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INTRODUCTION 

Problem Statement  

This dissertation is focused on the development of a smart composite material. The smart 
materials field is a new emerging field of materials systems which combines materials 
science with information science. In general a smart material is defined as a material that 
is capable of reacting to stimuli or the environment in a prescribed manner[1]. 

Current study is focused on smart materials with the ability to sense and process 
information about the environmental conditions and on its own structural health.  Smart 
materials have often embedded sensorics[1]. Embedding foreign structures inside a 
composite causes structural mismatch and integrity problems. At the same time it has 
many benefits, which makes embedding desirable for composites. The result of 
embedment is a complex smart material system, which feasible realization can be 
considered as the solution of a multicriteria and multilevel optimization problem.  

The multicriteria optimization problem for design of smart composites can be 
formulated as follows: 

))()...,(),(),(()( 321 xFxFxFxFxF n
  (1.1) 

subjected constraints in form of equalities or inequalities 

,*
ii xx  ,*ii xx    ሺ݅ ൌ 1,… , ݊ሻ,    (1.2) 

 mjxg j ,...,1,0)(  ,                                               (1.3) 

 lkxhk ,...,1,0)(  .                (1.4) 

In (1.1)–(1.4) x is the vector of design variablesand theobjective functions are given as 

)(1 xF – stiffness characteristic (strain energy density, etc.) 

)(2 xF – strength characteristic (max stress, max strain, failure index, etc.) 

)(3 xF – collected information characteristic (values of acceleration, stress, strain, 
humidity, etc.) 

)(4 xF – energy consumption characteristic 

)(5 xF – cost of the structure 

)(6 xF – life expectancy of the structure 
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Finding an effective solution to a posed problem means that the stiffness and strength 
of the structure are maximized, the energy consumption is minimized and necessary 
information acquired.  

Main Objectives 

Recent advances in sensors and related electronics, communication and signal processing 
offer in-situ monitoring possibilities of the geometric, environmental, and structural 
characteristics of composite structures[2],[3]. 

The main objective of the current study is the development of methodology for 
design of smart composites with structural health and performance monitoring 
capabilities. Such materials provide a non-destructive evaluationpossibility for detecting 
damage in composite materials. The study is focused on design of composite structures 
with fully integrated embedded systems (sensors/actuators) which are able to convey data 
andinformation in real time.  

Another issue of no lesser importance is validation on proposed methodology in 
laboratory tests and real world applications. The laboratory tests performed include 
fatigue tests of smart material with embedded electronics, sensor tests for energy 
consumption and acquiring information, stiffness and strength test of the base material 
and smart materials/structures. 

Furthermore, wind turbine blades with embedded electronics are designed and tested 
in field conditions (Estonian company “Goliath Wind OÜ”). The measured characteristic 
was acceleration. 

The main objective of the study can be achieved by completing several complex 
subtasks which cover essentially quite different disciplines like material science, 
mechanics, electronics, software development, etc. For that reason the author of the thesis 
has made collaboration with researchers of the Seebeck Institute of Electronics. 

In general, the manufacturing process of smart composite considered can be divided 
into three main subtasks: manufacturing of base composites, design and manufacturing of 
electronic components, embedding electronic components in base composites. These 
subtasks can be performed separately, but are influenced by each other. A smart 
composite with improved properties can be obtained by performing optimization for each 
subtask, but not only. For example the electronic component with maximum information 
acquiring capabilities has typically too large dimensions to perform well as an integrated 
component. Due to conflicting objectives the optimization should cover also a global 
level i.e. smart composite level.   

Based on above discussion the sub-objectives of the study can be outlined as:  

 minimization of the impact of embedded components on strength and stiffness 
properties of the composite structure 

 improvment of the embeddement process of electronic components in host 
material 

 minimization of manufacturing expences of the smart structure 
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Obviously, the proposed sub-objectives uphold the main objective of the study. 

Hypothesis 

This research presents efforts to develop structural composite materials which include 
networks of sensors that extend the functionality of the composite materials to beaware of 
its own health condition.  

The main hypothesis of the thesis can be outlined as follows: 

H1: The impact of embedded electronics on strength and stiffness properties of the 
composite material/structure can be minimized by properly performed design of base 
composite and electronic components. 

H2: Introducing of ALT technology for design of smart composites makes integration 
of embedded electronics in host composites more flexible. 

H3: Using ALT technology together with wireless electronic systems forms a new 
environment and perspective in the design of smart composites. 

H4: Smart composite with embedded electronics can be manufactured with reasonable 
expenses. 

The working hypothesis proposed can be regarded as confirmation of the fact, that the 
aims of the study are attainable.  
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ABBREVATIONS 

AM  additive manufacturing 
ANN  artificial neural networks 
ALT    additive layer technology 
CAD  computer aided design 
CFRP  carbon fibre reinforced plastic 
CLT    classical lamination theory 
DCB   direct copper bond 
DIC  digital image correlation 
DPC   direct plated copper 
GFRP   glass fibre reinforced plastic 
FRAM   ferroelectric random access memory 
FE  finite element 
FEA  finite element analysis 
FEM   finite element modeling 
HDPE  high density polyethlyene 
HTCC   high temperature co-fired ceramics 
IC    integrated circuit 
ILSS    interlaminar shear strength 
LTCC   low temperature co-fired ceramics 
MEMS   micro electro-mechanical system 
NCF  non-crimp fabric 
NDT   non-destructive testing 
NDE    non-destructive evaluation 
PCB    printed circuit board 
PET  polyethylene therephtalate 
PMI  polyimide 
PVDF   polyvinylidene fluoride 
SAW  surface acoustic wave 
SEM    scanning electron microscopy 
SHM    structural health monitoring 
SLS  selective laser sintering 
TSSOP  thin-shrink small outline package 
VQFN  very thin quad flat non-leaded 
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SYMBOLS 

  tensile stress in i-directionߪ
ߪ
 compressive stress in i-direction 

߬ଵଶ shear stress in ij-plane 
Qij reduced stiffness coefficient 
߳  strain in i-direction 
  shear deformation in ji-planeߛ
݇         curvature constant for the middle surface of composite layer in i-direction 
݇ଵଶ curvature constant for the middle surface of composite layer in ij-direction 
z distance from the middle surface of layer 
 ଵ Young´s modulusܧ
 ଵଶ shear modulusܩ
  Poisson ratioݒ
 ሻ objective function of optimizationݔሺܨ
݂ሺݔሻ normalized objective function of optimization 

xi design parameter 
  vector of design parametersݔ
wmax maximum deflection 
E energy 
C capacitance 
P power 
V voltage 
wi i-th weight coefficient 
H height of resin pocket 
L length of resin pocket 
 ௫    maximal angle between resin pocket wallsߙ
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1. THEORETICAL BACKGROUND 

1.1 Composite Materials and Structures 

Composite materials have found a wide range of applications due to their unique 
properties, of which perhaps high specific strength and resistance to fatigue and corrosion 
are the most valued. Fibre composites are laminated anisotropic materials, in which 
damage is often not easily detectable. Carbon fibre is the most promising structural 
composite reinforcement type. It has very high mechanical strength, yet has low density. 
Besides high specific strength it is corrosion resistant and extremly durable in fatigue 
loading conditions. This makes carbon fibre appealing for aerospace andautomotive 
structures. The biggest disadvantage of carbon fibre composites is their proneness to 
catastrophic failure. One of the most famous catastrophic failure incidences occurred in 
the 1995 America´s Cup sailing yacht race, where a yacht named “OneAustralia” 
snapped in half and sank in the matter of few dozen seconds with the assistance of its 
heavy keel [4], [5]. For carbon fibre it is critical to predict failure in advance. This 
introduces the field of structural health monitoring. This field receives a more detailed 
introduction in the next section. 

1.2 Structural Health Monitoring Systems 

Today structural health monitoring is a rapidly evolving field. Structural health 
monitoring is defined by Farrar et al. [6]as a process of implementing a damage 
identification and characterization strategy for aerospace, civil and mechanical 
engineering. Damage is defined as a change of a material’s or structure’s mechanical or 
physical properties, including the connectivity to boundary conditions, which causesan 
adverse reduction ofthe system’s general performance. 

Without the SHM system usually safety or failure critical structures are maintained 
using time-based health or condition assesment. For example most aeroplane critical 
structures have a pre-defined flight hours reserve after which they must be replaced. A 
structural health monitoring system’s main purposeis to replace the time-based method 
with condition-based life-expectancy assessment. A typical example is a sensor network 
(e.g strain gauges) that will register unwanted change of structure or material and then 
will notify the operator of the system of detected damage. Condition based monitoring 
helps to reduce the probability of failure, especially in life-hazardous applications. 
Besides that it has the side effect of helping to reduce excessive material usage. Safety 
factors can be reduced, which in the longer term will benefit the environment. 

SHM methods can be categorized under local and global monitoring methods. Local 
methods detect the damage usually near the source. These methods are very often used in 
non-destructive testing fields.  The main problem with these methods is the requirement 
for the measuring unit to be near the damage zone. Their benefitis high sensitivity to 
damage. Global monitoring methods use indirect damage describing characteristics to 
identify the occurrence of damage. The most used characteristics are stiffness, mass or 
energy dissipation properties of a system, which will influence the dynamic response of 
the whole structure.  
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1.3 Advantages of Embedded Sensors 

Surface mounted sensors are susceptible to damage and their protection form 
environment is often noticeable extra weight increase. Embedding the sensors allows for 
protection from harmful environmental conditions. It is also the only way for creating an 
autonomous structure with a smooth, non-irregular surface.  An example of strain gauges 
with noise-proof analogue signal cabling is shown in Figure 1.1. Embedded sensor nodes 
remove the need for heavily shielded long signal cables, especially if the primary signal 
processing is done near the sensor. From the imageit can be also estimated that such 
cabling is a noticeable weight-gain to the lightweight composite structure. 

 

Figure 1.1 Strain gauge rosettes mounted on a ship’sunderwater appendage structure 

Aside from cabling the second concern is sensor protection from environmental 
influences. The most sensitive devices are those which have a mechanical bond with the 
material in order to register strains. The interfaces between two materials are sensitive to 
moisture attack. It is known, that moisture attacks the material interface between a sensor 
body surface and the composite matrix [7-8]. In order to use strain sensing devices in 
long-term applications the sensors must be well protected from environmental influences. 
A feasibility study for a marine environment was conducted in 1990 by Green et al. [9]. 
They concluded that the performance of a strain gauge sensor in a marine environment is 
strongly dependent of the adhesion quality and weather protection methods used. It was 
found that if the device is joined correctly with the structure, then it can perform well, 
reliably,for up to 20 years, depending on application. They also verified that general 
polymer enclosed strain gauges perform better than weldable strain gauges. 

 
Correct installation and isolation (from outer environment) of gauges needs a careful 

adhering procedure with specific high quality adhesives. This is a labor intensive 
procedure. Besides the aforementioned shortcomings extra time is consumed due to the 
used adhesion material polymerization times. 

 
Embedding sensors inside the structure allows the use of the composite matrix as the 

environmental isolation material. This reduces the cost of SHM system application 
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through reduction of different materials usage and also the assembly and material 
preparation and polymerization times. Additionally the less different materials used, the 
loweramount of two-material interface areas exist, which are prone to fail due to 
hygrothermal attacks.  

Composite structures are known to take advantage of using different plies with 
different stiffness characteristics. Usually the heavily loaded layers or plies are hidden 
underneath the surface to protect them from external damaging punctures or abrasion. 
Due to differences in stiffness the outer plies strains may not represent precisely the inner 
plies strains and stresses. This is typical when tensile and bending loads are applied 
simultaneously on material. The simplified mechanical behavior can be described with 
classical lamination theory as in [10]. The stress-strain relations in a plane stress state for 
an orthotropic lamina with numbering index k are described by stress-strain matrices as 
shown following equation: 

 


ଵߪ
ଶߪ
߬ଵଶ

൩ ൌ 
ܳ11 ܳ12 0
ܳ12 ܳ22 0
0 0 ܳ66

൩ 
߳ଵ
߳ଶ
ଵଶߛ

൩  ݖ 
݇ଵ
݇ଶ
݇ଵଶ

൩ .  (1.1) 

 
Where the reduced stiffness's Qij are defined as follows: 
 

ܳଵଵ ൌ
ாభ

ଵି௩భమ௩మభ
,    (1.2) 

 

ܳଶଶ ൌ
ாమ

ଵି௩భమ௩మభ
,    (1.3) 

 
 

ܳଵଶ ൌ
௩భమாమ

ଵି௩భమ௩మభ
ൌ

௩మభாభ
ଵି௩భమ௩మభ

,    (1.4) 

 
 

ܳ ൌ  ଵଶ.     (1.5)ܩ
 
The equations apply for a single ply. This can be transferred to a random ply with 

number indication of k. From these laminas a laminate can be assembled. For a multi-ply 
laminate the following simplificationsare made: 

 The laminas are bonded together with a virtual bond which has no thickness nor 
shear deformations. 
 The laminate is considered to be a few magnitudes longer in 12 plane compared 
to the thickness plane 3.  
 All the deformation in lamina happens without changing the laminas’ surface 
normal direction. This excludes shear deformationsγ13 and γ23.  
 
For composite laminate the reduced stiffness coefficients Qij have different values if 

the layers are composed of different angled, different weaving pattern or different 
materials. As a result the difference in elastic modulus values will cause stress 
distribution to become discrete in a layer-wise direction. It is depicted in Figure 1.2. The 
representative laminate is composed of four layers, from which two have different 
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Young´s modulus. The bending strain distribution in z-direction (same as direction 3 in 
previously mentioned equations) is linearly varying. However the stresses in layers are 
not necessarily distributed linearly, even though the strain variation is linear. Instead 
typically the stresses are linear piecewise, but at the layer boundaries between layers they 
are discontinuous. 

 
Figure 1.2 Theoretical variation of laminate stresses through thickness 

 

If the strain gauge rosette is placed on the layer, which will not be critically loaded 
during operation of structure, then it may not detect the catastrophic stress occurrence.  

To summarize it is vital and feasible to embed layer stress measuring devices inside 
the composite laminate instead of surface mounting. The main benefits of this approach 
are the environmental protection advantages and also the need to detect and quantify the 
layer stresses directly from the layer under the scope. 

