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summary

Global warming has created new incentives for innovation in the aerospace industry. Among the most
promising developments for aerospace are technologies such as sustainable aviation fuels and the
use of advanced composite materials. Weight reduction remains one of the most direct and effec-
tive strategies for lowering emissions in aerospace applications. In this regard, composite materials
with thermoset or thermoplastic matrices have become a major focus of research. The industry has
increasingly pushed toward employing composites in more structural components [10].

In recent years, interest in thermoplastic composites has grown, particularly due to their potential for
recyclability. Moreover, these materials are compatible with advanced automated manufacturing tech-
niques, such as automated fiber placement (AFP), automated tape placement (ATP), and welding. The
potential for automation further strengthens the relevance of thermoplastic composites in industrial ap-
plications. Nevertheless, most current composite designs continue to rely on constant-thickness lami-
nates. With the flexibility offered by automated manufacturing processes, however, it is now possible to
produce variable stiffness laminates (VSLs) by varying thickness or steering fiber during placement. By
enabling stiffness to vary across a component, VSLs provide opportunities for further weight reduction
while maintaining structural performance.

This research aims to develop a multi-step design methodology that translates optimized variable stiff-
ness laminate designs into geometries suitable for automated manufacturing. First a free-size optimiza-
tion is used to generate a variable thickness design. The free-size result is imported in PyMAPDL and
processed through self-written code. The methodology employs a two-level clustering process based
on total element thickness and in-plane principal stresses. The clustered results are then converted
into manufacturable geometries and expressed as patchwise definitions. A genetic algorithm is applied
to minimize the average error in lamination parameters by matching the patch model definition with the
clustered design. The proposed methodology is demonstrated on a beam structure, with variations in
the number of clusters and tape widths used to evaluate performance and identify potential limitations.

The results of the clustering based on total element thickness indicate that automatic zone definition
is feasible. However, some elements deviate significantly from their respective clusters, suggesting
that additional parameter tuning is necessary to achieve improved initial zone definitions. The second
clustering level, based on principal stresses, shows promise in translating highly variable thickness
and element definitions into more uniform regions. Nevertheless, the results reveal that the thickness-
based assignment does not consistently align with the structural load paths. Further refinement is
therefore required to ensure that element definitions follow load paths while maintaining uniform zone
distribution.

The application of the genetic algorithm demonstrates that increasing design complexity leads to higher
error percentages. Moreover, for a given manufacturing dimension, the error percentage tends to
converge to similar values regardless of cluster configuration. Analysis of the final designs produced
by the genetic algorithm also shows a significant increase in weight. This suggests that, although the
genetic algorithm effectively reduces mismatches in lamination parameters, the resulting designs are
not suitable for weight-saving purposes.

In conclusion, this research proposes a novel methodology for the design of variable stiffness laminates.
While the study demonstrates the feasibility of the approach, it also highlights several limitations and
areas for improvement in the clustering and patching processes. These findings provide a founda-
tion for further refinement and development of the methodology, advancing the potential for practical
implementation of variable stiffness laminates in the aerospace industry.
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Introduction

The aerospace industry faces increasing pressure to reduce its environmental impact in response to
global warming and the urgent need for more sustainable transportation solutions. The development
of technologies such as sustainable aviation fuel and advanced composite materials has emerged as
a central pathway toward lowering emissions possibly by 14-15%[30]. Among these, weight reduction
remains a straightforward and highly effective approach, as lighter aircraft directly translate to lower
fuel consumption and reduced carbon emissions.

Composite materials, utilizing thermosets and thermoplastics as matrices, have therefore gained con-
siderable attention within aerospace research and manufacturing. In recent years, thermoplastic com-
posites in particular have been studied intensively due to their recyclability and their compatibility with
advanced automated manufacturing processes such as automated fiber placement (AFP), automated
tape placement (ATP), and welding[24]. These manufacturing advances enable higher production effi-
ciency and open possibilities for innovative laminate designs that go beyond the conventional constant-
thickness approach.

One such innovation is the use of variable stiffness laminates (VSLs), which allow fiber orientations
and thickness distributions to vary across a structure. By tailoring stiffness to follow load paths, VSLs
offer the potential to achieve strength improvement compared to constant thickness quasi-isotropic
layup laminates[13]. However, despite this promise, the practical application of VSLs remains limited
due to challenges in translating optimized designs into manufacturable geometries. For structures
large in dimension such as galley insert panels using ATP can be more suitable. However, a design
methodology is needed to be introduced, which takes into account manufacturing constraints.

