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 Исследуется оптимизация макроструктуры для достижения стабильно низкого коэф-
фициента теплового расширения αx композита с углеродными волокнами. Для ограничения 
области поиска предложено необходимое условие существования локальных минимумов
αx, выраженное через радиусы гиперсфер в проектном пространстве угловой ориентации 
слоев, преобразованном алгоритмом PCA. Анализ вариантов структуры, характеризую-
щихся низким αx, показывает различную устойчивость к вариативности свойств единичного 
слоя композита. Выполнена многокритериальная оптимизация. Целевыми функциями яв-
ляются математическое ожидание E(αx) и дисперсия Var(αx). Анализ Парето-фронта и 
функций плотности распределения вероятности позволяет оценить достижимость расчет-
ного αx при заданных условиях вариативности свойств единичного слоя композита. 

Исследована возможность уменьшения дисперсии распределения αx путем модифи-
кации полимерной матрицы многостенными углеродными нанотрубками (МУНТ) в услови-
ях дезориентации армирующих волокон и вариативности свойств единичного слоя. Моди-
фикация микроструктуры полимерного композиционного материала позволяет снизить 
Var(αx) на 91,61 % при объемном соотношении МУНТ до 1 %. Требуемые термомеханиче-
ские свойства достигаются путем определения ориентации анизотропных слоев. 

На основе полученных оптимальных структур были изготовлены образцы углепласти-
ка с объемным содержанием МУНТ 0, 1 и 2 %. Проведена сканирующая электронная мик-
роскопия с использованием FE–SEM Hitachi S-5500 для проверки однородности распреде-
ления и совместимости эпоксидной матрицы и МУНТ. Измерение αx выполнено с помощью 
термомеханического анализатора TAInstrumentsQ400. Измеренные значения αx находится 
в диапазоне от 6,2·10-8 до 1,98·10-7 1/ К. 

Подход к оптимизации структуры, предложенный в этой статье, позволяет получить
набор решений со стабильно низким αx в диапазоне до 1·10-7 1/К. Преобразование проект-
ного пространства угловой ориентации слоев и ограничение области поиска позволило
сократить диапазон рассматриваемых решений на 83,9 %. 
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 This paper explores the optimization macrostructure to reach a stable low coefficient of
thermal expansion αx of a composite with carbon fibers. To limit the search area, a necessary 
condition for the existence of αx local minima is proposed, expressed in terms of the radii of 
hyperspheres in the design space of the angular orientation of the layers transformed by the PСA 
algorithm. The analysis of the structure variants characterized by low αx shows different sustain-
ability to lamina properties variability. Multi-criteria optimization was carried out. The objective 
functions are expectation E(αx) and variance Var(αx). The analysis of Pareto fronts and probabil-
ity density functions make it possible to estimate the reachability of the calculated αx under given 
conditions of lamina properties variability.  

The reduction variance opportunity of αx distribution by modifying the polymer matrix with 
MWCNTs under conditions of reinforcing fibers disorientation and lamina properties variability is 
investigated. The microstructure modification of the polymer composite material allows to reduce
the Var(αx) by 91.61 % with a volume ratio of MWCNTs up to 1 %. Requirement 
thermomechanical properties are reached by determining the orientation of anisotropic layers. 

Based on the obtained optimal structures, specimens of CFRP with 0, 1 and
2 vol.% MWCNTs  were made. Scanning electron microscopy using FE–SEM Hitachi S–5500 
was performed to check the uniformity of distribution and compatibility of the epoxy matrix and 
MWCNTs. The measurement of αx is determined using a TAInstrumentsQ400 thermomechanical
analyzer. Measured αx of specimens is in the range from 6.2·10-8 to 1.98·10-7 1/K. 

The structure optimization approach proposed in this paper makes it possible to obtain a set
of solutions with a consistently low αx in the range up to 1·10-7 1/K. The transformation of the 
design space of the layers’ orientation angles and the limitation of the search area allowed to 
reduce the range of solutions under consideration by 83.9 %. 
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Introduction 

 
The size changes control is very important in some 

applications, for example, in space structures. Zero thermal 
expansion materials is needed in structures subject to tem-
perature changes such as a backplane support structure for a 
large space telescope, antenna booms, solar array frames 
and etc. Unlike classical materials, composite laminates can 
be designed in such a way as to reduce the coefficients of 
thermal expansion (CTE) in the desired direction to a speci-
fied value. This can be done by the appropriate sequence of 
laminate layers, the angular orientation of each layer and the 
microstructure properties control. 