1.4 Sensor Size Concerns 

Integration of sensors or MEMS devices into fibrous composites is usually achieved by 
placing the device between the plies of composites during the manufacturing process. 
The device becomes surrounded by the matrix and the continuous fibres are bent in order 
to facilitate the embedded device matching with the surroundings. This leads to the 
increase of interlaminar stresses near the inclusion and a local remissive stress 
concentrator is created. Besides the weakening of the whole composite structure the 
stress gradients around the embedded device distort its ability to sense the surrounding 
environment. Therefore it is necessary to investigate and characterize the mechanical 
interaction between the embedded device and the host composite structure.  

 Keeping the sensor very small minimizes perturbations in the normal stress field. The 
less the foreign object bends the composite fibres out of their normal plane, the stronger 
the resulting laminate will be.  One good example of feasible sensor solution is developed 
by Mohammed et al. [11]. They developed a high sensitivity MEMS piezoresistive strain 
microsensor, which has good sensitivity, low power consumption and thermal stability. 
This all has been achieved at the size of around 10mm times 0.5mm.   
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1.5 The Influence of Foreign Objectson Mechanical Properties of 
Composite Material 

Embedded foreign objects can be considered to behave similarly to void inclusions. 
They influence the stiffness and strength of composites negatively as shown by Bowles 
[12] and Costa [13]. Costa determined that voids in composites may result in severe 
reductions in matrix-dominated mechanical properties such as interlaminar shear, and 
compressive and flexural strengths. Quantitative degradation of properties differs 
strongly depending on the specific material or manufacturing method used.  The  main 
contributor to the diversity of degradation is the morphology of voids [14]. Voids are 
usually hollow gas volumes inside the host structure. Huang and Talreja describe voids as 
a cutout from the composite material [4]. The voids differ from embedded devices by the 
fact that embedded devices may not create such high stress concentrations due to their 
geometry and can have the ability to carry mechanical loading. A controversy might be 
created by the fact that embedded devices’ thermal and moisture expansion coefficients 
will differ from that of the host materials. This can create extra stresses via expansion 
mismatch at temperature change.Based on the assumption that voids can be considered as 
representatives of embedded objects the literature study is conducted. From Liu et al. [15-
16] studies it turns out that for 0°/90° woven fabric based composites the ILSS reduces 
around 30% for void concentration of 3% in case of carbon/epoxy laminate. 

Composite materials are known to have reduced compression properties compared to 
isotropic materials. The void content inside the composite material influences the already 
weaker compression properties further. Hapke et al. [17] investigated the failure of 
unidirectional carbon-fibre composites with scanning electron microscope. He concluded 
that the damage mechanism at compression failure is caused by local microscopic fibre 
kinking and ensuingfibre fracture which leads to a catastrophic event. From his 
conclusions it can be assumed that foreign inclusion caused macroscopic fibre 
misalignment is a precondition to enhance fibre kinking proneness.  

Czichon [14] has conducted an extensive literature review and research on the void 
content influence on the properties of composite laminates with different production 
methods. He summarizes that the influence of void content on the properties is strongly 
material, laminate and manufacturing method dependent. To conclude this section it can 
be said that the foreign object inside a laminate has complex interaction with the 
structure.It is feasible to determine the characteristic properties of a composite 
experimentally for specific material and embedded device combination.  

1.6 Physical Interfacing of Sensor Node Body and Composite Matrix 

Composite materials in windturbine and marine applications work in harsh outer 
environment. Unlike aerospace structures they are not stored in protective hangars to 
allow recovering from moisture attacks or icing. Moisture influences composites 
negatively in multiple aspects. 

Tsenoglou et al. [18] investigated the water absorption properties of polyester resin 
based glass fibre laminate. They concluded that moisture diffuses along the 
microchannels surrounding the fibres. The moisture sorption and drying cycles cause the 
size of the microchannels’ volume to increase, which leads to an almost logarithmic 
increase of diameter of channels. 
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Zafar et al. [19] proposes that fibre-resin interfacial properties are decreased due to 
chemical degradation and mechanical degradation.Chemical degradation is the result of 
hydrolysis of the bonds at the interface. It is a function of the environment temperature 
and pH value. Mechanical degradation is the result of matrix swelling causing stresses 
large enough to pull the matrix apart from the fibre. Amer et al. [20] estimated that 
swelling is the main reason for interfacial damage. The complex mechanical radial tensile 
stress state pulls the matrix off the fibres. 

Zafar et al. [19] determined experimentally that absorbed water destroys the crosslinks 
inside the epoxy structure and by doing that segments rigidity. Pure epoxy resin lost its 
properties 15%–18% on average after being conditioned 40 and 300 days. 

It can be concluded that two material adhesion suffers severely under moisture attack. 

1.7 Methodology for  Development of Smart Composite 

As pointed out above the embedded sensors have several advantages with respect to 
surface mounted sensors: 

 sensors are protected from adverse environmental conditions, 
 possibilityto create an autonomous structure with a smooth surface finish 

 
Besides the aforementioned advantages, embedding the electronics inside the host 

laminate has the benefit of reducing the signal noise issues related to long cabling and 
enables the possibility to commit local primary signal processing. Thus, it is reasonable 
to proceed with design of smart composites with embedded electronic components and to 
consider surface mounted components based structures as an alternative solution for 
particular situations. 

 
However, based on literature overview and discussion given in sections 1.1–1.7 it can 

be concluded that there are a number of key factors influencing structural health of the 
smart composite with embedded electronics: 

 stiffness characteristics of the structure, 
 strength characteristic (max stress, max strain, failure index, etc.), 
 acquired information characteristic (values of the acceleration, stress, strain, 

humidity, etc.) 
 energy consumption characteristic. 

 
In the current study an attempt is made to consider the effects of all key factors in 

design of smart composite. For that reason the following approach is proposed: 
 The design problem of smart composite can be formulated as a multicriteria 

optimization problem utilizing above mentioned key factors as objectives and 
including the cost as an additional objective (see section 1.1):  

o The stiffness of the smart structure is subjected to maximization. The 
characteristics considered involve the elasticity tensor components. 
Instead of maximizing components of the elasticity tensor certain 
simplification was made –the strain energy density has been subjected to 
minimization (providing stiff structure). 

o The strength of the smart structure is subjected to maximization. The 
considered characteristics –maximum stress and maximum strain, both 
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are maximized. An alternative possible approach is to minimize the 
maximum failure index (calculated for each element). 

o The energy consumption has been subjected to minimization. For smart 
composites with embedded systems energy consumption is especially 
important, since powering or recharging is a more complicated task. 
Reduction in energy use is provided by careful design of electronic 
components, optimizing data exchange and management. 

o The acquired information capacity is subjected to maximization. 
However qualitative information capacity is meant here, not 
quantitative. The information can be filtered in sensor nodes and only 
selected information should be stored and sent during data exchange 
sessions. The characteristics included are acceleration, stress, strain and 
humidity. 

o The cost is subjected to minimization. 
 The solution procedure can be decomposed into subtasks, which have a 

hierarchical structure and can be solved iteratively 
Obviously, the posed multicriteria optimization problem contains conflicting 
objectives, several technological, geometrical, etc. constraints, discrete 
variables, local extremes and its solution is complicated. The solution procedure 
can be decomposed in the following subtasks: design of host structure (stiffness, 
strength), design of embedded electronics (data acquirement, shape, size), design 
of embedding process.   

 Design of smart composite structure includes iterative repetition of above 
mentioned subtasks.  

 An analysis of the usability of resistance strain gauges in local sensor nodes 
should be performed. 

 Possible loss of structural integrity of composite structure caused by the inclusion 
of foreign objects in the material should be estimated. 



 

20 

2. DESIGN OF BASE COMPOSITE MATERIAL 

In the following an overview  of Paper I (see Appendix II for full paper) resultsis given.  

2.1 Introduction 

An example sandwich material design study was conducted with the purpose to optimize 
its price performance. 

The multicriteria optimization problem has been formulated and solved by applying 
multicriteria analysis techniques[21-24] and genetic algorithms [25-28].[26][22], 
[23],[27], 

The main goal of the current study was to develop a new composite material with 
optimal mechanical properties. The optimality criterion targets are mechanical strength 
and cost. 

2.2 Experimental Testing 

The mechanical properties of experimentally manufactured sandwich composite 
materials were tested. The sandwich composite panels were tested in 4-point bending 
conditions according to ASTM C393/C393M. Three different core materials were 
tested.The principal scheme of the 4-point bending test is described in Figure 2.1, where: 
P is the load, S is thedistance between supports, L is the span. The span of the lower 
supports was 560 mm and upper supports 100 mm. 

 

Figure 2.1 Loading scheme in 4-point bending 

2.3 Finite element model of sandwich panel 

Finite element analysis subjected to 4-point bending was conducted with ANSYS APDL 
v12.1 software. A plane strain 2D assumption was used. A linear orthotropic material 
model was used to define laminate properties. A linear isotropic material model was used 
to define core properties (defined by elastic modulus E and Possion's ratio υ). 

For FEA model validation the results of 4-point bending tests and virtual testing have 
to be compared. As it follows from Table 2.1for the sandwich panels with PET and PMI 
foam the deflection rates obtained by real and virtual tests are quite similar differentiating 
only by 3 %  and  6 %, as the shear modulus of these foams (see Table 2.1) are in the 
same range from 19 MPa to 20 MPa. Regarding the sandwich panel with HDPE foam the 
deflection rate obtained by real testing is differencing almost 40 % from the virtual result. 
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This can be explained by relatively low shear modulus (11 MPa) and buckling with 
plastic deformation of the tested panel. 

Table 2.1 Comparison of the real and virtual 4-point bending test results 

Type of Core 
material 

wmax by 
testing, mm 

wmax by 
FEA, mm 

 by  ࣎
FEA,MPa 

PET 34.2 32.0 0.97 

HDPE 69.9 41.5 0.94 
PMI 30.0 30.9 0.94 

 
The obtained FEA analysis results were used for optimal design of the sandwich 

panel. Three core materials from eleven were physically tested, other eight were 
numerically tested. 

2.4 Optimal Design of Sandwich Panel 

In order to improve mechanical properties of the sandwich structure design optimization 
has been performed. The aim was to design the sandwich structure with maximum 
stiffness/strength properties while keeping expenses minimal. Behaviour of the different 
strength characteristics of the sandwich structure has been analyzed and themaximum 
stress was selected as an optimality criterion i.e. the aim was to find out the configuration 
of the sandwich structure providing the highest failure load. Certain similarity in 
behaviour of the stiffness/strength characteristics has been observed (proportional 
relations). An alternative concurrent optimality criterion was the cost of the sandwich 
structure. 

Thus, the multicriteria optimization problem considered can be formulated as 

max,)( max1 xF min,)(2 CostxF     (2.1) 

subjected to linear constraints applied to the design variables vector  x  

*
ii xx  ,   ,*ii xx  ni ,...,1 ,   (2.2) 

and non-linear constraints applied to the maximum deflection of the sandwich maxw , 

maximum stresses of the each layer k  as 

*
max )( wxw  ,  (2.3) 

*)( kk x   .    (2.4) 

In 2.2 – 2.4, the indexes * refer to the upper limit value of the corresponding variable. 
The objectives 2.1 are normalized by taking use the following non-dimensional functions 
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Obviously, both concurrent objectives )(1 xf  and )(2 xf  are subjected to minimization 
and the Pareto optimality concept can be applied.  

2.4.1 Pareto Frontier 

Repetitive evaluation of the objective function )(1 xf  and nonlinear constraints 2.3 and 2.4 
during the optimization procedure is time consuming. For that reason, the FEA has been 
performed for a fixed set of design variables and on the basis of obtained numerical 
results the response surface has been constructed (most commonly used technique to 
reduce the cost of the computational analysis and /or experimental tests). In the current 
study the artificial neural network (ANN) has been employed for response surface 
modeling. The surface constructed by the use of ANN does not normally contain the 
given response values (similarity with least-squares method in this respect). An approach 
proposed is based on the use of the MATLAB neural network toolbox (two layer network 
with one hidden layer). The Pareto front of the maximum stress and cost of the sandwich 
structure is given in Figure 2.2. It is composed of 3 separate curves. The reason for gaps 
between curves is an un-continuous or discrete option for core materials. The gaps are 
locations, where there is no physical core material option available.  
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Figure 2.2 Maximum stress versus cost of the sandwich structure 

First note that the minimum values of the objective function )(1 xf  in the Pareto front 

correspond to maximum values of the original stress function )(1 xF (see formulas 2.1 
and2.5).The Pareto front depicted in Figure 2.2 contains discontinuities and is made up 
from three parts corresponding to sandwich structures with different values of maximum 
stress and cost. Obviously, the Pareto front can be made less gradual by design of the 
neural network model, but this is not the target desired. The main aim is to provide as 
much information as possible for decision making i. e. for selection of an optimal point 
on the Pareto front. Points before a sudden rise of the cost function seem most 
appropriate. However, all points on the Pareto front are optimal (Pareto optimality) and a 
final decision depends on the particular case.  

2.5 Conclusions 

Optimal design of the light-weight sandwich panel has been performed. Different 
combinations of the core material and layer thicknesses are considered. The study 
involved experimental investigation and numerical simulation for determining 



 

23 

mechanical properties of the layer materials of the sandwich structure. In order to reduce 
computational time the metamodeling technique has been employed (ANN). Finally, 
relying upon the obtained response surface the Pareto optimality concept is applied and 
optimal solutions are determined. It can be concluded that: 

 the solution appears more sensitive with respect to core material selection than 
core layer thickness (it was assumed that the total thickness on the sandwich 
structure remains unchanged, i.e. core thickness can decrease with increasing 
facing layers thickness); 

 the use of certain expensive core materials like PMI leads to a sudden increase in 
cost, but does not provide significant improvement of the mechanical properties; 
thus in most cases use of such core materials is not reasonable; 

 the sensitivity of the solution function with respect to design variables is times 
higher in points neighbouring the discontinuity points of the Pareto front. 

The Pareto optimality chart describes the price performance of the sandwich structure 
in this specific application. It can be seen, that the cost response is non-linear. Using 
structural health monitoring in order to reduce the reserve factors can justify the cost of 
the SHM system and also lead to general material consumption reduction. This also leads 
to environmental saving benefits. 
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3. DESIGN OF ELECTRONIC COMPONENTS 

In this chapter the design of electronic components is studied in the point of view of: 

 information acquiring capabilities, 
 embedding possibilities of components in composite structure. 