In summary, VSLs are a promising towards weight savings due to stronger and stiffer designs compared
to constant thickness laminates. However, the inclusion of the manufacturing constraints in terms of
geometry limitation into a design methodology is difficult. This thesis aims to explore that and current
state of the approaches to achieve will be discussed in the next section.
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2.1. Composites in the Aerospace industry

The first powered flight of the Wright brothers at 1903 sparked an unforeseen engineering development
towards lightweight materials for aircraft. During the word wars the aviation industry went through rapid
development in technology. The early airplanes were rudimentary constructed using mainly wood. The
first metallic structure used in aero planes was developed in the first world war by Germany[27]. After
the second word war the technological advancement in polymer and material technology allowed the
introduction of composite materials. Composite materials show certain advantages over metallic struc-
tures. One of them is the design freedom to tailor the material stiffness for better lightweight structures
and better weight to strength ratio. Furthermore, in the 215t century global warming brought forward
additional requirements for the aerospace industry. New emission goals in the aerospace industry
encourages the development of new lightweight structures with innovative methods and materials.

Composite structures currently are constant thickness laminates based on a thermoset polymer matrix.
The design of the uniform thickness laminate results in a constant stiffness design. The laminates are
manufactured using traditional methods such as hand layup, vacuum resin infusion, which are well un-
derstood and used in the industry due to large amount of experience. Additional design requirements
such as balanced and symmetric laminates allow the designer to avoid unwanted behavior under load-
ing. However, new manufacturing methods allow the aerospace industry to design variable stiffness
laminates. VSL are laminates where by varying the thickness or local orientation of fibers the overall
distribution of stiffness or strength across the geometry varies [6]. Polymer matrices such as thermo-
plastics allow to further expand the possibilities of manufacturing. The use of thermoplastic polymer
matrices allow the adoption of processes such as welding, tape laying and fiber placement as well as
recycling of parts.

2.2. Manufacturing methods

Currently the aerospace industry heavily relies on traditional methods and thermoset polymer com-
posites. The traditional methods such as autoclaves, which can be seen in figure 2.1 are costly to
operate and substantial in energy consumption. Therefore the industry actively looks for more sustain-
able and energy efficient methods. ATP and laser assisted methods are an attractive alternative to
traditional methods to manufacture thermoplastic composites[14]. In the rest of this section the basic
differences between thermoset and thermoplastic polymers will be explained. Furthermore new and
traditional manufacturing methods will be compared on several points such as precision, efficiency and
production speed, cost and flexibility.

Thermoset polymers are formed from monomers with low viscosity and molecular weight through a
chemical process called cross linking. The cross linking is driven by heat which is either the by product
of a chemical process or externally supplied. The presence of cross links provide thermoset polymers
excellent mechanical properties and thermal stability. However, the breakage of cross links is a compli-
cated chemical process, which make thermoset polymer hard to recycle[16]. Thermoplastic polymers

13



2.2. Manufacturing methods 14

Figure 2.1: Interior of industrial autoclave[25]

compared to thermoset polymer are formed without cross links from high molecular weight monomer
chains. The lack of cross links makes the need of curing cycles unnecessary during manufacturing.
However higher temperatures and pressure is necessary for shaping thermoplastic polymers [17].

Traditional manufacturing methods such as autoclaves, vacuum bag infusion and hand layup are the
backbone of the aerospace industry. The heating cycles applied are costly and substantial in energy
consumption[31]. Laser assisted methods such as automated tape placement(ATP) in figure 2.2 are a
good alternative and a goal to achieve in situ-consolidation[5]. In ATP the prepreg laminas are heated
by an external source such as alaser, the heat source melts the polymer to a sufficient flowability, which
allows the molecular chains to diffuse under the applied pressure from the compaction roller[15]. During
the ATP the material feed rate, laser heating power and scan speed allows for great precision and
control due to robot mounted tooling. Traditional methods are effective at the production of large parts
but struggle at intricate geometries and uniform consistent finish, so machining might be necessary as
a last step.

The efficiency, production and cost is another major difference between modern methods such as AFP,
ATP and traditional methods. For laser assisted methods the scalability for large products is a slow
and expensive. Initial investment to equipment is high but the lower material waste, tooling cost and
automation potential makes it attractive. Traditional methods on the other hand are more available for
large scale production but long production cycles and material waste are the disadvantages[17].

