE MODELING 

As the composite exhibits 3D relatively complicated structure, the 
computer graphics should be used for its modeling. There is a lot of methods 
of computer graphics which are applicable to the structure visualization. 
However, since final users should be textile related specialists, simple and 
efficient solution is necessary. As an ideal approach the Virtual Reality 
Modeling Language (VRML ) was found for this case, since it allows many 
forms of structure inspection and the structure description is in a form of text 
file that can be quite complicated, of course. 

Basic unit of composite structure is the yarn. Since its cross-section does 
not change, the yarn can be effectively modeled by a set of small cylinders. 
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The principle is illustrated in Fig. 5. From case a) to d) the number of 
cylinders increases, while both their height and the distance between 
neighbors decrease. Quite realistic image of the yam can be get, see part d). 

Another and in some cases better choice of model element exists [5]. We 
preferred simple cylindrical element, since the geometrical model should be 
used in the FEM. Furthermore, cylinders are basic elements ofVRML. 

Almost all ideal 2D and 3D textile structures can be simply modeled in 
this way and this approach is widely used [6]. The top of structure hierarchy 
is 3D model of an ideal composite that is shown in Fig. 6. 

Figure 5. Principle of the yam model 

Figure 6. Ideal composite 
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5. VIRTUAL COMPOSITE 

The only knowledge on composite structure that can be get from the 
method of cuts, is the statistical distribution of amplitudes and phase 
constants and parameters of these distributions. It has been already 
mentioned that the most frequent amplitude distribution was the Weibull 
one, about 90%. However, we have found that there is little difference 
between Weibull and normal distribution from the practical point of view in 
most cases. Therefore, we have used standard generators of uniform 
distribution to generate phase constants and MA TLAB generator of normal 
distribution to get amplitudes. By the use of Fourier series (1) the virtual 
yam can be realized from the generated random amplitudes and phase 
constants. An example of a virtual cut is in Fig. 7. If we compare the virtual 
cut with a real cut in Fig. 4, we see that the virtual structure exhibits higher 
irregularity than the real one. 

Figure 7. Cut in virtual composite 

In principle the virtual textile layer and set of layers, virtual composite, 
can be realised by the same way. Practically, the generation of virtual textile 
layer is extremely difficult, since the virtual yam intersections must be 
avoided. By another words, the second perpendicular set of yams in the layer 
must respect a lot of constraints. This problem is not present in the case of 
ideal regular structure. 

One of solutions of this problem supposes non-standard application of 
advanced methods of computer graphics to find intersections and then 
modify the yam shape to avoid the intersections. Simpler solution is to find 
constraints from the first set of yams and then generate random yams of the 
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second set until all the constraint condition are solved. The second solution 
is in progress. 

6. CONCLUSION 

The key step of virtual composite realization, inspection and processing 
is the reliable virtual yarn generation. Results from our simple approach 
reveal that there are some differences between cuts of real and virtual 
composite. The reason of the difference is probably the improper use of 
statistical data. Especially the yarn shape is very sensitive to phase constants 
in Fourier series. In order to get a better insight into phase constant 
distribution, phase shifts relative to the most important harmonics (usually 
the 7th or 8th harmonics) should be treated instead of absolute phase 
constants. Also comparison of random amplitudes with real ones is 
necessary. May be, lower limits of random number generators should be 
applied. On the other hand the preliminary results confirm that the used 
method is correct, but it requires corrections and refinements. 

The generation of virtual composite is a complicated task that requires a 
lot of non-trivial work. However, the solution of this problem has a high 
value. It will make possible to generate structures very similar to real ones 
without expensive experiments. The virtual composite structure can be 
analysed by standard methods, for example by FEM. Such an approach 
allows to predict properties of real samples with satisfactory agreement with 
experiment. Furthermore, limiting cases of structure, practically impossible 
from experiment, can be generated to find composite behaviour in such 
seldom and extreme situations. 

In parallel to virtual composite realisation an experiment starts that will 
try to get a detailed structure of a few real samples of composite. The 
procedure is to cut off very thin layers and make the image of the surfaces. 
Complete 3D structure of real composite can be composed from the images 
and compared with the structure of virtual composites. Unfortunately, this 
very extensive and time consuming experiment will have at its output only 
few real structures. Its main result will be to verify the method used for 
virtual composite. 
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