The structure optimization problem of a composite ma-
terial to obtain the specified mechanical and 
thermomechanical properties has repeatedly attracted the 
attention of researchers [1–9]. To reduce the CTE value of 
CFRP, the researchers design a new kind of multi-
functional curing agent for epoxy resin [10] or add inorgan-
ic particles such as carbon nanotubes, aluminum nitride, 
silicon dioxide, and so on [11–18]. There is increasing in-
terest in combining reinforcement scales of nanoscale rein-
forcements with traditional micron-sized fibers [19; 20]. 
The authors of the work [21] evaluated the feasibility of 
using multi-walled carbon nanotubes (MWCNTs) for the 
control of coefficients of thermal expansion of composite 
materials. The use of MWCNTs aligned axially was shown 

to be effective at controlling αx of polymer composites. The 
authors theoretically calculated the MWCNT volume frac-
tion at which αx of composites based on different type of 
material and containing MWCNTs become zero. In particu-
lar, the authors determined the MWCNT content necessary 
for zero coefficients of thermal expansion to be about 
10 vol.% in the polymer materials at temperature range of 
−5 °C to 85 °C.  Inorganic compounds with negative ther-
mal expansion (ZrW2O8, ScF3, Mn0.98CoGe, Sm2.75C60) can 
be used to compensate and control the CTEs of CFRP [22–
29]. But for many inorganic NTE compounds, their CTE are 
small in magnitude or the effective temperature window is 
narrow [30; 31]. 

The orientation of fibers in composites may result in an-
isotropic thermal expansion has a small or even negative 
CTE value [33; 34]. Although the task of the composite’s 
macrostructure optimization is complicated by the high sen-
sitivity of the theoretically achieved near-zero coefficients 
of thermal expansion to the lamina properties variability, 
which inevitably present in practice due to disorientation of 
reinforcing fibers, and various degrees of cure, volume frac-
tion, residual moisture and etc. However, to date, the litera-
ture has not considered the possibility of obtaining a hybrid 
composite with zero αx, reinforced with carbon fibers in 
combination with MWCNTs, with an estimate of the densi-
ty function of the probability distribution of αx under the 
conditions of lamina properties variability and its disorien-
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tation. This paper first describes the methodology of obtain-
ing a layered composite with near zero αx based on estimate 
E(αx) and Var(αx) as target parameters. Possibilities of re-
ducing the variance of the target parameter by means of an 
integrated approach to determining the optimal orientation 
of layers of hybrid composites with different volume con-
tent of MWCNT is considered. A detailed description of the 
calculation procedure for the target parameters using ran-
domly generated lamina’s orientation angle error and lami-
na properties variability is presented in the next session. The 
results section discusses the possibility of reducing the 
Var(αx) using MWCNTs, analyzing the Pareto-optimum 
front curves. Further, the experimental estimates of αx of the 
composite are reported in detail. 

 
1. Material and methods 

 
This section details the specific materials, calculation 

and manufacturing processes used to create the car-
bon/epoxy laminated composites with a stable low coeffi-
cient of thermal expansion. This article analyzes composites 
with a symmetrical sequence of layers [± θ1, …, ± θ7]s. A 
total number of layers is 28 and a thickness of each layer is 
0.152 mm. In this study, carbon fibers with following 
thermomechanical properties are used: E1=430 GPa, E2=14 
GPa, υ12=0.2, υ23=0.46, υ13=0.2, G12=8.78 GPa, G23=2.1 
GPa, G13=8.78 GPa, α1=-0.9·10-6 K-1, α2=6.8·10-6 K-1[13]. 
The matrix is mixture of epoxy resins based on bisphenol A 
and epichlorohydrin as well as aromatic and aliphatic 
diamines with following properties: Em=3.1 GPa, υm=0.3, 
αm=65·10-6 K-1 [13]. As a nanoscale filler, we consider mul-
ti-walled carbon nanotubes of the “Taunit” series of the 
Nanotech Center LLC with an outer diameter of 20-50 nm 
and length of more than 2 μm. Its Young’s modulus and 
coefficient of thermal expansion at the room temperature 
are taken to be 1000 GPa and -12·10-6 K-1 [21; 35; 36], re-
spectively. 