3.1 Electronics Miniaturization Possibilities 

Embedded device dimensions are dominated mainly by the size of integrated electronics. 
Printed circuit boards and microchips and components are all options for size reduction. 
It was decided at first to focus on available commonly used electronic devices’ casings. 
Economical methods that could be used without interfering with the chip design’s 
fundamental technologies are the following: 

 Selection of minimum size chips casing. This means searching for the smallest 
available casing design that is easy to assemble on to the system. 

 Bare integrated circuits. This design is simply a semiconductor device, which has 
no moulded protective casing.  

 Flexible substrate electronics[29]. 
 Ceramic substrate technology.  

3.1.1 Small Size Chips and Bare Integrated Electronics 

Most IC´s have multiple packaging options. The core of the SHM system under 
development is a Texas Instruments produced FRAM based ultra-low power 
consumption microcontroller MSP430FR5379. The easiest and cheapest way to decrease 
the size of electronics is simply selecting components packaging that has the smallest 
dimensions. For the available MSP430FR5379 integrated circuit it means choosing 
between TSSOP and VQFN type packaging. Their designs are depicted in Figure 3.1 and 
Figure 3.2. From the longitudinal and height dimension comparisons it can be concluded 
that the size reduction of selecting VQFN type packaging reduced the dimensions of this 
controller simply by approximately one third. This is an economic decision to reduce the 
size of the electronics of the prototype. 

 

Figure 3.1 TSSOP packaging of MSP430FR5379 microcontroller 
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Figure 3.2 VQFN type packaging of MSP430FR5379 microcontroller 

The main limit to reducing the chip size is its manufacturability. The smaller devices 
get, the more difficult it is to reliably assemble them on a PCB. 

Bare integrated circuits (also known as bare die) are used in the author’s first study of 
experimental embedment of electronics. Semiconductor devices are cut out from 
semiconductor wafers. The small parts on which a single integrated circuit lies are called 
dies. See Figure 3.3 for further explanation. Integrated circut´sbare die is the smallest 
possible conventional electronics option, which does not need the alteration of basic 
semiconductor design. Modifying or redesigning the silicon wafer cost is approximately 
twice as costly as simple PCB based electronics development [30]. 

 

Figure 3.3 Wafer is composed of dies 

A bare IC design is used sometimes, when there is a need for high packaging density 
of electronics. The advantages of bare dice technology is well summarized by Al-Sarawi 
et al. [31]. The most important factors to point out in the context of embedded devices are 
compactness, noise resistance, power consumption and speed. Removing the discrete 
housings from microchips reduced the size of integrated circuits from between 5 to 
approximately 20 times. Noise resistance is increased based on the reduction of 
interconnection lengths. This reduces crosstalk noise, reflection noise and 
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electromagnetic interference. Reduction of noise leads to increased reliability. Power 
consumption is reduced due to reduction or interconnect parasitic capacitance C. An 
electronic system dissipates energy according to the equation[31]: 

ܧ ൌ  ଶ,     (4.1)ܸܥ

where V is the voltage swings along the interconnect. 

The power consumption P process of energy dissipation is a function of voltage 
swings across the interconnections and f is the frequency of swings. The equation is as 
follows: 

ܲ ൌ ݂CVଶ     (4.2) 

The speed gain is achieved through taking advantage of reduced energy dissipation: 
lower parasitic capacitance enables increase of the clock frequency of integrated circuits 
without extra power consumption.  

The main disadvantage of a bare integrated circuit is its vulnerability. The ceramics 
are very brittle and conductor junctions are extremely thin. They are generally too fragile 
to be handled by a human being. Therefore a prerequisite for their usage are automated 
assembly and manufacturing methods for the structure. 

3.1.2 Flexible SubstrateTechnology 

Flexible substrate electronics are a high potential material choice for embedded devices. 
The biggest advantage of flexible substrate electronics is their high strain resistance. 
Lacour et al. [32] developed an elastomeric substrate with in-built compressive stress 
pretension which creates wavy buckled conductors. This material could be stretched to 
22% tensile strain before its gold conductors fractured. This value exceeds typical 
structural epoxy resin maximum strain value by around fivetimes. Kim et al. [33] review 
the current state of the art in making inorganic high rigidity materials flexible for flexible 
electronics. Different authors use different geometrical patterning to make rigid 
semiconductor materials like Si, GaAs, GaN etc. flexible. Various physical effects are 
used: buckling strategy, stretchable metal interconnects, stretchable strain isolated 
systems etc.  

Besides inorganic materials an emerging field is so-called organic and also printed 
nanocomposite thin film transistors. An example of the latter is developed by Hsieh et al. 
[34]. Hsieh develops carbon nanotubes enriched polythiophene active transistor channel, 
which is produced by ink-jet printing. This technology is relatively cheap and 
additionally has the ability to work under a high strain environment. 

Under the flexible substrate technology are also characterized multifunctional 
structural batteries. Liu et al. [35] developed a deformable lithium ion battery, which has 
material properties tuneable from elastic to rigid. The battery´s design is based on 
polyvinylidene fluoride (PVDF) matrix carbon fibre composites. It achieved modest 
energy density (35Wh/kg) while being able to withstand tensile strain up to 10%. This 
battery can be successfully embedded inside a smart composite structure. The current 
state of the art is well documented in [36] and [37]. 
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The latest developments and trends in thin film flexible electronics are reviewed by 
Nathan et al. in [38]. Its biggest strength is its high variety of application possbilities. The 
examples are from energy harvesting, energy storing (super capacitors, flexible batteries) 
to novel sensor types (strain tuneable antennas etc.). Flexbile substrate technology is 
closely related to development of nanomaterials. Flexible substrate technology is perhaps 
the only technology from this paragraph´s technologies, which is truly able to cooperate 
with the high strains of composite structures. 

3.1.3 Ceramic Substrate Technology 

Under ceramic substrate technology there are categorized multiple different 
manufacturing methods. Among others the most versatile are direct copper bond (DCB), 
direct plated copper (DPC), thick film substrates and thin film substrates. Ceramic 
substrate technology based electronics are generally at least of a magnitude more 
expensive than simple PCB based electronics according to Bethold [30]. Nevertheless 
they have certain advantages which make them desirable for fully embedded devices.  

Ceramic substrate technology allows for high miniaturization. The ceramic board can 
be produced with thicknesses starting from 0.254mm [39]. The most economical 
thickness is 0.635mm [39]. Conductive copper, silver or gold layers can have thicknesses 
from 5μm to 20μm and width around 50μm [40]. An example power electronics module 
is depicted in Figure 3.4. 

 

Figure 3.4 Hybrid circuit composed of silicone semiconductors printed on a ceramic board[30] 

According to Bechtold [30] LTCC and HTCC technologies can guarantee a life 
expectancy of more than 20 years. This is feasible since the electronics cannot be 
removed after the host material has been finalized. Predicted PCB life expectancy is,by 
comparison, around 3 years.  

The thermal expansion coefficients are small, around 6μm/m/K. This fact makes 
ceramic substrate technology thermal expansion more compatible to carbon fibre 
polymer composites, which also have very small thermal expansion coefficients. One 
relevant property is the high difference of the thermal coefficient of expansion with a 
PCB. It is a magnitude lower compared to PCB technology. Composites are sensitive to 
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thickness direction strains. Avoiding extra strains from thermal loading in that direction 
makes the smart composite structure more robust. 

Perhaps the most important characteristic of ceramic substrate technology based 
devices is their mechanical strength. LTCC technology has flexural strength around 
200MPa and HTCC devices have it around 350MPa [30]. This allows them to withstand, 
to at least some extent, mechanical loading and also shock-loading. These stress levels 
are close to the permitted stresses for GFRP laminates. 

The ceramic substrate devices have 0% water absorption property. Ceramic substrate 
devices are therefore hydrophobic. This is a strong advantage in moisture filled 
environments. 

 

3.2 Low Cost Strain Sensor Experimental Testing 

This section is a short summary of Paper IV (see Appendix II for full paper). 

3.2.1 Introduction 

The research topic of this article is the fatigue testing of fully embedded semiconductor 
strain gauges (see Figure 3.5) in order to check their potential in embedded structural 
health monitoring system applications. In the testing procedure two different composite 
materials are used. Different matrixes were used for specimen manufacturing: vinyl ester 
and epoxy resins. Epoxy resins have very high adhesion properties while vinyl esters are 
widely used medium cost polymers for wind turbine and seaborne industries.  
 

 
Figure 3.5 Silicon semiconductor strain gauge embeded in glass fiber laminate 

 
Strain sensitive characteristic dependability from local defects has oftenbeen utilized 

to identify damage in structures [41]. Semiconductor strain gauges have a good potential 
for embedded structural health monitoring applications. The sensors usually have a 
rectangular thin bar shape, with thickness around tenths of a millimetre. The shape 
similarity to fibres and material similarity to glass fibres make this sensor appealing to 
composite SHM. The proportions of the sensor are close to the typical fibre: the length 
dimension is magnitudes higher than width or thickness. 

Semiconductor strain gauges have high piezoresistivity. The resistance change occurs 
in all conditions of static and dynamic strain. The gauge factor for semiconductor strain 
gauges are 50– 60 times higher compared to metallic foil gauges [42]. This removes the 
necessity to use high gain voltage amplifiers associated with metallic strain gauges.  

The main advantage of a semiconductor strain gauge is its high fatigue life. Since the 
gauges are single-crystal elements, they have no measurable hysteresis or creep[42]. This 
makes them attractive for long-term installations or for use in unique transducer 
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applications.  

Distributed wireless sensor node networks are good examplesof where to apply 
semiconductor strain gauges [43]. Nodes are able to measure the temperature locally near 
the strain sensors. This allows compensation of the non-linear behaviour of the strain 
sensor.  

Hygrothermal conditioning is used to imitate the real application conditions. It is 
known, that moisture attacks the material interface between the semiconductor and the 
matrix [44], [45]. Vinyl ester has a magnitude lower interfacial strength than epoxy. It is 
also more susceptible to damage caused by humidity [45]. 

3.2.2 Method 

The performance of embedded semiconductor strain gauges was estimated using fatigue 
testing similar to the ASTM E1949 standard. This standard describes the experimental 
measurement procedure of the fatigue performance of metallic foil resistance strain 
gauges.The shape of the specimen was developed similarly to ASTM E251 standard.  A 
cantilever constant stress body with linearly decreasing cross-section was developed 
based on a requirement to maximize the uniformity of longitudinal strain field 
distributions. The cyclical load to be applied had R = -1 fatigue ratio value. The strains 
were generated by the use of high stiffness machine tool with crank mechanism. Principal 
schematic of loading is depicted on Figure 3.7. This mechanism could generate stroke 
radius between 10 mm to 40mm.  

The analytical calculation was numerically verified with ANSYS Workbench V14.0. 
The used body was generated as shell-type geometry and orthotropic material properties 
were determined. First results showed that the free edge shear stresses concentration and 
the bolt hole structure at the free end cause perturbations in the uniformity of laminate 
surface major strain values. A response surface was created in the ANSYS Workbench 
Design of Experiments module to find a sufficiently uniform stress field. The 
longitudinal strain gradients values difference minimization was set as a design criterion. 
The optimal shape of laminate was searched in the near region of the preliminary 
designed laminate.  An example of the final design of the geometry is depicted in Figure 
3.6. 

 
Figure 3.6 Vinylester specimen during wire soldering process 
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Figure 3.7 Loading method with machine tool and crank 

3.2.3 Results 

The fabrication process damaged most of the sensors. From 20 sensors only 7 survived to 
the fatigue testing stage.After the environmental conditioning the vinylester type 
specimens copper extension wires laminated under the first layer were severely corroded. 
Therefore it is concluded that at this salinity level direct seawater access through 
sufficient cracking near the sensors will damage the electronics through corrosion. Also 
the strain sensor polymer contact adhesive had a darkening change of colour.   

The fatigue life of the sensors is summarized on Figure 3.8. It is interesting to note 
that the sensors did not have any sensitivity declination or hypersensitivity occurrence 
until failure. Also the temperature increase due to mechanical strains was negligible. The 
temperature curves were constant and had no correlation with change of excitation speed. 
The average environmental temperature was 26.6°C.  

It is obvious that despite the low amount of sensors the fatigue life of sensors is 
severely shortened with environmental conditioning. Due to limited amount of data from 
fatigue testing no statistical numerical conclusions can be drawn, yet the following 
conclusions can be made as qualitative:  

 Epoxy resin specimen fatigue performance is difficult to analyze since the 
first virgin structure loading was not progressively conducted. From the epoxy 
resin fatigue results can be concluded that the breakdown strain value will be 
decreased 56% (from 0.22%-0.26% to 0.06%-0.15%).  

 From vinylester testing results it is difficult to estimate the sensor strength 
reduction values because the damaged specimen had only one operational 
sensor left. Nevertheless it is evident that is decreased on the scale of 70% 
(from 0,17%-0.26%  to 0.065%). 
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Figure 3.8 Sensors fatigue breakdown 

The breakdown of sensors is probably caused by the separation of one contact from 
the surface of the sensor. This is estimated based on the fact that the sensors stopped 
working normally in tension mode, but restored electrical circuit continuity in 
compression mode (see Figure 3.9). 

 

Figure 3.9 Sinus signal shape change due to loss of electrical contact(matched from two 
measurings) 

The breakdown in most cases did not start as an abrupt change, instead the shape of 
the sine curve at the peak strain values lost its smoothness at first(see Figure 3.10) and 
progressively the shape of the sine function was totally lost. 

 

2 
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Figure 3.10 Abruption of sine function continuity – the first sign of sensor failure 

3.2.4 Summary and Outlook for the Strain Gauge 

Fully embedded semiconductor strain gauge testing revealed that the surrounding 
composite material matrix phase reduces the sensor strength appreciably. Environmental 
aging damages the sensor thorughcorrosion and also significantly reduces sensor´s 
fatigue performance. It is critical to protect sensors from moisture attack, especially in the 
area of junction crystal-joint. The weakest link seems to be the electrical junction contact 
point to the silicon plate. The strains in these regions should be relieved by some stress 
relieving geometrical solution. Aside from reduced strength properties the semiconductor 
strain gauges worked fairly well: no noticeable zero point drift, increased sensitivity or 
other anomaly was detected before the first signs of total failure. The used copper wires 
suffered severly from environmental aging. Therefore it is suggested to use extra caution 
by environmental insulation of wiring. It is useful to perhaps use more corrosion resistant 
wire material like silver alloys for long-term applications. Using silicon strain gauges 
seems to be a good solution for detecting strains: the gauges have strong signal output, 
which is easily measureable using a simple voltage divider.  
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4. DESIGN OF SMART COMPOSITE

This section is composed of three sub-sections. Firstly a summary of Papers II and III is 
given. Then the content of Paper V is summarized. Finally a development based on the 
content of Paper Vis documented starting from paragraph 4.15. There the DIC scanner 
results are analyzed and a finite element model is developed and validated.  