The flexibility offered by laser assisted methods by compatibility with various materials and designs and
minimal retooling are attractive to industry. Welding and surface treatments are possible to integrate
into the manufacturing process in a single step, while minimizing excess material. Traditional methods
on the other hand have tooling tailored for specific parts and substantial material waste. The use of
autoclaves consumes a large amount of energy, which increases the economic footprint of traditional
methods.

The differences in flexibility and control make laser assisted methods well suited for manufacturing ther-
moplastic composites. Furthermore AFP allows the possibility for steering the fibers over the geometry
and to design variable stiffness laminates. The expansion of design flexibility requires more advanced
design and optimization methods, which will be discussed in the next section.
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Figure 2.2: Thermoplastic ATP schematic sketch[15]

2.3. Optimization methods and Design for Manufacturing

2.3.1. Optimization methods

Over the last few decades engineering optimization has become an important topic for the industry and
academic research. More efficient manufacturing methods and lighter structures are crucial to lower
economic footprint of the aerospace industry. The basic terminology applied in the thesis has to be
discussed first.

An optimization problem is, where the best optimal solution is obtained through methodical steps
making use of mathematical methods or mimicking natural phenomenons. The optimal solution cor-
responds to a point of maximum or minimum of a certain function defined on the optimization problem.

In general the optimization methods can be categorized to be traditional methods or modern meth-
ods. Traditional methods make use of differential calculus for locating optimal points of the objective
function. Differential calculus requires the optimal function to be differentiable and continuous to be
applicable in the optimization problem. The traditional methods are diverse and applied in aerospace
to various problems such as maximizing buckling loads . Modern methods on the other hand mimic nat-
ural phenomenons such as evolution, metal annealing or bird flock behavior. Compared to traditional
methods modern methods do not use differential calculus in the solution process. Therefore modern
methods are applicable to discrete functions as well. For structural optimization commercially available
software Altair Optistruct makes use of traditional method called gradient based optimization method
during topology and free-size optimization.

Further considerations are the existence of constraints. The constraints will limit the objective functions
surface. For simple problems graphical methods can be used to sketch the objective function and
search for the optimal solution. However multi variable problem can have complex three dimensional
shapes and including the constraint surfaces calls for purely mathematical solutions. In figure 2.3
a simple contour graph of objective function values and few constraints can be seen. Optimization
problems can be classified based on the nature of the design variables as well. The first category is
search of an optimal value of certain design parameters to minimize a defined function while adhering
to constraints. An example of the first category is the mass minimization of a beam under deflection
constraints. Problems resembling the first category are static optimization problems. The second
category, where the design variables are a function of a parameter and allowed to change over the
geometry are called trajectory problems[22].

Further possibility to describe an optimization problem is the permissible values of the design problems.
Depending on the nature of the problem if the design variables are allowed to take only discrete values
the problem is an integer programming problem. On the other hand if the problem values are not limited
to discrete values the problem is a real-valued programming.

Modern Methods introduced earlier mimic natural systems. The natural systems vary from genetic al-
gorithms, simulated metal annealing to ant colony behavior. Since, the methods do not use differential
calculus the algorithm only needs the objective function values to work. Furthermore, the algorithms
have a higher probability to avoid the problem of stopping at a local minimum. In engineering op-
timization problems for practical applications include a large number of design variables with mixed
continuous-discrete variables and nonconvex design spaces.
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Figure 2.3: Objective function contour and constraint surfaces[22].

Genetic algorithms(GA) have been popular due to high probability of finding the global optimum. The
working principle of genetic algorithms is based on Darwin’s theory survival of the fittest. The GA differs
from traditional algorithms on multiple aspects. First the start design point is not singular, but multiple
population points are used at the start of the procedure . The size of the population is estimated based
on the number of design variables n to be twice or four times larger. The GA method is derivative
free and uses only the objective function values. The design variable are represented in a binary form
string. The fitness is represented by the value of the objective function. The GA arrives to a suitable
solution by using three aspects of evolution reproduction, cross over and mutation. Reproduction is the
selection of suitable designs from the initial population to form a mating pool. The process to choose
the best fitness value strings is probabilistic. The probabilistic solution ensures more copies of high
fitness in the mating pool. At the reproduction stage no new strings are added ensuring survival of
the fittest. Crossover is the step to generate new strings by exchanging information among randomly
chosen strings of the mating pool. In the string the site of optimal crossover for information is not known.
The uncertainty of lower fitness string occurring after crossover might occur due to the random location
of information exchange, but the lower fitness strings will die out. Mutation operation changes a binary
string value to the opposite value at a random location. The probability of mutation can be further
defined as well. The purpose of mutation is to generate new string in the neighborhood of current
string, to safeguard the health of the genetic string against important information loss and maintain
diversity of the population. During the optimization process in every generation the fitness values of
the population is compared and the highest fitness value correspond to the best candidate solution.
Due to the probabilistic nature genetic algorithms have possibility to explore larger part of the design
space and avoid early convergence into a feasible solution instead reaching the global optimal solution.