 
1.1. Calculation procedure 

 
The search for the local minimum of αx expectation and 

variance as objective functions is performed by two ways: 
1. combination of PCA and gradient descent method and 2. 
NSGA-II. Searching algorithm was performed using “scikit-
learn” to program PCA algorithm and multi-objective opti-
mization framework “pymoo” [37] to program NSGA-II in 
Python. The mathematical expectation E(αx) and the vari-
ance Var(αx) are determined from the assumption of the 
variability of lamina properties and its disorientation. We 
assumed the standard deviation of properties equal to s=2, 4 
and 10 percent of the value of the mathematical expectation. 
The sample of possible disorientation of layers was formed 
from the assumption of a normal distribution with parame-
ters: E=0, σ=2. 

The solutions to the optimization problem are the local 
minima of the nonlinear non-convex objective function in 
the design space of the layers’ orientation angles for com-

posites with different microstructure modifiers. The objec-
tive function is nonlinear and non-convex, so the result of 
the gradient method strongly depends on the initial set of 
variables. Therefore, the gradient descent method must be 
repeated for different initial values of the angles. For the 
rational choice of initial values, the necessary condition for 
the existence of a local minimum in the vicinity of a certain 
point of the design space of angles meeting the requirement 
αx < 1·10-7 was formed using the PCA algorithm.  

 
1.1.1. PCA and gradient descent method 

 
The creation of the necessary condition for the exist-

ence of a local minimum was carried out in several stages 
for composites with different volume contents of MWCNTs 
(VCNT=0, 1 and 2 %). The goal is to limit the search area of 
local minima. First, a representative sample of the stacking 
sequence of composite layers corresponding to a uniform 
distribution of the angles of each layer was formed for a 
composite with 0, 1 and 2 vol.% MWCNTs and the corre-
sponding αx were determined, according to CLT. The uni-
form distribution is constructed in the range from -90° to 
+90° and with the number of elements 106. Using the PCA 
algorithm, two principal components were identified in the 
initial design space of the orientation of the layers. Next, the 
data is marked according to the condition E(αx) <1·10-7 and 
the area of the variables value satisfying this condition is 
defined as a k-sphere with radius R in the new reduced PCA 
space. Consequently, the first stage of necessary condition 
for the existence of a local minimum can be written in term 
a new vector of principal components x=(x1,…, xk). Princi-
pal components are linear combinations of initial features 
with coefficients, which can be represent as a set of size k of 
n-dimensional vectors of weights w(k)=(w1,…, wn)(k) for 
k=1, …, i corresponding to numbers of principal compo-
nents of the reduced space and n=1, …, t corresponding to 
numbers of initial features. The first stage of necessary con-
dition: 

 2 2

1

.ix R



k

i

 (1) 

Condition (1) reduces the initial sample of the angle 
combination for stacking sequence. The subsequent reduc-
tions were performed by re-determining the principal com-
ponents of the already reduced sample and determining the 
radius Rj, where j numbers of iteration. Accordingly, in gen-
eral terms, the stages of implementing the necessary condi-
tion for the existence of a local minimum can be written as a 
sequence of conditions: 

    2 2 2(1) 2 2 2 2
1 2

1 1 1

.
k k k

j
i i i j

i i i

x R x R x R
  

        (2) 

The angular orientation of the layers θ=(θ1, … θn) is 
expressed as a scalar product of matrices X and W, where xi 
corresponding to coefficients of the principal components 
for a specific data point satisfying the requirements. 
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The formulated necessary conditions were used to form 
from the design space of the layers’ orientation a sample of 
initial values of the angles to search for a local minimum of 
E(αx). The sample of the initial angular orientation of the 
layers consisted of 106 elements. Further, for each element 
of the sample, a local minimum of the expectation function 
was found by the gradient method. The Var(αx) was calcu-
lated for each local minimum. 

    1α θ , , θ ,x n s
E f      (3) 

  1θ θ λ α .t t t xE     (4) 

This method was repeated for composites with 1, 2 and 
4 vol.% MWCNTs. The comparison of E(αx) and Var(αx) is 
performed in chapter 3. Stiffness tensor and αx of carbon 
nanotube reinforced composites are modeled using the Mori – 
Tanaka theory based on Eshelby’s inclusion theory. 