4.1 First Attempt of Full Embedment 

A case study was conducted in order to determine the possibility to embed naked 
microelectronics containing printed circuit boards into composite materials. Experimental 
study is concentrated on manufacturing, testing and examination of the smart composite 
structure obtained by embedding complex geometry of a naked electronics circuit inside 
a carbon fibre composite. The base material was woven carbon fibre prepreg. 

A printed circuit board (PCB) with low thickness and bare die microchips was chosen 
for the electronics placeholder. The PCB is depicted in Figure 4.1 on the left. The height 
of the board was 0,6mm. The thickness with at the thickest point of the PCB was 
2.45mm. The PCB was 22mm long and 15mm wide.  

Three configurations of PCBs were considered. They are depicted in Figure 4.1 on the 
right. The PCB was placed longitudinally and transversely to the loading direction for 
tensile and compression testing. The printed circuit boards were placed in three 
configurations: longitudinally, transversely and tilted at an angle of 45°. The different 
angle of sensor placement was chosen in order to simulate the compatibility of node 
orientation with possible sensors that might be aligned in shear fibre locations.  

Figure 4.1 Appearance of the electronic circuit on the left and the orientation of the circuit 
inside the specimens on the right 

Chips were placed on the neutral axis. The material was fabricated on a glass plate to 
imitate a production mould that ensures a smooth continuous surface on one side. This 
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formed a structure that has asymmetry in the z-direction and it can be concluded that near 
the foreign object a resin-rich zone is formed (analogical results are obtained in[46]).   

The tensile and compressive testing specimens failed similarly for the whole test lot:  
through the gauge zone occurred a delamination crack which was followed by a lateral 
crack on the curved surface side of the specimen. Only one specimen from tensile testing 
had a pure delamination failure. Also in case of compressive specimens one specimen 
failed only through a pure lateral crack. The shear specimens did not show visually 
identifiable failure modes. The results from mechanical testing are summarized in Table 
2 of Paper II. The strength properties decreased on average by 14.9%. The highest 
reduction occurred in compressive strength properties. The compressive strength 
decreased by 32.6%, tensile strength by 14.7% and shear strength by 3.3%, respectively. 
It is interesting to note that the maximum compressive strain and tensile strain increased 
by 28.8% and 35.9%, respectively.  

4.2 Examination of Specimens After Testing 

The most intact specimens were chosen as suitable to examine the internals of the 
specimens after their failure. In all cases the failure cracks started from resin rich pockets 
at the edges of the circuit boards. Example specimens are depicted in Figure 4.2and in 
Figure 4.3. 

 

Figure 4.2 Tensile specimens after delamination failure 

 

Figure 4.3 Compression testing specimens after crushing type failure and after delamination type 
failure 

The specimens of shear testing were deformed to a shear strain value of 5%. The 
specimens did not show any signs of mechanical failure although the electronics had a 
large amount of fractures in their structures. 

It should be noted that the electronics have large amount of cracks in the components. 
Examination of compression testing specimens shows that the printed circuit board has 
buckled. It is clearly distinguishable by the buckled copper layers that lie inside the PCB. 
The primary source of failure of electronics functionality is the micro-cracking of 
soldered junctions (or lead-free adhered junctions) as is stated in[47]. Thus, it can be 
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concluded that the circuit in real application context would have been destroyed long 
before the detected PCB and semiconductor breakdown.  

4.3 Finite Element Analysis Model and Validation 

In this section the FEA model is introduced and validated. The obtained results are 
discussed. A 2D plane stress finite element model was developed. The models strain 
information was compared with DIC scanning results.  

Two different geometries are simulated in ANSYS V14.0 software. First is the 
tensile/compression specimen with transversal orientation and second with longitudinal 
orientation, respectively. The CAD geometry was directly derived from microscope 
images. The geometry of the simulation model is depicted in Figure 4.4.  

Figure 4.4 Geometry used for simulation 

Both structures were analyzed with a finite element method in tension and 
compression. Structures were loaded to the tensile and compressive limits. The stress 
distribution was evaluated through the use of von Mises stress and von Mises stress based 
factor of safety values. Tensile loading condition for von Mises stress distribution in the 
cross-section of the specimens is shown in Figure 4.5. The factor of safety 
distribution among the various materials is shown in Figure 4.6.

The most critical zone in both specimen types is at the edges of the resin-rich pockets. 
SAW filter and resin interface have the highest stress concentration.  

Figure 4.5 Von Mises stress values in the cross-section of tensile specimen 
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Figure 4.6 Factor of safety values in the cross-section of tensile specimens 

Compression loading simulation results are depicted in Figure 4.7 and Figure 4.8. The 
simulation gives an overall impression that the most critical regions are resin pockets at 
the end of a foreign object and also high modulus materials, especially steel, quartz or 
copper (see in  Figure 4.6 and Figure 4.8 factor of safety based contour charts).  

Figure 4.7 Von Mises stress values in the cross-section of compression specimens 
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Figure 4.8 Factor of safety values in the cross-section of compression specimens 

The finite element analysis model was validated through comparison with the strains 
occurring on the surface of real specimens. Comparison was made for tensile and also 
compression testing specimens. The measurements were taken from the middle of the 
specimen around the circuit. The specimens with embedded electronics were monitored 
by the DIC scanner during their loading to failure.  

Figure 4.9depicts snapshots of tensile strain field distribution surrounding the foreign 
object in case of tensile loading condition. The compressive strain distribution is shown 
in Figure 4.7 and 4.8 . For numerical comparison with FE model strain values were 
extracted from the middle of the specimen. The sectioning surfaces are visible in Figure 
4.9 and Figure 4.10 as the black dotted lines.  
 

 

Figure 4.9 Tensile strain distribution on the surface of longitudinally placed PCB specimen at 
359MPa tensile stress on the left and transversely placed at 353MPa on the right 
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Figure 4.10 Compressive strain distribution on the surface of longitudinally placed PCB specimen 
at 222 MPa compressive stress and with transverse PCB at 237MPa  

The comparison of the strain distributions are depicted in Figure 4.11 and Figure 4.12. 
The experimental values of the compressive strains differ from corresponding simulation 
results less than the tensile testing results. This can be explained by the fact that 
compression results are taken from a much lower mechanical stress level, where the 
signal-to-noise ratio of of the scanner is worse. The waviness of the experimental curve 
might be caused by the woven fabric repeating structure. The tensile testing specimens 
have high strain differences in the regions where the SAW filter device ends and resin 
pockets begin. The maximumdifferenceoccurs in the transversely placed PCB specimen 
at longitudinal coordinate Y = 7 mm. The experimental strain value is 1.35% while the 
FE simulation value is 0.1%. This could be caused by the void bubbles near the edges of 
the SAW device.  

 

Figure 4.11 Tensile strain distribution comparisons. Left transverse and right longitudinal 
specimen 

The compression results have a maximum difference also in the transversely placed 
PCB specimen at longitudinal coordinate Y = 21mm. The experimental strain value is 
0.35% while the FE simulation value is -0.05%. In both loading condition types the 
biggest differences between the simulation and experimental results are observed at the 
edges of the SAW device.  
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Figure 4.12 Compressive strain distributions comparison. Left transverse and right  
longitudinal specimen 

 

4.4 Summary of the Results of First Embedment 

An experimental study on the fully embedded complex circuit placeholder inside carbon 
fibre laminate has been performed. The mechanical performance of the laminate with the 
embedded system is examined. The most critical zones in the specimen are found to be 
the resin-rich pockets at the end of the circuit boards and high-stiffness metallic 
structures e.g. SAW filter.  

The FEA model for simulating the behaviour of the laminate with embedded 
electronics has been developed and validated against experimental data. In most 
simulation cases the resin-rich pockets were the first to fail the test of factor of safety.  

4.5 Design and Optimization of Embedded Foreign Object Geometry 

Selective laser sintering (SLS) is technology which permits a layer-wise build-up of very 
complex geometrical shapes. It is an additive layer technology (ALT). SLS is a 
technology which is a feasible solution for manufacturing an enclosure around electronics 
which are to be integrated inside the main material.  

This study section is focused on embedding SLS produced components inside the 
main structure. An SLS built enclosure around the composite reduces the elasticity 
mismatch or even isolates the incompatible materials from each other.  

Inserting a foreign object inside the laminate is similar to the effect of a void on the 
composite structure. The change of geometry causes fibre undulation around the object 
and locally increased waviness. This change significantlyaffects structural performance 
of the composite [48]. Besides undulation, the embedded object has a different elasticity 
– if it is electronics, then it is much stiffer and causes extra stresses. In this article an SLS 
produced PA-12 nylon enclosure for electronics is inserted in the host material. The 
mechanical properties of PA-12 nylon are very similar to polyester resins and epoxy 
resins. Additionally SLS produced PA-12 nylon could weaken by hygrothermal 
influences [49]. A phenomenon called plasticization occurs. This further reduces the 
mechanical strength of the two material interface. 
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4.6 Methodology 

Embedding the electronic components directly in composite may lead to impairments of 
the components during fabrication or exploitation of the composite structure (mechanical 
defects, overheating, etc.). For that reason additive layer technology has been employed 
for manufacturing housings which can host the electronic components.  

Any embedded components have an impact on the mechanical, thermal, etc. 
properties of the composite structure. Thus, the design of housings is necessary. First the 
design of the experiment has been performed. Next the specimens with ALT 
manufactured embedded structures are fabricated and mechanical tests performed.  

The finite element (FE) model has been developed for modeling the stress-strain 
behaviour of the composite structure with embedded components. The finite element 
model is validated through a comparison with digital image correlation scanner results. 
Also, the results obtained from mechanical tests and the FE model are compared. The FE 
model developed covers fibre undulation caused by embedded objects. 

Based the experimental results amathematical model is developed.Finally the size and 
shape optimization of the embedded structure has been performed. The size of the 
pockets formed at ends of the embedded structure and the mechanical stresses around the 
embedded structure are considered as objective functions. The multicriteria optimization 
problem posed has been divided into a multistage optimization procedure and solved by 
use of a weighted summation technique.  

4.7 Specimen Design 

It is correct to point out that in the current context the design of the specimen contains 
mainly a housingdesign for electronics which will be mounted in the specimen (in 
addition to specimen dimensions, the shape and dimensions of the housing are considered 
as design variables). 

The strength characteristics of the specimen have been analyzed. The following 
optimality criteria were selected: 

ଵܨ     ൌ ሻݔ,…,ଵݔሺܪ → ݉݅݊, 

ଶܨ     ൌ ሻݔ,…,ଵݔሺܮ → ݉݅݊, 

ଷܨ ൌ ሻݔ,…,ଵݔ௫ሺߙ → ݉݅݊,   (4.1) 

ସܨ     ൌ ሻݔ,…,ଵݔሺߪ →  ,ݔܽ݉

where ܪ, ,ܮ   stand for the height and length of the pocket, maximal angle ofߪ ௫ andߙ
the pocket diagonal side and failure stress, respectively. Parameters ݔଵ,…,ݔ stand for 
design variables.  

Before selection of multicriteria optimization strategy it is important to understand 
general characteristic behaviour of the optimality criteria used [26],[50],[51]. Preliminary 
analysis of the optimality criteria 4.1 allows to conclude, that in general:  
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 The optimality criteria ܨଵ, ,ଶܨ  given by 4.1 are not contradictional (decrease or	ଷܨ
increase for the same dataset). 

 The optimality criterion ܨସ increase with decreasing values of criteria ܨଵ, ,ଶܨ  ଷ andܨ
vice versa. However, criterion ܨସ is subjected to maximization, and there is not 
contradictional with criteria ܨଵ, ,ଶܨ  .ଷܨ

Thus, there is no need to apply the Pareto optimality concept to handle conflicting 
objectives. In the following the weighted summation technique is employed. The 
objectives 4.1 should firstbe normalized, due to their different magnitude. The 
normalization is performed by formulas2.5for objectives subjected to minimization 
,ଵܨ) ,ଶܨ  In 4.1.(ସܨ) ଷ) and by formulas2.6 for objectives subjected to maximizationܨ
to4.4݅ ൌ 1,2,3 and x stands for the vector of design variables. 

According to weighted summation technique the combined objective can be written as 

 min
1





m

i
ifiwf ,    (4.4) 

where iw  stand for the weights of the objectives 4.1 to 4.4 and are evaluated as 

 25.04321  wwww ,   (4.5) 

i.e. all are considered to have the same importance. 

The housings for embedded electronics with different shapes have a different number of 
design parameters ݔଵ,…,ݔ. For that reason the two level optimization strategy has been 
introduced[52 -54]. [53], 

4.8 Higher Level Design 

In the higher level design stage the most suitable shape and size of the housing have been 
determined. Rectangular, trapezoid, round and ellipse shapes are considered. The size of 
each shape has been varied. The full factorial design of the experiment has been 
employed for shapes except trapezoid. In the latter case the Taguchi design of experiment 
was applied. The size range was chosen to accommodate the structure to a specific 
electronic device. Circular cross-section has no real application potential. It was used in 
order to investigate the fibre undulation around a short object. The variables are discrete 
values as shown in Table 4.1. 

Table 4.1: Variables of geometrical shapes 

Shape Length, 
mm 

Height, 
mm 

Side angle, ° 

Ellipse 10; 25; 40; 1; 2; 3; - 

Circular diameter 1.5mm; 2mm; 4mm; 

Rectangular 10; 25; 40; 1; 2; 3; - 

Trapezoid 10; 25; 40; 1; 2; 3; 50; 53; 56; 
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The level values for Taguchi method is 3. Taguchi design matrix is depicted for 
trapezoid shape in Table 4.2. 

