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  6.0 6.1 6.2 6.5 6.7 6.8 7.1 7.1 6.4 6.2   

  
 1 2 3 4 5 6 7 8 9 10 11 12 

  8.6 8.8 9.1 9.4 9.8 3.0 3.1 3.0 2.8 2.6 7.2 6.7 
  1  2  

 1 2 3 4 5  1 2 3 4   
  9.7 3.3 9.8 3.7 9.8  4.0 4.1 4.1 4.1   

           
    4.6          
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ACCOUNTING SAFETY CRITERIA IN COMPOSITE STRUCTURES BY THE 

STRUCTURAL SYNTHESIS OF COMPLEX ENGINEERING SYSTEMS  
DURING CONCEPTUAL DESIGN 

Bardenhagen A.1, Rakov D.2,* 
1Institute of Aeronautics and Astronautics, Berlin Technical University, Berlin, Germany 

2Mechanical Engineering Research Institute of the Russian Academy of Sciences  
(IMASH RAN), Moscow, Russia, *rdl@mail.ru 

 
Summary. The investigations of composite materials and structures presents recent developments and state-of-the-art 

achievements in the science and technology in Aerospace. This report discusses a morphological approach for innovative engi-
neering systems with composite materials. The proposed method is based on cluster analysis and set theory, set of rules and en-
gineering implementations that maximise the potential product level with accounting survivability and safety criteria. 

Key words: survivability and safety criteria, composite materials, complex engineering systems, conceptual design stage, 
morphological approach, structural analysis and synthesis. 
 

*With the support of the Alexander von Humboldt Foundation (www.avh.de) 
 

The investigation of composite materials and 
structures is of high technical and economic importance 
and results in state-of-the-art achievements in the sci-
ence and technology.  

To systematically identify engineering solutions 
during the conceptual design stage a structural synthesis 
of the problem is performed in a first step. This search 
for the rational structure of an Engineering System (ES) 
fosters the attainment of compromise levels for a num-
ber of criteria. A target function by search does not cor-
respond to the main requirements of the theoretical 
method for optimization, because it is discontinuous or 
cannot always be determined; it exists in operator nota-
tion; it is not based on analytical expressions; it is not 
differentiable, not unimodal, not separable, and not ad-
ditive. It is impossible to build a hyper surface of target 
function and to predict their change on an increment of 
variables [1]. 

For structural synthesis of an ES intuitive (Brain-
storming, Mind Mapping, TRIZ, synektik etc.) and dis-
cursive (morphological analysis, cause-and-effect dia-
gram, Osborn-Checklists etc.) techniques can be used. 
The most common method among the discursive tech-
niques is morphological analysis (MA) with creation 
morphological matrix (MM).  

Morphology Analysis was developed by Fritz 
Zwicky – a Swiss astrophysicist based at the California 
Institute of Technology (Caltech). Researchers applied 
morphological analysis to astronomical studies and the 
development of rocket propulsion systems. As a prob-
lem-structuring and problem-solving technique, MA 
was designed for multi-dimensional, non-quantifiable 
problems where causal modelling and simulation do not 
function well, or at all (Ritchey, 1998).  

MA has been applied by a number of researchers 
in the fields of engineering science [2-4]. The morpho-
logical approach is widely used in Germany. The Soci-
ety of German Engineers has developed two sets of 
rules for engineers: VDI 2222, “Design methods: me-
thodical development of engineering principles” [5], 
and VDI 2221, “Design methods of technical systems 

and products” [6], in which it is recommended to use 
the morphological approaches to find new ES. These 
guidelines focus on design aspect (e.g. mechanic, elec-
tric) of ES.   
 

Using the MA as a holistic approach allows to find 
systematically solutions of arbitrary engineering prob-
lems. The required general synthesis process consists of 
the following stages: After ES decomposition and anal-
ysis, a MM is formed and the morphological set of solu-
tions XM is specified [7]: 
 

XM = {xmi, i=1,n } 
where  

- Xmi is the i-th variant of ES  
- n is the morphological number of ES variants. 