 
1.1.2. NSGA-II 

 
The construction of the optimum Pareto front showing 

the variance of CTE as a function of mathematical expecta-
tion was performed using the NSGA-II algorithm. For this 
problem we choose a population size of 102 and with only 
30 offspring population size in each generation. The initial 
population consists of solutions with the lowest variance 
value obtained by the gradient method.  A running perfor-
mance metric [38] was used to assess the convergence and 
diversity of a generation set of non-dominated solutions. 
This metric can provide a generation-wise performance pro-
file so that a more detailed understanding of the algorithm’s 
performance. The running metric shows the difference in 
the objective space from one generation to another. 

  
1.2. Materials characterization 

 
1.2.1. Materials, composites manufacturing  
and specimen preparation 

 
Composite material based on resin with 0, 1 and 2 

vol.% MWCNTs was obtained. Before the introduction of 
MWCNTs into the epoxy resin, the functionalization was 
performed to add functional oxygen-containing groups to 
the surface of the modifier. The chemistry modification 
included holding at 35°C for 7 days in methylene chloride 
under reflux. Then carbon nanoparticles were sonicated in a 
water bath in concentrated sulfuric and nitric acid in a ratio 
of 3 to 1 for 3 hours after filtration in vacuum and washing 
with distilled water. Then carbon nanoparticles were col-
lected and dried on calcium chloride and silica gel. 

The MWCNTs were weighed and mixed with the epoxy 
resin to achieve final target weight fractions of 0.114 and 
0.227 %. The homogenizer IKA T18 was used to mixing. 
After dispersion, the mixture was degassed under vacuum 
for 10 min and the curing agent was added to the dispersion 
and mixed using high-speed propeller agitator. Layers of 

UD carbon fibers were manually laid on the mold in com-
pliance with the calculated stacking sequence and impreg-
nated with dispersion. After curing the polymer at 120C for 
12 hours, 5 samples with dimensions of 5x15 mm were cut 
from composites with 0, 1 and 2 vol.% MWCNTs. 

 
1.2.2. Scanning electron microscopy 

 
The morphology of prepared material was characterized 

by the Scanning electron microscopy using FE–SEM Hita-
chi S–5500 instrument (Japan) operating at 5 kV. The com-
posite specimens were delaminated after freezing in liquid 
nitrogen for 2 min. Before examination, the composite sam-
ples were glued to a support and to minimize sample charg-
ing coated with platinum by magnetron sputtering during 1 
min at the current of 10 mA and in a vacuum of 8·10-6 Bar 
in argon atmosphere. To view the hierarchical morphology 
of the composites, fracture surfaces were imaged.  

 
1.2.3. Thermomechanical analysis 

 
The coefficient of thermal expansion of the manufac-

tured samples was determined using a TAInstrumentsQ400 
thermomechanical analyzer. The tests were carried out in 
two stage. The first stage consists in heating at a heating 
rate of 5°C/min up to 100°C and subsequent isothermal ex-
posure for 350 min in a nitrogen environment to stabilize 
the size of the samples as a result of removing the remain-
ing moisture. The second stage consists of cooling to 40°C, 
isothermal exposure for 20 min and subsequent heating to 
100°C to measure αx. The second stage was several times 
repeated to obtain a stable measurement result. 

 
2. Results 

 
2.1. Calculation results 

 
2.1.1. The result of applying the necessary  
condition for near-zero CTE 

 
Fig. 1 shows the result of identification the two main 

components of the layer orientation space for a composite 
with native resin (with 0 vol.% MWCNT) using the PCA 
algorithm. Labeling the data of the initial sample in accord-
ance with condition E(αx)<1·10-7 makes it possible to identi-
fy a pattern in the angular orientation of the layers, ex-
pressed in the components of the reduced space. 