Table 4.2 Parameter values for trapezoid 

Nr. Width, mm Height, mm Angle, ° 

1 10 1 50 
2 10 2 53 
3 10 3 56 
4 25 1 53 
5 25 2 56 
6 25 3 50 
7 40 1 56 
8 40 2 50 
9 40 3 53 

The performed numerical analysis permitsthe conclusion that the ellipse appears to be 
the most suitable shape of the housing. Also the optimal values of the height and width of 
the housing are found to converge to 1 and 25, respectively. However, the results depend 
on selected values of weights 4.5, also from accuracy of the measured values of 
objectives functions. The smaller height of the housing is obviously better – causing less 
damage of the structure by not influencing the straightness of fibre bundles. Actually 
there are a lot of options for the selection, design of embedded electronics depending on 
cost, aptitude, etc. Unfortunately, not all variants of embedded electronics can by fitted in 
a housing with height values equal to 1mm and even to 2 mm. Thus, different heights 
should be considered for future analysis (cost can be included).  

4.9 Lower Level Design 

In lower level design the selected elliptic shape of the housing is assumed, but certain 
improvement of the shape is introduced. Namely, the elliptic shape is divided into two 
parts, consisting from two ellipses with different half-axes (see Figure 4.13). 

 

Figure 4.13 Design variables: minor half-axes and length 

The minor half-axes of the ellipse are considered as design variables. For fixed values 
of the minor half-axes the major half-axes values are determined by total length of the 
ellipse and continuity conditions. The remaining design variable considered in lower 
level design is the length of the specimen. 
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Obtained preliminary numerical results include optimal design where the value of the 
length of the specimen is near the considered value and the minor half-axes of the lower 
ellipse (see Figure 4.13) is substantially smaller than the minor half-axes of the upper 
ellipse (1/2…1/4 depending on total height of the ellipse).  

4.10 Specimen Manufacturing 

The reinforcement is biaxial 0°/90° non-crimp type glass fibre with surface density 
600g/m2andthe matrix is vinylester resin ATLAC 580 ACT. The mechanical properties of 
the laminate are depicted in Table 4.3.  

The foreign objects are manufactured with a EOS GmbH Formiga P100selective laser 
sintering machine. Selective laser sintering technology allows creation of complex shapes 
with almost no geometrical limits. The base material is PA-12 polymer. The foreign 
objects were laminated between 6 plies of laminate on the mid-plane, the lay-up notation 
is [0°/0°/0°/ ForeignObject /0°/0°/0°]. The specimen was laminated at 0.8 bar vacuum 
and post-cured after manufacturing at 60°C for 16 hours.  

 

Figure 4.14 Example of resin pocket measurable parameters  

Table 4.3 Mechanical properties of laminate 

Property Value 

Ex, Ey 19.6GPa
Ez 5GPa
υxy 0.26
υyz 0.01
υxz 0.01
Gxy 3.28GPa
Gxz, Gyz 1.6GPa
σx

c, σy
c 215.9MPa

σx, σy 304.7MPa
τxy

0,2 23.1MPa
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4.11 Examination of Preliminary Specimens 

The undulation size and shape will be estimated from sectioned specimens by the method 
of microphotography. The measurable parameters are depicted in Figure 4.14. It is known 
from various authors that fibre waviness is one of the most critical parameters of 
composite mechanical properties[48],[55]. In this study simple waviness parameters like 
amplitude and wavelength are not sufficient to describe the resin pocket properties. This 
is because the resin pocket around a foreign object is a single event, not a repeating 
pattern.  Lemanski and Sutcliffe [56] measured fibre misalignment angle influence on the 
mechanical properties of unidirectional laminate. In this research the measurable 
parameters are as mentioned in the methodology section, the height H and length L of the 
pocket, maximal angleand average angle of the pocket diagonal side and failure stressߪ, 
respectively. All the parameters except those of failure stress can be measured from 
microcope images. The data from these measurements was inserted intothe weighted 
summation optimization procedure. The weight values are taken from equation 4.5. 

4.12 Design of New Specimens 

Based on the results of the weighted summation optimization method the smallest 
influence on fibre undulation was an ellipse with dimensions 25 mm x 2 mm. It was 
discovered during the microscopic examination procedure that some slender ellipses tried 
to conform to the flat manufacturing mould surface by bending the closer surface 
curvature to collinearity with the mould surface. Therefore it is proposed that the most 
suitable shape for the foreign object should instead be composed of two half ellipses with 
different minor radii. A batch with different half ellipse combinations was manufactured. 
The length of ellipse remained at the same 25 mm value, but the minor radius 
combinations were varied as depicted in Table 4.4. Two possible thicknesses for the 
whole foreign object were chosen. Also aspecial combination of half-ellipse and straight 
line was used (the sharp ends were rounded by fillet with radius 0.18 mm). 

Table 4.4 Dimensions of new specimens 

Length, 
mm 

Minor 
radius 1, 
mm 

Minor 
radius 2, 
mm 

Total 
thickness, 
mm 

25 2.75 0.25 3
25 1.5 0.5 2
25 3 flat 3
25 1.75 0.25 2
25 1.25 0.75 2
25 2.5 0.5 3

 

4.13 Examination of new specimens 

The new batch of specimens had microphotography based measurements repeated 
analogically to the previous batch. The results are in Table 4.5. 
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Table 4.5 Results for new specimens 

Shape 
No. 

Pocket 
length, 

µm 

Pocket 
height, 

µm 

Avg. 
undulation 

angle, 
degrees 

Max. 
undulation 

angle, 
degrees 

1 4117 806 8.3 12.8
2 9203 1827 10.8 15
3 3650 764 8.8 12
4 14543 1653 5.5 11.3
5 1773 664 16.6 24
6 5705 1154 9.9 14.5

 

4.14 Mechanical Testing 

The specimens with embedded object were tested only for tensile loading. It was 
concluded from previous research [56] that the main source of failure is delamination 
initiated from resin pockets at the interface surface of the foreign object and the matrix. 
The failure mechanisms are similar for compression and tension, the only difference 
being the reduction magnitude of the properties. Tensile testing is less sensitive to 
manufacturing faults, therefore it was chosen as a more reliable method. Testing was 
carried out with a tensile testing machine coupled with a digital image correlation (DIC) 
scanner. The base standard for test settings was ISO 527-4(equivalent to ASTM D3039). 
The testing results are depicted in Figure 4.15 and summarized in Table 4.6. 

 

Figure 4.15 Tensile testing results chart 
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Table 4.6 Tensile testing results 

N
o.

 

Thickness 
of undist. 
section, 

mm 

Thickest 
point at 

for.object, 
mm 

1st 
minor 
radius, 

mm 

2nd 
minor 
radius, 

mm 

Failure 
stress, 
MPa 

SLS1 3.12 6.4 2.75 0.25 155.6 

SLS2 2.93 5.3 1.5 0.5 231.6 

SLS3 3.1 6.6 3 0 236.1 

SLS4 3 5.3 1.75 0.25 202.8 

SLS5 3 5.1 1.25 0.75 261.2 

SLS6 3 6.3 2.5 0.5 252.3 

Average: 223.28 

Specimen number 5had the highest strength which was 16.9% higher than the 
average. This specimen also had a very small resin pocket which was tightly packet by 
three 90° fibre yarns. Cross-section image is shown in  Figure 4.16. 

The actual tensile strength was determined from DIC scanning images. The laminate 
was considered to have failed after the occurrence of first macrocrack. 

Figure 4.16 Specimen number 5 cross-section image. Foreign object visible at the right side of the 
image. 

4.15 Digital Image Correlation Results 

The strain distribution around and inside the embedded part was measured in the 
thickness direction at the side of the specimen using a GOM ARAMIS 2M digital image 
correlation scanner similarly to the method used in Paper III. The measuring volume was 
set to 35 mm x 25 mm. The computation type was set to total strain method and plane 
stress. 
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A post analysis for failure initiation and progression was conducted based on digital 
image correlation scanning results combined with microscope visual analysis. It is known 
that micro-damage development in NCF composites starts with transverse intra-bundle 
cracking as found in [58]. This was confirmed when gradient zones.For example, under 
the foreign object were investigated by microscope after the specimen failure.  

The analysis of specimen failure from DIC results is a partially difficult task. This is 
due to image noise, lack of image resolution of the scanner to capture each micro defect 
and due to the fact that the scanner can see only the surface of the specimen instead of the 
full volume. The internal failures are not detectable. The used method to detect the failure 
is a procedure as follows: 

1. Facet  size was decreased to 12 pixels with 10 pixels overlap. This was conducted
in order to increase the local defects detectability. Other settings for DIC 
scanning were left as they were before: validity quote 55% and computational 
size 3.  

2. Defects were detected using von Mises strain gradients.

Strain level for failure was determined firstly using contour plot with a colour 
range of three times the standard deviation of all captured image data. All 
detected cracks with length approximately above 0.25mm were gathered. Crack 
initiation was considered as a change of gradient in two following images which 
had a size above the 0.25mm length value and the change of strain was visually 
identifiable in the measured location stress versus strain plot (see Figure 4.18 for 
further information).

First 10 failure points were chosen for evaluation. The average failure von Mises 
strain for transverse bundle cracks was 0.976% with standard deviation of 
0.295%. 

3. Contour plot strain range was set to 2% upper value based on average failure
strains found in the previous point. This enables a good detectability of 
occurring cracks.   

4. If the region of crack was noisy, a further refinement to the discrete values of
colour range 1.5% or 3% was used. The 1.5% value increased the sensitivity to 
the crack occurrence and 3% value suppressed the neighbouring smaller defects 
gradients compared to the crack of interest. 

5. Occurred gradient must be present after first appearance in all following images.
Otherwise it is categorized under temporary image noise. 

6. Crack length for cracks, that were bigger than bundle failure, was measured.
Length measurement was conducted based on original images. The crack 
opening is usually easily visually distinguishable (see example in Figure 4.19).  
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The locations of failures were categorized into five zones. The location of the zones is 

depicted in  Figure 4.17.

Figure 4.17 Locations of the failure zones 

Figure 4.18 The stress versus strain plot of a measurement point in specimen nr.4. The rapid 
jump of strain is noticeable at stress of 125 MPa. 

Figure 4.19 Visual crack identification example. Left row is without crack. Right has crack 
(red line highlights it) 
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According to the thickness of the foreign object the specimens can be categorized in 
two lots: specimen thickness 3mmand 2mm (see Table 4.6 for dimensions).  

The sequence of failure process for specimens 1 and 3 is similar.  First the object slips 
inside the specimen before cracking.Then a tip crack in zone 3 occurs before resin pocket 
cracks in zone 4.  Specimen 6 starts to fail through transverse bundles cracking. Atleast 5 
bundles fail before a tip crack develops. Resin pocket cracks occur before final failure.  

Specimens 2 and 5 develop similar failure propagation. The failure starts with 6 
transverse bundles progressively failing under the foreign object in zones 1 and 5. After 
that specimen 2 fails through a tip crack in zone 3. Specimen 5 has a tip crack, but before 
failure three pocket cracks occur in the resin pocket. Specimen 4 receives a tip crack after 
the first few transverse bundle failures. Right after the resin pocket cracks and transverse 
bundle failures lead turnwiseinto final failure.  

 

 

Figure 4.20 Von Mises strain on specimen 5 at 117 MPa (upper image) and 173MPa tensile stress 
(lower image) 

The plots of strain distributions in all specimens are given in appendix I. Separate 
attention is given to the best performing specimen number five. The contour plot of von 
Mises strain distribution is depicted in Figure 4.20. Comparison of two stress levels 
reveals that the increase of stress causes transverse bundles that are lying under the 
foreign object to fail one-by-one. Also the resin pocket crack next to the embedded part 
has already developed. It is also identifiable that the length of the transverse bundle 
cracks increases in positive correlation with load. In Figure 4.21 shear angle distribution 
for the same loading conditionsis depicted. The increase of shear strains right after the 
foreign objectcan be identified. The strains also tend to concentrate near to the upper 
surface of the specimen. Shear strains increase and saturate the whole  in this region until 
the failure of the specimen at 262MPa stress.  The shear strains are compared to the 
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strains of samples 2, 3 and 6 (appendix I, Figure 4). Base stress value is taken to be at the 
170MPa level. The shear stress concentrates away from the embedded piece only for 
sample number 2. In cases 3 and 6 it is partially expanding on to the foreign object. 
Therefore it can be concluded that in the case of a 2 mm thick object the shear strains 
tend to withdraw from the object to the nearby resin pocket. 

 

 

Figure 4.21 Shear angle on specimen 5 at 117MPa(upper image) and 173MPa tensile stress 
(lower image) 

 

The order of failure propagation events is graphically summarized in Figure 4.22. It is 
identified that the longest failure propagation is for the strongest specimens: numbers 5 
and 6. The best performing specimen 5 has the lowest ascent and distortion of failure 
stress curve until event number ten. The previous finding that shear strains concentrate 
away from the foreign object into the resin pocket is assumed to be the cause for similar 
failure propagation in the first seven points in samples number 2 and number 5, where 
transverse bundle cracking is the main source of failure.   

The failure development events for all specimens are documented in Table 4.7 and 
Table 4.8. From this data and previous DIC results examination the following pointsare 
concluded: 

 Failure in weakest specimens started from object slipping inside the specimen. 
 First damage occurrences are transverse bundle cracks. Strongest specimens 

get most transverse bundles under the foreign object damaged during the 
tensile testing. Those transverse bundles that are in between the straightest 
longitudinal fibres and near the embedded part are the weakest.  

 Resin pocket always cracks during tensile failure. Resin pocket cracks are in 
all instances perpendicular or near-perpendicular to the loading direction.  
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 In all cases, except specimen 2, a crack at the tip of the foreign object 
occurred before the resin pocket cracked. 

 The strongest specimens 5 and 6 both developed multiple resin pocket cracks 
during the failure process. This could mean that the stress intensity is 
distributed on a larger area more evenly.  

 Samples 2, 5 and 6 receive their first macro-scale crack in the pocket around 
the average value of 159.4MPa tensile stress. The length of crack shows a 
high value of released fracture energy in this zone. Edgren et al. [58] have 
used a calculation of stress times developed crack length to evaluate the 
released G1c fracture energy. It means that in all three samples a noticeable 
amount of potential elastic energy gathers near the foreign object tip at an 
average distance of 1.48mm. The fracture is on average a 1.74mm long 
vertical crack. 