Power of the morphological set, i.e., 
 

|XM| = n 
 

In the next step the set of rational variants XR by 
means of criteria tables are selected: 
 

{ XR } <={ XM } 
 

Each variant of rational ES XR1, XR2,... Xn, is as-
sessed. Variant estimation U1, U2, ... Un,  depends on 
the criterion k1, k2, ... ki, on point scoring of option x11, 
x12,… xin and weight coefficients criteria w1, w2, ..., wi 
(Fig.1). 
 

 
 

Fig.1 Variants estimation 
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Specific information tables introduced in the following 
stage can include safety criteria of systems. Safety is 
considered as a complex property, assessed the func-
tional S (t). This property includes durability D (t), re-
source E (t), reliability P (t), protection H (t), surviva-
bility L (t) and risk R (t) [8]: 
 

S(t) = { D(t), E(t), P(t), H(t), L(t), R(t) } 
 

Property risk R (t) is subdivided into individual, 
technical, environmental, social and economic risks. 

The area of solution studies is narrowed to several 
clusters, which are further investigated. To increase the 
information value a subset of the convergence variants 
XRk is generated, i.e. variants having a maximum esti-
mation for each criterion indicating the “best” or “per-
fect” variant of the XR1, i.e., an ES with an expected 
maximum potential. To compare different variants, a 
solutions space is constructed positioning the ES with 
characteristic properties for selected variants (Fig.2). 
The desired ES X* is found in the set of variants XR 
comparing ES, the best variants are determined, from 
which a summary table is made, in which after all ex-
tracts the set of acceptable ES remains.  
 

 
Fig 2. Clusters and variants in the solutions space 

By means of the MA method the analysis and 
synthesis of advanced re-entry vehicles with thermal 
protection and structure based on composite materials 
(Fig.3) has been performed [9]. The synthesis results in 
a simple, cost-effective design of a re-entry system, 
providing sufficient aerodynamic and aerothermody-
namic behavior during the critical re-entry phase and 
allowing the vehicle touch-down in the predefined 
landing area. 
 

 
Fig 3. Clusters Re-entry vehicles variants in the solutions space 

Conclusion 

The structural synthesis using the MA method is a 
powerful research methodology in various fields of 
knowledge. 

This report discusses a morphological approach for 
innovative engineering systems with composite materi-
als. The proposed method is based on cluster analysis 
and set theory, set of rules and engineering implementa-
tions that maximise the potential product level with ac-
counting survivability and safety criteria. 

A major aim of the MA method is the expansion of 
a number of rational variants, clustering and efficient 
selection for the solution space synthesis, in order to in-
crease innovative solutions.  
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PREDICTION OF DURABILITY OF COMPOSITE STRUCTURES RELATED TO 
TIME-DEPENDENT BEHAVIOR OF POLYMERIC MATRIX: MONITORING 

TIME-DEPENDENT PROPERTIES USING ARTIFICIAL NEURAL NETWORKS 
 

A. Aulova, E. Govekar, I. Emri  
 

(Faculty of Mechanical Engineering, University of Ljubljana, Ljubljana, Slovenia) 
 

Abstract: Durability of composites depends, among others, on the time- and temperature-dependent properties of 
polymeric matrix. This work proposes application of artificial neural networks for monitoring time-dependent mechanical 
properties of complex polymeric structures. It demonstrates the efficiency of the tool on example of reconstruction of a segment of 
relaxation modulus from the tensile data obtained by application of non-standard constant strain rate excitation using classical 
Radial Basis Function Neural Network. Compared to the proved and efficient fitting technique neural network showed good 
generalization and robustness. 