The sequential reduction of the initial sample by the 
definition of the principal components of the variable space 
and the determination of acceptance region as a circle with 
radius R leads to the formation of the necessary condition 
for the existence of a local minimum satisfying the condi-
tion E(αx)<1·10-7. The range of acceptable values of varia-
bles can be indicated by a circle with a radius of 2.48–3.02 
and radius of hypersphere 2.17–2.66 in case of 2 and 7 prin-
cipal components, respectively. 
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Fig. 1. CTE of multilayer composite as a function of layer  
orientation in the design space with two principal components 

 
The distribution density R of the hypersphere surface 

satisfying the condition E(αx)<1·10-7 is shown in the Fig. 2. 
Fig. 3 shows the coordinates of the vectors wi. For the com-
posite considered in this paper, the necessary condition for 
the existence of a near-zero αx can be formed as a weighted 
sum of vectors of principal components whose number is 
equal to the number of initial variables: 

 2 2 2
1 2

1

,
k

i
i

R x R


    (5) 

θ .i kx w  

 

Fig. 2. Distribution density R of the hypersphere surface 

 

 

Fig. 3. Heatmap of principal components for a data set 

Using the gradient method, the layer orientations for lo-
cal minima and the corresponding variance are determined. 
Comparison of the found points of the design space indi-
cates different variability of the objective function (Fig. 4). 
The vast majority of E(αx) are in the range 1·10-9–1·10-7 and 
are uniformly distributed in the space of variables. Under 
the conditions of a given a priori variability of properties (), 
Var(αx) is equal to 1·10-16–1·10-14. The obtained samples of 
the sequence of layers for the native composite and 
composites with 1, 2 and 4 vols.% are used as the initial 
population for the genetic algorithm of multicriteria 
optimization to find the Pareto front of expectation and 
variance. 

 

a 

 

b 

Fig. 4. E(αx) (a) and corresponding Var(αx) (b) under conditions  
of variability of lamina properties and its disorientation for the 

native composite 

 
2.1.2. NSGA-II 

 
Fig. 6 shows a comparison of the Pareto fronts obtained 

using the NSGA-II algorithm for various cases of a priori vari-
ability of the properties of the composite lamina. The final so-
lutions (VCNT=0, s=2 %) in the objective space for native com-
posites is slightly convex Pareto fronts, which in the area from 
7.78·10-7 to 8.09·10-10 demonstrate an almost linear relation-
ship between the CTE expectation and its variance.  
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In the range from 8.09·10-10 to 1.73·10-12, the variance 
increases sharply, asymptotically approaching the ordinate 
axis. Pareto optimal solutions for composites with 1 vol.% 
MWCNTs form front characterized by a decrease in the 
average variance of the sample by 91.61 %. The Pareto 
front found for a composite with 2 vol.% MWCNTs is dis-
continuous, the average variance of which decreased by 
70.48 % compared to the native composite. 

With the growth of a priori variability of the lamina 
properties to s=4 % and s=10 %, the Pareto front acquires a 
pronounced convex shape and a significant increase in the 
variance of the objective function is observed. With an in-
crease in the a priori dispersion of properties from 2 to 4 %, 
the average variance of the Pareto front increases by 72 %. 
The Pareto front found for a composite with 2 vol.% 
MWCNTs is concave in the range from 4·10-7 to 1·10-7. 
With a decrease in E(αx), the variance increases sharply, 
asymptotically approaching the ordinate axis. With an in-
crease in the a priori dispersion of properties from 4 to 

10 %, the average variance of the Pareto front increases by 
85 %. Visualizations of the running performance metric 
demonstrate convergence during an early phase of the algo-
rithm (Fig. 5). 

 

Fig. 5. The running performance metric 

 

 

Fig. 6. Pareto fronts of two objective functions: expectation of coefficient of thermal expansion and variance 
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Probability density functions for αx of the composite is 
close to the normal distribution. For the experimental evalu-
ation of the calculated sequence of layers, several specimen 
of material were made. Scheme 1: native composite with the 
following stacking sequence [± 15.7, ± 86.2, ± 12.4, ± 58.7, 
± 13.4, ± 23.0, ± 48.9]s. Scheme 2: composite with 1 vol.% 
MWCNTs with stacking sequence [± 10.8, ± 42.1, ± 25.6, 
± 24.1, ± 40.7, ± 16.1, ± 84.8]s. Scheme 3: composite with 2 
vol.% MWCNTs with stacking sequence [± 72.6, ± 1.8, 
±2.7, ± 1.5, ± 7.8, ± 0.7, ± 13.2]s. Calculated values of ob-
jective functions for Scheme 1: E(αx)=-1.78·10-7, 
Var(αx)=1.7·10-15. Scheme 2: E(αx)=2.3·10-8, Var(αx)=  
= 6.37·10-16. Scheme 3: E(αx)=7.4·10-7, Var(αx)=6.05·10-16. 
Measured αx is presented in chapter 2.3.  