 

Figure 4.22 Order of the failure events 
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Table 4.7 Failure events of 3 millimetre thick specimens 

Specimen 
nr [minor 
axis1;mino

r axis2] Event 

Crack 
length, 

mm 

Tensile 
stress on 

specimen, 
MPa 

Location 
zone 

number 

Distance 
from 

nearest 
tip, mm 

1 
[2.75;0.25] 

Object slipping   18 1   

Object slipping   41.6 2   

Tip crack   138.03 3   

Pocket crack 1.43 147.3 4 2.56 

Final delamination failure   155.6 3   
3 [3;0] Object slipping   91.6 1   

Object slipping   152.9 2   

2 Transverse bundle cracks   158.7 1   

Transverse bundle crack 0.57 163.23 4 0.93 

Tip crack 1.2 195.5 3   

Transverse bundle crack 1.12 195.5 4 3.29 

Transverse bundle crack 1.2 195.5 4 2.56 

Final delamination failure    231.6 -   
6 [2.5;0.5] Small vertical crack    89.6 2 0.75 

Transverse bundle crack   95.4 5 4.3 

Transverse bundle crack   106.3 5 3.5 

Transverse bundle crack   111.4 1   

Transverse bundle crack   121.6 1   

Pocket crack 1.95 161.9 4 1.83 

Pocket crack 0.4 170.9 4 7.61 

Tipcrack   189.5 3   

Tipcrack propagates to macro 
crack and slipping   194 3   

Slipping   194 2   

Pocket crack 0.54 203.6 4 4.13 

Pocket crack 0.37 213.2 4 5.52 

Final delamination failure    252.3     
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Table 4.8 Failure events of 2 millimetre thick specimens 

Specimen 
nr [minor 
axis1;mino

r axis2] 

Event 
Crack 
length. 

mm 

Tensile 
stress on 

specimen. 
MPa 

Location 
zone 

number 

Distance 
from 

nearest 
tip. mm 

2[1.5;0.5] Transverse bundle crack   85.8 5 2.28 
Transverse bundle crack   110 5 3 
Transverse bundle crack   112.9 1   
Transverse bundle crack   117.4 5 6.5 
Transverse bundle crack   122.6 1   
Transverse bundle crack   132.26 5 4.16 
Pocket crack 1.59 147.1 4 1.66 
Transverse bundle crack   170.3 5 4.29 
Tip crack surrounding tip, tip 
slips   231.6 3   

Final delamination failure   231.6     
4[1.75;0.25] Transverse bundle crack   118.6 5 4.9 

Transverse bundle crack   123.8 1 8.9 

Tipcrack   129 3   

Transverse bundle crack 1.37 129 1   

Pocket crack   139.4 4 3.25 

2 Transverse bundle cracks   160.1 1   

Pocket crack 0.84 164.6 4 6.4 

Transverse bundle crack   192.5 1 8.33 

Pocket crack 1.94 206.8 5 3.26 

Final delamination failure   206.8 -   
5[1.25;0.75] Transverse bundle crack   92 1 17.7 

Transverse bundle crack   97.9 1 9.78 

2 Transverse bundle cracks   102.4 1   

Transverse bundle crack   112 5 4.8 

Transverse bundle crack   116 5 1 

Tip crack   134.6 5 0.86 

Pocket crack 0.87 144.2 4 2.59 

Pocket crack 0.83 144.2 4 3.93 

Transverse bundle crack   152.6 1   

Pocket crack 1.68 169.3 4 0.95 

Major Longitudinal crack    260.1 4 

Above 3 
previous 
cracks 

Final delamination failure   299.4     
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4.16 Microscale FE Model 

A microscale finite element model has been developed in order to investigate stress 
distribution inside the specimens. The model is a half symmetry in longitudinal direction 
of the best behaving specimen number five. The width of the model is chosen to describe 
the unit width of laminate which includes one warp fibre width. The length of the model 
is 23.5 mm and the width is 3.65 mm. The simulation model basic geometry is an 
assembly of 49 bodies. The bodies are categorized under fibre, matrix and foreign object. 
Fibre bundle sizes are derived from measurements from a microscope cross-sectioning 
procedure.  Each yarn is composed of two ellipsoidal cross sections which in turns repeat 
themselves with a pattern step of 3.65mm. Its ellipsoidal half-axes are 1.51 mm and 0.19 
mm. The cross-section which corresponds to the flattened yarn part has ellipse half-axes 
of 1.71mm and 0.14mm. The flattened ellipse ends are rounded with a tip fillet of  
0.09 mm. This removes the unnecessary sharpening of cross-section at the ends.  

The mesh of the model consists of 1689564 elements with local refinements in critical 
zones (see Figure 4.23). All solid-bodies are interfaced to each other with bonded 
contacts.  

 

Figure 4.23 Meshing density 

The mechanical properties of the materialsused are listed in Table 4.9.Fibres have 
orthotropic material properties. Local coordinate systems were used to define the 
directional properties of fibre yarns. The resin and foreign object have isotropic material 
models. The simulation model uses linear elastic material models for all materials.  
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Table 4.9 Mechanical properties of materials used in FEM 

Glass fiber yarn Resin ATLAC 580 AC 300 Polyamide PA-12 

Ex 45 GPa E 3.5 GPa E 1.65 GPa 

Ey 10 GPa ν 0.38 - ν 0.45 -  

Ez 10 GPa

νxy 0.291 - 

νyz 0.42 - 

νxz 0.291 - 

Gxy 4.8 GPa

Gyz 3.8 GPa

Gxz 4.8 GPa

 

The load steps used are chosen based on specimen 5 failure events summarized 
inTable 4.8 at tensile stress 100, 115, 135, 150, 170 and 260 MPa. Loading scheme is 
depicted in Figure 4.24. The first examination loadstep is at 115 MPa stress. It is depicted 
in Figure 4.25. In experimental data already 6 transverse bundles under the foreign object 
have failed at this state. The left image indicates that longitudinal fibres experience a 
stress increase under the embedded object and also on the upmost layer away from the 
foreign object. The simulation model depicts that the bundles under the object are under 
high stress. Additionally it is noticed that the transverse fibres on the upper surface before 
the foreign object are also exposed to the increased tensile stress. 

 

 

Figure 4.24 Boundary conditions of FEM model 
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Figure 4.25 Von Mises stress distribution inside specimen at 115 MPa tensile stress with different 
contour map sensitivity. 

The second load stepunder investigation is ata tensile stress of 170MPa, depicted in 
Figure 4.26. From there can it be noticed that transverse bundles only above the foreign 
object are less loaded than other surrounding fibres. The resin pocket under the tip of the 
foreign object shows signs of a local increase of von Mises stress. The mechanical stress 
or strain between the bundle ends transfers to the neighbouring bundles. It can be visually 
identified that the von Mises stress intensity has a dependency of the distance between 
bundles. Therefore it might be a good idea to allow extra space between the bundles that 
are surrounding the foreign object.  

 

Figure 4.26 Contour plot of simulation model at 170MPa tensile stress 

 

The simulation model is also analysed with the use of von Mises equivalent elastic 
strain (Figure 4.27 and Figure 4.28. ). The high strain zones are the same regions, which 
have the most fractures occurring in experimental data. In DIC scanner results section it 
was determined that the average failure von Mises strain for transverse bundle cracks is 
0.976%. In Figure 4.27 it can be seen that the matrix areas surrounding the transverse 
bundles that are cracking in experimental data at this stress state are in simulation already 
tensioned with around 0.8% strain. This simulation model does not describe the interior 
contents of fibre bundles. The bundle fibre and matrix content has been homogenized and 
the output is homogenized elastic modulus.  
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Figure 4.27 Von Mises equivalent strain distribution at 115MPa. Left image upper value for 
colour range is 2% and right 0.976%. 

The finite element model and digital image correlation scanning results are compared 
in Figure 4.29. The average strain on the side-surface of the specimen is chosen for 
comparison. In ANSYS software the area of each element on the measured surface is 
used to weigh the influence of the nodal strain of the current elements on the average 
strain value on the whole surface. The procedure is conducted using ANSYS APDL 
language specific ARNODE() function.  In the diagram the DIC scanning results standard 
deviation in each measurement point is also shown. The slope of the stress-strain curve is 
4.3% higher for the experimental result if the trendline is calculated based on the full 
curve length. There is a noticeably higher slope at the beginning of the DIC stress-strain 
curve until a stress value of 161MPa. The slope of the curve in this region is 39.8% 
higher compared to FE model. For the whole range of two curves the stiffness has only 
4.3% difference. 

Figure 4.28 Von Mises equivalent strain distribution at 170 MPa. Upper value range for 
contour colors is 2%. 

Table 4.8 reveals that around the 161MPa stress level a large pocket crack occurred 
which probably led to loss of stiffness. The conclusion can be drawn from comparison, 
that the DIC and FEM results are comparable for qualitative comparison. There is 
noticeable non-linearity in the experimental result due to material cracking, which 
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unfortunately the used FE model is unable to simulate. The validation was successful and 
the results of the microscale model can be used for qualitative analysis of smart 
composite structure.  

From the FEM analysis the following points can be concluded for future analysis: 

 The tip of the elliptical object still has some stress concentration occurring. 
This region is not optimum in its design. It needs further development. 

 The main stress concentration areas are under the foreign object and just next 
to it. Shifting from laminate upper layers to lower layers. 

 Thin layer of matrix around the foreign object helps to reduce stress gradients 
near the fibres. 

 

Figure 4.29 DIC scanning results and FEM model results comparison 

y = 131.96x + 42.16 
R² = 0.970 y = 126.47x + 29.46 

R² = 0.996
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5. CONCLUSIONS 

The topic of this dissertation is the development of a smart composite material, which is 
composed of composite material layers and embedded foreign objects. The novelty of 
thesis can be listed as follows: 

 optimal design of smart composites is formulated  and solved as a multicriteria and 
multilevel optimization problem, 

 need for  the interface layer between host structure and embeded electronic device 
has been experimentallyverified, 

 a novel concept of using additive layer technology to produce enclosure for 
embedded electronics has been proposed, 

 an optimization strategy for the determination of optimal geometry of the enclosure 
has been developed(two half ellipses in considered case). 

A literature study on electronic component miniaturization is conducted to compose a 
review of realistic possibilities to reduce the size of embedded devices for industrial 
application in the smart structure. 

The main objective of the study has been achieved - the methodology for the 
design of smart composites with structural health and performance monitoring 
capabilities has been developed and valideted in laboratory tests and real world 
applications (Goliath wind OÜ). The proposed methodology include formulation of 
themulticriteria and multilevel optimization problem, development of solution 
procedure and concepts. In the following the fulfilment of the sub-objectives of the 
study is discussed in detail.The impact of embedded electronics on the mechanical 
properties has been minimized.The shape of the embedded object has a strong 
influence on the mechanical performance of the whole material. Therefore it is vital to 
design and optimize it well to comply and cooperate with the strains and stresses inside 
the host structure. The first attempt of full embedment was conducted with pure un-
encapsulated electronics. It was observed that the much more elastic host structure strains 
deform the electronics strongly and lead to early failure of the electronics components. 
The metallic components with a high modulus of elasticity are the most stressed. Visual 
examination determined that the components fail through multiple location cracking 
which leads to functional failure of electronics. The main locations of host structure 
failure start from resin pockets at the end of the foreign object where multiple material 
bonding points cause, through elasticity and Poisson ratio mismatch, an increase of stress 
levels. It is concluded that embedding pure electronics into composite laminate has 
severe performance issues for both components.Therefore it is feasible to isolate the 
strains of host material from interior content. The mechanical properties of composite 
laminate decreased roughly from 15% (average) to 33% (compression strength). 

The integration of embedded electronics has been improved by introducing ALT 
technology. A novel concept of using additive layer technology to produce optimized 
encapsulation for the foreign object is proposed. Asymmetric ellipse cross-section is 
found to be the most optimal shape for NCF fabric material. The encapsulation shape is 
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optimized. The two level optimization procedure is developed for solving the 
multicriteria optimization problem posed. An analysis of the optimality criteria is 
performed and the weighted summation technique is applied. The multilevel optimization 
strategy proposed allows decomposing the initial problem into two simpler tasks, which 
can be solved sequentially. The obtained numerical results contain the optimal shape and 
size of the housing for embedded electronics. The optimization procedure helps to 
minimize the resin pocket dimensions,the criticality of which as a delamination starting 
point has been verified by the digital image correlation scanning and FEM analysis. The 
used linear elastic finite element model has been qualified as sufficiently accurate for 
evaluating strain distributions inside the specimen in a qualitative manner. 

The procedure for price performance optimization of the composite sandwich is 
developed.As a result the composite structure with reasonable price has been 
developed. A Pareto frontier is developed to estimate the price performance behaviour of 
a structural material composed of discrete component materials. The response curve is 
non-linear and has a variable sensitivity in various regions. 

The results of this research contribute to the better understanding of successful foreign 
object embedment inside composite laminate with the goal of influencing composite 
integrity minimally. The methodology developed in this research helps to develop smart 
composite materials with better mechanical performance and lower time-to-market. 
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ABSTRACT 

"Design Optimization of Smart Composite Structures with Embedded Devices" 

The topic of this dissertation is the development of a smart composite material, which is 
composed of layers of composite material and embedded foreign objects.  

A literature study on electronic component miniaturization is conducted to compose a 
review of realistic possibilities to reduce the size of embedded devices for industrial 
application in the smart structure. 

An experimental investigation of semiconductor strain gauge mechanical behaviour 
under hygrothermal and fatigue loading is performed. The results reveal that the 
performance of a mechanically loaded embedded device is severely compromised by 
hygrothermal loading. The sea salinity corrosion process gets through the laminate 
thickness to the device and affects it. Otherwise semiconductor strain gauges are 
determined to be good candidates for fully embedded strain sensing. 

The impact of embedded electronics on the mechanical properties of composite has 
been exeprimentally verified with the aid of DIC scanning and with the use of 
optimization minimized. The shape of the embedded object has a strong influence on the 
mechanical performance of the whole material. Therefore it is vital to design and 
optimize it well to comply and cooperate with the strains and stresses inside the host 
structure. The first attempt of full embedment was conducted with pure un-encapsulated 
electronics. It was observed that the much more elastic host structure strains deform the 
electronics strongly and lead to early failure of the electronics components. The metallic 
components with a high modulus of elasticity are the most stressed. Visual examination 
determined that the components fail through multiple location cracking which leads to 
functional failure of electronics. The main locations of host structure failure start from 
resin pockets at the end of the foreign object, where multiple material bonding points 
cause, through elasticity and Poisson ratio mismatch, an increase of stress levels. It is 
concluded that embedding pure electronics into composite laminate has severe 
performance issues for both components, therefore it is feasible to isolate the strains of 
host material from interior content.  