Keywords: neural networks, polymers, health monitoring, relaxation modulus, radial basis function neural network 
 
Introduction 

The durability of polymeric structures depends on the 
properties of fibers, where mechanisms such as 
delamination, pull-out and fiber fracture are governing 
their durability. On the other hand, properties of a 
polymeric material matrix have an instrumental role in 
durability of composite structures. Therefore, the time- 
and temperature-dependent nature of polymer matrix has 
to be considered and monitored closely during the 
composites use and exploitation. 
Existing structures health monitoring systems that are 
based on various physical principles (acoustics [1], 
optics [2], strain measurements [3], etc.) were developed 
for materials (metals) with elasto-plastic properties. They 
detect responses of a structure mainly related to its 
geometrical changes (cracks). These approaches fail 
when applied to composite structures where time-, and 
temperature-dependent properties of polymeric matrix 
may change orders of magnitude when a structure is 
subjected, say, to temperatures of the upper layers of 
atmosphere compared to conditions at the sea level 
altitude.  
We are proposing to use neural network approach for 
separating time- and temperature-dependent effects from 
cracks appearance in the response of a dynamically 
loaded composite structure. The current paper presents 
the first step of this approach, to assure applicability of 
neural networks for this use 
Problem statement 

In order to detect changes of mechanical properties that 
happen due to temperature changes based on a structure’s 
response one should solve an inverse problem, which 
becomes ill-posed in presence of experimental and/or 
computational error. Such ill-posed problems can be 
solved by regularization techniques, such as Tikhonov 
regularization [4], or by fitting methods [5, 6]. 
Unfortunately none of those is applicable for real-time 
monitoring of complex structure, firstly due to large 
computational times, and secondly due to required 
assumption of geometry. Regularization methods are 
computationally very demanding and need to be 
embedded into FEM software packages, while 

application of the fitting methods is impossible for 
complex geometries. Whereas, the neural networks (NN) 
do not have such restrictions. Trained on a complex 
composite structure in variable environmental and 
loading conditions NN will be capable to recognize and 
separate changes in polymer based structure response 
caused by a short term temperature change from those 
caused by cracks appearance. 
This paper demonstrates abilities of the Radial Basis 
Function Neural Network (RBFN) to solve the ill-posed 
inverse problem present in obtaining relaxation modulus 
segments from the constant strain-rate tensile test data.  
The results are compared to the “exponential fitting” 
technique [6], which has been proven to be effective in 
solving these kind of problems. This particular example  
was chosen as a study case, since the closed-form 
solution for the direct problem is known and training data 
could be generated artificially.  
Both methods are validated for robustness (noise 
resistance) and RBFN is also validated for generalization 
capabilities (i.e., to predict responses that were not used 
during training). 

Theoretical background and training data 

Constitutive relation between strain excitation (t) and 
stress response (t) in relaxation process of a 
time-dependent material under uniaxial stress state is 
given as: 

  
0

( ) ( )
t

t E t s ds
s

    (1) 

Here E(t) is a time-dependent relaxation modulus and it 
is a material function of interest, strain excitation is 
represented by (t) and the stress response by (t). 
Equation (1) represents a convolution integral equation 
that has an analytical solution only for “standard” types 
of excitations. 
For the constant strain rate excitation, the closed-form 
solution is known [6]. It was used to generate training 
data for artificial neural network, which consists of 
vectors of strain , stress , time t and corresponding to 
them the vector of relaxation modulus E. 
The data generation procedure is schematically shown in 
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Figure 1. Mechanical properties of different materials 
were mimicked by generating 13 mechanical relaxation 
spectra with different widths, using a Gaussian 
distribution: 

 

2

exp
2

( ) ,
2

i

i i
G

H i=1,...,N  . (2) 

Where Hi( i) are magnitudes of individual spectrum 
lines; i are the corresponding response times;  is a mean 
value of distribution, which determines  spectrum 
location, and was taken to be 0; N = 49  is the selected 
number of spectrum lines, and  i is the corresponding 
running number of a specific spectrum line; and G  is a 
standard deviation of the Gaussian distribution, which 
determines the width of a spectrum,  and was varied 
from 0.4 to 1.6 with a step of 0.1.  In all cases spectrum 
lines were equally distributed along the logarithmic time 
scale log ( i) with the step 0.5 within the 
logarithmic-time window . Spectrum lines for 
each spectrum were normalized according to: 

 49

1

, .i
i N

j
j

H
h i=1,...,N

H
  (3) 

All together 13 different relaxation spectra for G [0.4, 
1.6] with step 0.1 were generated. Seven  of the 

generated materials were used for training and 6 for the 
validation of the RBFN generalization capability. 
Using the generated spectra one can calculate the 
corresponding relaxation functions E(t), using: 