 
2.2. Composite microstructure characterization 

 
Fig. 7, a, shows the cryo-fracture surface of the 

multiscale composites with carbon fibers and 2 vol.% 
MWCNTs dispersed in epoxy matrix. MWCNTs are ran-
domly distributed in the polymer matrix to form zones with 
different volume contents of nanoparticles (Fig. 7, b, and 7, c). 
The approximate concentration of MWCNTs in the ag-

glomerates is up to 8 % (Fig. 7, d). The fracture surface 
demonstrates brittle fracture in areas with a low volume 
content of nanoparticles (Fig. 7, c) and a large surface 
roughness for MWCNTs agglomeration zones (Fig. 7, d). 
The higher magnification image in Fig. 7, b, shows MWCNTs 
on the fracture surface that are relatively short and shows min-
imal nanotube pullout, suggesting a relatively strong interac-
tion between MWCNTs and the epoxy matrix. 

 
2.3. Thermomechanical analysis 

 
Measured αx of specimen is in the range from 6.2·10-8 

to 1.98·10-7. The size change demonstrates a non-linear na-
ture, which is explained by the complexity of measuring 
small αx, due to factors such as the unevenness of the tem-
perature field around the measured specimen and the loss of 
residual moisture, which are invisible when measuring large 
modulo αx. In order to reduce the influence of the factors, a 
long exposure time was used before and after the tempera-
ture change to stabilize the specimen size. Fig. 8 shows a 
complete measurement cycle consisting of two stages. The 
first stage is desorption of residual moisture. The second 
stage is sequential heating and cooling to measure the αx. 

 

 

a       b 

 

c       d 

Fig. 7. Cryo-fracture surface of the multiscale composites with carbon fibers and 2 vol.% MWCNTs 
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Fig. 8. The cycle of measuring αx of CFRP 

Fig. 9 shows the measured change in the size of the 
composite after stabilization of its dimensions due to mois-
ture loss. Scheme 1: αx6.2·10-8. Scheme 2: αx1.39·10-7. 
Scheme 3: αx 1.98·10-7. 

 
Discussion and conclusions 

 
As shown in the Fig. 6, optimization problems of 

minimizing the αx function is actually a multi-criteria 
optimization, the objective functions of which are the 
mathematical expectation E(αx) and variance of 
mathematical expectation Var(αx). This approach makes it 
possible to analyze the Pareto front and probability density 
functions for the αx in order to assess the reachability of the 
calculated values under given conditions of property 
variance. 

The objective function is nonlinear and non-convex 
(Fig. 4), so the result of the gradient method strongly de-
pends on the initial set of variables and must be repeated for 
different initial values of the angles. The reduction of the 

search area for local minima can be reduced by analyzing 
the design space with the PCA algorithm and forming the 
necessary conditions for the existence of a local minimum. 
It is proposed to limit the search area in the project space by 
introducing two parameters R1 and R2, which are the radii of 
the external and internal hypersphere limiting the area of the 
design space of the layers’ orientation angles (Fig. 2).  

As we can see from the chart presented above (Fig. 6), 
the microstructure modification of the polymer composite 
material allows to reduce the Var(αx) by 91.61 % with a 
volume ratio of MWCNTs up to 1 %. In addition to the re-
quirements for thermal behavior, it is important to consider 
more general elastic properties. Resin modification with the 
addition of MWCNTs slightly increases the CTE and the 
effective stiffness of the lamina in the longitudinal direc-
tion, and significantly reduces the CTE in the transversal 
direction, which together causes a change in the optimal 
reinforcement architecture – the angle reduction between 
the reinforcing fibers direction and the direction of the lon-
gitudinal axis of the material. Consequently, the material 
has a large longitudinal elastic modulus, while, due to the 
reduction of the CTE of the lamina in the transversal direc-
tion, it has a lower variance of the CTE compared to the 
non-modified composite. 

The calculated CTEs of unidirectional laminas with 
modified and non-modified resin show high convergence 
with the experimental data. As a next step, it is necessary to 
check the obtained calculated stacking sequence of layers 
on a significant series of samples, sufficient to confirm the 
stability of the researched parameter. It is important to con-
tinue research on effective reinforcement architectures using 
alternative analytical methods of machine learning to find 
more complicated stacking sequence. 

 

Fig. 9. Measured αx of CFRP 
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