The integration of embedded electronics has been improved by introducing ALT 
technology. A novel concept of using additive layer technology to produce optimized 
encapsulation for the foreign object is proposed. Asymmetric ellipse cross-section is 
found to be the most optimal shape for NCF fabric material. The encapsulation shape is 
optimized. The two level optimization procedure is developed for solving the 
multicriteria optimization problem posed. An analysis of the optimality criteria is 
performed and the weighted summation technique is applied. The multilevel optimization 
strategy proposed allows decomposing the initial problem into two simpler tasks. which 
can be solved sequentially. The obtained numerical results contain the optimal shape and 
size of the housing for embedded electronics. The optimization procedure helps to 
minimize the resin pocket dimensions, the criticality of which as a delamination starting 
point has been verified by the digital image correlation scanning and FEM analysis. The 
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used linear elastic finite element model has been qualified as sufficiently accurate for 
evaluating strain distributions inside the specimen in a qualitative manner. 

The procedure for price performance optimization of the composite sandwich is 
developed. As a result the composite structure with reasonable price has been developed. 
A Pareto frontier is developed to estimate the price performance behaviour of a structural 
material composed of discrete component materials. The response curve is non-linear and 
has a variable sensitivity in various regions. 

The main objective of the study has been achieved - the methodology for the design of 
smart composites with structural health and performance monitoring capabilities has been 
developed and valideted in laboratory tests and real world applications. 
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KOKKUVÕTE 

"Integreeritud elektroonikakomponentidega targa komposiitmaterjali välja-
töötamine" 

Antud doktoritöö teemaks on targa komposiitmaterjali arendamine, mis koosneb kompo-
siitmaterjali kihtidest ning integreeritud elektroonikakomponentidest. Elektroonikakom-
ponentideintegreerimise probleem on sõnastatud multikriteriaalse ning mitmetasemelise 
optimeerimisülesandena.Töö konkreetseks eesmärgiks on minimeerida integreeritud 
elektroonikakomponendi ning seda ümbritseva komposiitmaterjali omavahelist negatiiv-
set vastastikmõju. Töös on kasutatud järgnevaid meetode: 

 Probleemi dekompositsioon alamprobleemideks, 

 Metamudelite kasutamine, 

 Materjalide käitumise lihtsustamine, 

 Digitaalse pildikorrelatsiooni skanneriga lõplike elementide mudelite 
valideerimine. 

Elektroonika komponentide mõõtmete vähendamise võimalikkuse uurimiseks sooritati 
infootsing olemasolevate tööstuslike võimaluste kaardistamiseks. 

Töös katsetati pooljuht-tensoandurite sobilikkust komposiitmaterjalisse integreeritud 
anduritena kasutamise seisukohalt. Sooritati hügrotermiline vanandamine ning sellele 
järgnev väsimuskatsetus. Hügrotermiline vanandamine imiteerib merekeskkonnas vana-
nemist. Katsetamise tulemuseks on järeldused, et hügrotermiline koormamine kahjustab 
korrosiooni jm mehhanismide läbi tugevalt andurit, ent sellegipoolest on pooljuht-
tensoandur hea kandidaat komposiitmaterjalisse integreerimiseks. 

Integreeritud objekti mõju loodud komposiitstruktuuri mehaanilisele suutlikkusele 
määratleti eksperimentaalkatsetusega ning seda minimeeriti. Esimene katse integreerida 
võõrkeha sooritati ilma väliskestata elektroonikaga. Katsest selgus, et palju elastsem 
ümbritsev komposiitmaterjal sunnib oma deformatsioonidega elektroonikat kaasa 
deformeeruma, mis põhjustab elektroonikakomponentide varajase purunemise. Kõige 
enam on mehaanilise pinge poolt koormatud komposiidist kordades kõrgemate 
elastsusmoodulitega metalsed komponendid. Visuaalvaatlus tuvastas, et purunemine 
toimub rohkearvuliste mõrade ilmnemise näol. Komposiidist põhistruktuuri kahjustumine 
algab vaigutaskute vigastuste tekkimisega võõrkeha otstes. Seal kontsentreeruvad 
mehaanilised pinged mitme materjali kokkupuutepunktis tänu elastsusmoodulite ning 
Poissoni tegurite erinevuste tõttu. Antud katsest järeldati, et kaitsmata kujul elektroonika 
integreerimine põhjustab nii iseendale kui ka ümbritsevale komposiitstruktuurile tugevat 
mehaaniliste ning funktsionaalsete omaduste langust. Seetõttu on vajalik isoleerida 
komposiitmaterjali tööolukorras ilmnevad deformatsioonid integreeritud elektroonilistest 
komponentidest. 

Elektroonika integreerimist komposiitmaterjalisse on parendatud kasutades aditiivset 
laserpaagutustehnoloogiat. Elektroonikakomponendi kaitsmiseks deformatsioonide eest 
loodi aditiivse laserpaagutusseadme abil optimaalne elektroonika ümber paigutatav 
kaitsekest. Kaitsekesta kuju optimeeriti mitmekriteriaalse kahetasemelise optimeerimise 
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protseduuri abil. Optimeerimine sooritati kasutades kaalutud summeerimise meetodit. 
Väljatöötatud mitmetasemeline optimeerimise strateegia võimaldab uuritava probleemi 
jaotada kaheks alamprobleemiks, mis lahendatakse järjestikkuliselt. Saavutatud 
numbriline tulemus sisaldab kaitsekesta optimaalset kuju ning suurust. Optimeerimise 
protseduur aitab minimeerida võõrkeha ümber tekkiva vaigutasku mõõtmeid. Selle tasku 
suuruse kriitiline mõju laminaadi delamineerumis-vastupanule on eksperimentaalselt ning 
numbrilisi meetodeid kasutades kontrollitud. Eksperimentaalne mõõtmine viidi läbi 
kasutades digitaalset pildi korrelatsiooni skannerit GOM ARAMIS 2M.  Numbrilise 
meetodina kasutati lõplike elementide meetodi. Loodud mikromehaaniline lõplike 
elementide mudel näitab, et võõrkeha väliskesta optimaalset kuju on võimalik veel 
täiustada pingete kontsentratsiooni vähendamiseks. Optimaalseks loetud elliptilise 
kaitsekesta otsades kontsentreeruvad von Mises´e deformatsioonid ning samuti on neil 
siiski veel gradiendid ebasümeetriliselt komposiidi laminaadi külgedel. 

Protseduur sandwich komposiitpaneeli hinnasuutlikkuse optimeerimiseks on loodud. 
Loodi Pareto front hindamaks diskreetsetest komponentidest valmistatud struktuurse 
materjali hinnasuutlikkust. Saadud funktsiooni kõver on mittelineaarne ning katkev, olles 
erineva tundlikkusega erinevate piirkondades. 

Töö põhieesmärk on saavutatud. Loodi metodoloogia struktuuri seisundi 
monitoorimiseks ettenähtud targa komposiitmaterjali projekteerimiseks ning see 
valideeriti kasutades eksperimentaalkatseid nii laboris kui ka lõpprakenduses. 
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Appendix 1 

 

Digital image correlation results from tensile testing of specimens with embedded 
elliptical foreign objects. 
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Appendix 1 

 

 

 

 

 

 

Figure 1 Shear strains of specimens from up 1 to 6 at tensile stress 118MPa 
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Appendix 1 

Figure 2 Von Mises strains of specimens from up 1 to 6 at tensile stress 118 MPa 
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Appendix 1 

 

Figure 3 Shear strains of specimen 2 at 170 MPa tensile stress 

 

Figure 4 Shear strains of specimen 3 at 170 MPa tensile stress 

 

Figure 5 Shear strains of specimen 6 at 171 MPa 
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Appendix 2 
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��!"#$%&�'&(�)"#*$&%�+,�-'&(.$/0�-*12/*21"#�.$*0�!$,,"1"&*�3+1"�4'*"1$'5#��6789:;�6<==>?<?�@�AB�CDD�E>FGH�@B�IJ9D:8�<<=I<�@B�KL9:�I>K>M�@B�I77N:O�EC6P>M�@B�KJJ8�M<=Q�RB�IJ9D�Q>>=?>�RB�S7T9U�>PPVM>Q�RB�>J97�>=G?VVH�R��W�XYZ[\]̂Y_]�̀a�b[cde_Y\fg�h[iie__�j_ekY\le]f�̀a�hYcd_̀ìmfg�nde][o[]Y�]YY�pg�qrstu�h[iie__g�nl]̀_e[�v�XYZ[\]̂Y_]�̀a�b[]Y\e[il�n_me_YY\e_mg�h[iie__�j_ekY\le]f�̀a�hYcd_̀ìmfg�nde][o[]Y�]YY�pg�qrstu�h[iie__g�nl]̀_e[���wxxyz{{|}~|��~���{��~����{���~��~��~�~��������������������������������������������� ¡�¢������£w¤�y¥�y��¤��¦�xw����x¥|§�̈©��x��|¤���ª�©�«��wx¬̈¤��wx��©ª|̈�w�y©ª¤«�¦���x�©�«¤��~�®x�¤ª�xw�©«¥«©x��ª��©ª|��¤«¤x��ª��¦�|�¦¦¤�¤ªx��©x¤��©«��̈¤�¤�©���¤|��¥x��ª���|¤��x��¦�ª|�©�ª¤̈���«¥x��ª�¦���xw����y¤�¦��©yy«�©x��ª~�£w¤��©ª|̈�w��©x¤��©«��¤̈�¤�¦©̄��©x¤|�¥��ª��°©¥¥���ª¦¥���ª�x¤wª�«��§~�£w¤�|�¦¦¤�¤ªx�x§y¤���¦��©ª|̈�w���y���x¤�y©ª¤«��̈¤�¤�x¤�x¤|��ª���¬y��ªx�̄¤ª|�ª���ª|�x��ª��©��|�ª��x��±®£²�³�́�{³�́�²~�µ��x¥©«�x¤�x�ª��̈©��y¤�¦���¤|�̄§�¥�¤��¦�±¶®·®���¦ẍ©�¤�x�����y«�¦§�xw¤���¤��©x¤��©«��¤«¤x��ª�y��¤���©ª|�x��|¤���ª�xw¤�«©§¤��~�̧¹�º�ª�x¤�¤«¤�¤ªx�©ª©«§����»º¼±½��¦��¬y��ªx�¤̄ª|�ª��̈©���©|¤�̈�xw�±¶®·®�±¾¹¿�»³«©���½���¦ẍ©�¤~�¹©x©�¦���xw¤�º¼±�̈©���̄x©�ª¤|�¦����xw¤�x¤ª��«¤�x¤�x���¦��«©���¦�̄¤��y«©�x��»ÀºÁ¾½�«©��ª©x¤�~�µ��x¥©«�̧¹��¤�¥«x��̈¤�¤���y©�¤|�̈�xw��¤©«��¬y��ªx�̄¤ª|�ª��x¤�x�~���¹�º¼±�̈©��©yy«�¤|�x��°��x¥©««§�x¤�x�xw¤��¤«¤x¤|��©ª|̈�w��x�¥x¥�¤��ª��¤©«�̈��Â�ª���ª|�x��ª�~�Ã©�¤|��ª�º¼±��¤�¥«x��xw¤�¾©�¤x���yx��©«�x§��ª¤yx�w©��̄¤¤ª�©yy«�¤|�©ª|��yx��©«���«¥x��ª��|¤x¤���ª¤|~��Ä�ÅÆÇ¢�Èz��©ª|̈�w��x�¥x¥�¤�É��¬y��ªx�̄¤ª|�ª��x¤�x�É�º¼±É�°��x¥©«�x¤�x�ª�É��¥«x���x¤��©��yx���Ê©x��ª~��ËÌ�ÍÎÏÐÑÒÓÔÏÍÑÎÕ�Ö×ØÙÚÛÜÝ�ÜÞßàÞáÛâãá�Ý×äã�ÝÛåÝ�áâæãØåâÝ�âÞ�ÚãÛåÝâ�æ×âÛÞ�çÚÝÛÜÝ�æãáèéâá�ÛØ�ÛØÜæã×áã�Þê�à×ëéÞ×Ùì�àæÞäÛÙãá�åæã×âãæ�æ×Øåã�×ØÙíÞæ�æãÙèÜãÙ�êèãé�ÜÞØáèßàâÛÞØîì�ãïâãØÙãÙ�Þàãæ×âÛÞØ×é�éÛêãì�éÞÚãæ�ß×ÛØâãØ×ØÜã�ÜÞáâ�çÙèã�âÞ�éãáá�ÜÞææÞáÛÞØì�×ØÙ�æãáÛáâ×ØÜã�âÞ�ß×æÛØã�ðÞæÛØå�Þæå×ØÛáßáîì�×á�Úãéé�×á�×�æ×Øåã�Þê�ÛØâãåæ×âãÙ�êèØÜâÛÞØáì�áèÜÝ�×á�âÝãæß×é�×ØÙ�áÞèØÙ�ÛØáèé×âÛÞØì�ãïÜãééãØâ�áÛåØ×âèæã�àæÞàãæâÛãáì�êÛæã�á×êãâëì�åÞÞÙ�ãØãæåë�×ðáÞæàâÛÞØì�ÙÛæãÜâÛÞØ×é�àæÞàãæâÛãá�Þê�âÝã�ê×Üã�áÝããâá�ãØ×ðéÛØå�ÞàâÛßÛñãÙ�ÙãáÛåØ�×ØÙ�àæÞÙèÜâÛÞØ�Þê�ÜÞßàéãï�×ØÙ�áßÞÞâÝ�ÝëÙæÞÙëØ×ßÛÜ�áèæê×Üãá�òó���ÖÛßàéã�âÝãÞæÛãá�ãïÛáâ�âÞ�àæãÙÛÜâ�ðãØÙÛØå�ÙãêéãÜâÛÞØá�Þê�éÞÚ�ÜÞáâ�á×ØÙÚÛÜÝ�àé×âãá�ÚÛâÝ�×�éÛØã�éÞ×Ù�×ØÙ�áàãÜÛêÛÜ�áèààÞæâ�ÜÞØÙÛâÛÞØá�ò����Öãäãæ×é�áâèÙÛãá�Úãæã�êÞÜèáãÙ�ÞØ�âÝã�ÜÞßàãâÛØå�ÜÞéé×àáã�ßãÜÝ×ØÛáßá�êÞæ�áÛßàéë�áèààÞæâãÙ�á×ØÙÚÛÜÝ�ðã×ßá�ÚÛâÝ�ÜÞßàÞáÛâã�ê×Üãá�×ØÙ�×�����êÞ×ß�ÜÞæã�áèð�ãÜâãÙ�âÞ�âÝæãã�àÞÛØâ�ðãØÙÛØå�ò�ì�����	×à�Þê�ê×Ûéèæã�ßÞÙãá�Þæ�ÜÞéé×àáã�ßãÜÝ×ØÛáß�ÙãàãØÙÛØå�ÞØ�âÝã�ÜÞæã�âÝÛÜ
Øãáá�Þæ�ß×âãæÛ×éá�ÚÛâÝ�àæãÙÛÜâÛÞØ�Þê�ÜÞéé×àáã�éÞ×Ùá�Ú×á�áâèÙÛãÙ�ÛØ�ò����	ÛÜæÞßãÜÝ×ØÛÜ×é�×Ø×éëáÛá�ÚÛâÝ�ãïàãæÛßãØâ×é�ä×éÛÙ×�âÛÞØ�Ûá�èáãÙ�âÞ�ÜÞØáâæèÜâ�à×æ×ßãâæÛÜ�×ØÙ�àæÞð×ðÛéÛáâÛÜ�ßÞÙãé���ÛâÝ�âÝÛá�ßãâÝÞÙ�âÝã�ÛØêéèãØÜã�Þê�æ×ØÙÞßØãáá�Þê�âÝã�ß×Øèê×ÜâèæÛØå�àæÞÜãáá�Ü×Ø�ðã�ÙÛáÜ×æÙãÙ�ÛØ�æãáàãÜâ�âÞ�âÝã�ßãÜÝ×ØÛÜ×é�àæÞàãæâÛãá�ò�����èßãæÛÜ�ßÞÙãéÛØå�×ØÙ�ãïàãæÛßãØâ×é�âãáâ�Ý×äã�ðããØ�ÜÞßàéãâãÙ�âÞ�àæÞäã�ãêêãÜâ�Þê�áÝã×æ�
ãëá�âÞ�ÛßàæÞäã�áâÛêêØãáá�×ØÙ�ÛØ�àé×Øã�áÝã×æ�áâæãØåâÝ�àæÞàãæâÛãá�Þê�ÜÞßàÞáÛâã�á×ØÙÚÛÜÝ�à×Øãéá�òó����Ýã�àæÞðéãß�ÜÞØáÛÙãæãÙ�Ûá�ÜÞØáÛáâÛØå�Þê�âÝã�êÞééÞÚÛØå�Þð�ãÜâÛäãá��âÝã�ßãÜÝ×ØÛÜ×é�àæÞàãæâÛãá�Þê�âÝã�á×ØÙÚÛÜÝ�áâæèÜâèæã�çâãØáÛéã�áâæãØåâÝì�ãéÞØå×âÛÞØ�×â�ðæã×
ì�ß×ïÛßèß�áâæãáá�×â�ðæã×
î�×æã�áèð�ãÜâãÙ�âÞ�ß×ïÛßÛñ×âÛÞØ�×ØÙ�âÝã�ÜÞáâ����������������������������������������������������������������������� �!�" #�$�%&'()'*(%'(&*+�,�- #�$�%&'()'*(%'(). �/(0��"��������#�1234567124483239::;722�<= �=�������>�

Þê�âÝã�ß×âãæÛ×éá�áèð�ãÜâãÙ�âÞ�ßÛØÛßÛñ×âÛÞØ���Ýã�ßèéâÛÜæÛâãæÛ×�ÞàâÛßÛñ×âÛÞØ�àæÞðéãß�Ý×á�ðããØ�êÞæßèé×âãÙ�×ØÙ�áÞéäãÙ�ðë�×ààéëÛØå�ßèéâÛÜæÛâãæÛ×�×Ø×éëáÛá�âãÜÝØÛ?èãá�ò��@�A��×ØÙ�åãØãâÛÜ�×éåÞæÛâÝßá�òB�@�ó�����Ýã�ß×ÛØ�åÞ×é�Þê�âÝã�ÜèææãØâ�áâèÙë�Ûá�âÞ�ÙãäãéÞà�×�ØãÚ�ÜÞßàÞáÛâã�ß×âãæÛ×é�ÚÛâÝ�ÞàâÛß×é�àÝëáÛÜ×é�×ØÙ�ßãÜÝ×ØÛÜ×é�àæÞàãæâÛãá��CÌ�DEFDÐÍGDÎÏHI�CÌËÌ�FJKLMJMNOPQ�PR�STÐF�RPJ�NKQUOVK�NKUN��Ýã�æãÛØêÞæÜãßãØâ�êÛðæãá�êÞæ�åé×áá�êÛðæã�æãÛØêÞæÜãßãØâ�àé×áâÛÜá�WXY��×æã�áèààéÛãÙ�ÛØ�ê×ðæÛÜáíß×âá��ZØ��ÝÞààãÙ�Öâæ×ØÙ�	×â�ç�Ö	î�âÝã�ÞæÛãØâ×âÛÞØ�Þê�æãé×âÛäãéë�áÝÞæâ�êÛðæã�áâæ×ØÙá�ç[\]�ßßî�Ûá�æ×ØÙÞß�×ØÙ�âÝã�èáãÙ�ðÛØÙãæ�×åãØâ�Ûá�ÛØ�êÞæß�Þê�àÞÚÙãæ�Þæ�ãßèéáÛÞØ��YÞÚÛØå�ß×âá�×æã�ß×Ùã�Þê�éÞØå�êÛðæã�áâæ×ØÙáì�×ææ×ØåãÙ�ÛØ�ðèØÙéãá�ÚÛâÝ�éÛââéã�Þæ�ØÞ�âÚÛáâ�×ØÙ��ÞÛØãÙ�ÛØ�ê×ðæÛÜ�êÞæß�ÚÛâÝ�áâÛâÜÝÛØå����Þ�ÛßàæÞäã�âÝã�æãáÛØ�êéÞÚ�àæÞàãæâÛãá�ÛØ�ä×Üèèß�ÛØêèáÛÞØ�àæÞÜãáá�âÝã��Ö	�ß×âá�×æã�èáãÙ�ÛØ�ÜÞßðÛØ×âÛÞØ�Þê�æÞÚÛØå�ß×âá�Þæ�é×ëãæ�Þê�àÞéëàæÞàëéãØã�êÛðæãá�ÚÝÛÜÝ�×æã�áâÛâÜÝãÙ�âÞåãâÝãæ����Ýã�àæãà×æãÙ�WXY��é×ßÛØ×âãá�ÜÞØáÛáâãÙ�Þê�êÞééÞÚÛØå�ß×âãæÛ×éá���̂�Ýã�âÝæãã�é×ëãæá�Þê�ð×é×ØÜãÙ�áâÛâÜÝãÙ�ðÛ×ïÛ×é�æÞäÛØå�ß×â�]_íB]_�ç��̀�\]]�åíßvî�æãÛØêÞæÜãßãØâ�Úãæã�èáãÙ�âÞ�àæãà×æã�WXY��é×ßÛØ×âã�ÚÛâÝ�àÞéëãáâãæ�æãáÛØ�ç�ó���\Aî�ß×âæÛï�ðë�ä×Üèèß�ÛØêèáÛÞØ�àæÞÜãáá���̂�Þ�Þðâ×ÛØ�âÝã�áÝã×æ�ßÞÙèéèá�Þê�âÝã�WXY��é×ßÛØ×âãì�âÝã�ð×é×ØÜãÙ�áâÛâÜÝãÙ�ðÛ×ïÛ×é�æÞäÛØå�ß×â�@��_ía��_�ç��̀�\]]�åíßvî�æãÛØêÞæÜãßãØâ�Úãæã�èáãÙ�âÞ�àæãà×æã�WXY��é×ßÛØ×âã�ÚÛâÝ�àÞéëãáâãæ�æãáÛØ�ç�ó���\Aî�ß×âæÛï�ðë�ä×Üèèß�ÛØêèáÛÞØ�àæÞÜãáá���̂�Ýã�áãÜÞØÙ�é×ßÛØ×âã�Ú×á�àæãà×æãÙ�ÛØ�ä×Üèèß�ÛØêèáÛÞØ�àæÞÜãáá���Ýã�àÞéëãáâãæ�ß×âæÛï�æãáÛØ��ó���\A�Ú×á�æãÛØêÞæÜãÙ�ÚÛâÝ�âÝæãã�é×ëãæá�Þê�êéÞÚ�ß×â�ÜÞØáÛáâÛØå�Þê�âÝæãã�é×ëãæá�Þê�êÛðæãá����]�Ö	í�ó]��í��]�Ö	�çÛØ�âÞâ×é����̀�óóó]�åíßvî��



� ��

������	
�������������������������������

�����	��������������������������������	��������
�������
�������������������������� �!�����������"#�$%�&'&���������������(�)*)*�+,-./,/0123�24�5/367189�./3-:5�42,�;<.2130�=-3613>�0-50�����!���	�����
��������#	����#�
���!
�?@AB�������������������!���������C���
�����������(�D����
���
��
��
����������������������������
��������!

��	�
����(�@
����"�����
��	
�#E��#����
������BF& G������������#�	
�#���#������H%BI G�	
�#���#����������	���������BID �	
�#����������BJA G�	
�#����#��������#������BK� G�����
�����(�D����
�����	
���������������	�
	�������
�������
���������������������������������
�	�����E����������G��������
�����������������������������������(���������������������������������!��������������#�
��
�����������������D�"���L (�D�������������M����
���	��������������������!���E�����������
�(�@�����#������
����!���������G���������E�������	��!���	������������������
�������
���G����������#����
��!�N�!�����		����������������
��	
�������(�D���
�	���������
�������
�������	����������D�"���� �!����
������������!�����		������
������
���G�����	����	�#G�E�����������������O���
����"����!����
����
�������������#�����E����������!����	������
���
	��
��������E��������!�(�D���������!��������������������E���	�	���P�
������
����
��������
��	����N���������"#���������
���������"#�����E����(���������	
�������������������������������������#��
����
��������������������������
������������!�
����
����"��
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Paper III 

H. Herranen, G. Allikas, M. Eerme, K. Vene, T. Otto, A. Gregor, M. Kirs, K. 
Mädamürk, "Visualization of Strain Distribution Around The Edges of a 
Rectangular Foreign Object Inside The Woven Carbon Fibre Specimen"  Estonian 
Journal of Engineering, vol. 18, no.3, pp. 279-287, 2012. 
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Appendix 2 

Paper IV 

H. Herranen, T. Saar, R. Gordon, M. Pohlak, H. Lend, "Durability Performance Of 
Semiconductor Strain Gauges In GFRP Laminate," inProceedings of 6th ECCOMAS 
Thematic Conference on Smart Structures and Materials (SMART2013), 2013. 
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Appendix 2 

Paper V 

H. Herranen, H. Lend, A. Kuusik, S. Czichon, J. Kers, M. Piirlaid, "Foreign Object 
Induced Fiber Undulation Influence On Mechanical Properties Of Composite 
Laminate," in  Proceedings of 19th International Conference on Composite 
Materials (ICCM19), 2013. 
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Appendix 3 

ELULOOKIRJELDUS 

1. Isikuandmed 

Ees- ja perekonnanimi Henrik Herranen 
Sünniaeg ja -koht 16.01.1985 Tallinn, EestiVabariik 
Kodakondsus Eesti 
Telefon 6203270 
E-posti aadress henrik.herranen@ttu.ee  

2. Hariduskäik 

Õppeasutus 
(nimetus lõpetamise ajal) 

Lõpetamisaeg Haridus (eriala/kraad) 

Tallinna Tehnikaülikool 2009 Tootearenduse eriala (magister) 

Tallinna Tehnikaülikool 2007 Tootearendue eriala (bakalaureus) 

Tallinna Saksa Gümnaasium 2003 (keskharidus) 

3. Keelteoskus(alg-, kesk- või kõrgtase) 

Keel Tase 

Eesti keel kõrgtase 

Inglise keel kõrgtase 

Saksa keel kesktase 

Soome keel algtase 

Vene keel algtase 
 

4. Täiendusõpe 

Õppimise aeg Täiendusõppe korraldaja nimetus 

05.2007 GOM ATOS II, ARAMIS 2M, ARGUS kasutajakoolitus Cascade 
Computing AB 

02.2008-04.2008 „Orgaanilised komposiitmaterjalid täiendõppe kursus” TTÜ 

02.2009 ANSYS V12.1 kasutajakoolitus Process Flow Ltd OY 
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05.2010 CadON Consulting OÜ, Solidworks Simulation Premium FEM 
tarkvara koolitus 

05.2012 GOM PONTOS 4M kasutajakoolitus, Cascade Computing AB 

09.2013 ANSYS ACP kasutajakoolitus Medeso OY 

5. Teenistuskäik 

Töötamise aeg Tööandja nimetus Ametikoht 

2007-... Tallinna Tehnikaülikool, 
Masinaehituse instituut 

nooremteadur 

2009-2011 Nor-Tek Teknologisenter AS (Norra) tehnik 

2006-2006 KT Arengu AS mehaanikainsener 

2004 - 2005 Golden Neo-Life Diamite International 
OÜ 

tellimuste vormistaja - 
klienditeenindaja 

6. Kaitstud lõputööd 
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20. Grigori Nekrassov. Development of an Intelligent Integrated Environment for 
Computer. 2004. 

21. Sergei Zimakov. Novel Wear Resistant WC-Based Thermal Sprayed Coatings. 2004. 

22. Irina Preis. Fatigue Performance and Mechanical Reliability of Cemented Carbides. 
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27. Sergei Tisler. Deposition of Solid Particles from Aerosol Flow in Laminar Flat-Plate 
Boundary Layer. 2006. 

28. Tauno Otto. Models for Monitoring of Technological Processes and Production 
Systems. 2006. 

29. Maksim Antonov. Assessment of Cermets Performance in Aggressive Media. 2006. 

30. Tatjana Barashkova. Research of the Effect of Correlation at the Measurement of 
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and Cermets. 2007. 

39. Eduard Ševtšenko. Intelligent Decision Support System for the Network of 
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82. Heiki Tiikoja. Experimental Acoustic Characterization of Automotive Inlet and 
Exhaust System. 2014 


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