 
49

0 0
1

( ) ,i

tN

g i
i

E t E E E h e   (4) 

where E0=0.1MPa and Eg=100MPa are the equilibrium 
and the glassy relaxation moduli, respectively. Different 
relaxation moduli E(t) were calculated as segments 
corresponding to the time interval from 0 to 50 seconds. 
The number of datum points representing E(t) within the 
selected time interval was chosen to be n=10, 50 and 100, 
respectively. 
In the next step the stress response (t) of the material 
was calculated from the constitutive equation (1), by 
using selected E(t),  and constant strain-rate excitation, 
 ( ) ,t t      (5) 
where  is a constant strain rate and was taken to be 0.1, 
according to ISO 527. In this case equation (1) with 
incorporation of the equation (4) and after integration 
becomes: 

        0 0
1

( ) 1 .i
N t

g i i
i

t E t E E h e   (6)

 
 
 

0 0
1

( ) i

tN

g i
i

E t E E E h e

0 0
1

( ) 1 i

N t

g i i
i

t k t E k E E h e

 
Figure 1. Scheme of training data generation 
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Table 1. Generalization performance of RBFN and exponential fitting 

 RBFN (training) RBFN (validation)
Exponential Fit 
(training data) 

Exponential Fit 
(validation data) 

Number of 
data points 

Number of 
neurons 

Spread MSE, 
MPa2 

R0.05, % MSE, 
MPa2 

R0.05, % MSE, 
MPa2 

R0.05, % MSE, 
MPa2 

R0.05, % 

10 4 13 1.03 10-4 100 5.12 10-4 100 104.2 58.4 93.96 60.6 
50 5 10 8.33 10-5 100 2.6 10-3 100 7.88 95.52 8.24 97.71 

100 5 14 8.43 10-2 97.9 2.7 10-3 100 1.91 99.15 2.05 100 
 

Radial Basis Function design and validation 

The following mapping of data was used: ( , )  (E), 
where datasets with 10, 50 and 100 data points were 
applied. RBFN with Gaussian activation function was 
created using the standard MATLAB function newrb, 
which within training procedures iteratively increases 
the number of neurons in the network in order to satisfy 
the error criteria which was defined to be 0.001. 
Optimal spread of the RBFN was chosen by 
minimization of the mean squared error MSE and 
maximization of the parameter R0.95 , which was 
determined as percentage of the number of used datum 
points that contained more than 5% relative error. 
Generalization capability of the obtained topologies 
were validated in respect to the 6 data sets that were not 
used for training, the obtained results are presented in 
Table 1. Validation of the RBFN robustness was done 
on 13 data sets (both, training and validation) with 
added 1, 5 and 10% relative random noise. The 
validation results are shown in Fig.2. 

Results and Discussion 

The investigation showed that RBFN of different 
topologies is capable of solving the stated problem, and 
it demonstrated very good generalization and robustness 
properties. 
According to both evaluation criteria, RBFN showed 
better performance than the exponential fitting for the 
largest data set, i.e., 100 data points, see Fig. 2(i). 
According to the R0.95 criteria RBFN is better than the 
exponential fitting for all data sets and all noise levels, 
Fig. 2(ii). RBFN’s MSE decreases with the increasing 
number of datum points, and at 100 it overpasses 
exponential fitting. Hence, for a large number of datum 
points, i.e. , RBFN surpasses the exponential 
fitting for both evaluation criteria cases. 
The presented work shows that artificial neural 
networks are capable of solving inverse problems with 
efficiency comparable and even better than one of the 
best fitting methods. However, it is still need to be 
proved that networks can detect temperature-induced 
changes in responses of a structure. Moreover, it is 
important to note that within the discussed application 
of neural networks for real-time polymer structure 
monitoring, they will not implicitly solve such problems 
but will have to “filter out” the effects of relatively fast 

change of temperature in the response of a composite 
structure, to allow application of the existing monitoring 
tools. 
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Figure 2. Results of robustness evaluation: (i) MSE (the lower is 

better) and (ii) R0.95 (the lower is better) of RBFN and exponential 
fitting 
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