Another modern method capable of finding optimal solution is particle swarm optimization(PSO). PSO
is behavior based algorithm compared to evolution based algorithm GAs. The algorithm mimics the
dynamics of a bird flocks or how bee hives behave for searching for "food” similar to finding a global
maximum or minimum value of the objective function. The behavior of the swarm has three rules. The
first rule is that the animals in the flock keep sufficient distance from each other. The second rule is
that every animal follows the average direction of other birds. The last rule is the flock tries to fit an
average position between each other with no wide gaps overall in the flock.

The search for the optimal solution considers three considerations. First consideration is that if an
animal in the swarm locates a promising solution the location of the solution is instantly transmitted to
the rest of the flock. The second consideration is that the flock will head toward to the optimal location
but not on a direct route. The last consideration is the every part of the swarm is independent thinking
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like a single animal and has a past memory. The basic PSO has drawbacks and many different versions
can be applied. A modification of PSO is the gray-wolf whale hunting algorithm, where if an optimal
solution is found the swarm will surround the optimal location and an animal from the flock will detach.
The detached animal will circle around the area of optimal solution trying to find a better location. In the
case of a better location found the swarm will head towards a better solution. However, PSO algorithms
in general are more suitable to handle continuous optimization problems[9].

For the aerospace industry the optimization problems corporate many components of an aircraft. The
main focus of the thesis is structural optimization. A common method applied in the aerospace industry
is topology optimization. Topology optimization first was applied on simple truss like structures such
as bridges. Later towards the end of the 20" century Bendsge and Kikuchi pioneered the earliest
form of topology optimization method. In 1989 Bendsge developed the Solid Isotropic Material with
Penalization(SIMP) method for topology optimization[29]. Generally in topology optimization the goal
is to find a density distribution, where the objective function f is minimized over the whole domain 2.
The topology optimization problem can be simply described by equation 2.1:

min :
F=1(ule).p) = | fituto).p)iv
Objective :
Vz/gzp(x)dx (2.1)
Clo) = 3 pelul K
where -

p(x)=0o0r1,Vz € Q

,where objective function f is evaluated locally f; and integrated over the whole domain and the state-
field is u. The objective function usually aim to minimize volume(V') or compliance(C) of the structure.
The minimization is accomplished by varying each element’s density between the value of 0 or 1. How-
ever, in equation 2.1 the main assumption is that the material behavior is isotropic. Multi-material
topology optimization and anisotropic topology optimization is also possible. For composite material
additionally to the density of the elements as a design variable the orientation can be introduced. Equa-
tion 2.1 the compliance formulation has to be modified to equation 2.2.

Clp.6) = U™ (0. 0)K (p,)U (p.0)

K.= | B'D.,B.dQ
Q

(2.2)

,where p and @ are design variables representing the pseudo densities and local orientation of the ma-
terials, K and U are the global stiffness matrix and displacement vector, K. is the element stiffness
matrix [23]. Due to the element wise orientation optimization the resulting structure is not only topolog-
ically optimized but variable stiffness as well. A resulting example of such optimization can be seen in
figure 2.4. The local fiber orientation varies greatly during AFP some geometrical constrain need to be
taken into account. In the next subsection 2.3.2 some methods will be shown, which process and take
manufacturing constraints into account.

2.3.2. Design for Manufacturing

In the previous subsection 2.3.1 topology optimization has been shown for generating designs. In this
subsection some methodologies will be shown that process and/or generate designs while taking man-
ufacturing constraints in to account. Continuing from the previous subsection in figure 2.4 it can be
seen that the resulting local fiber orientation is not suitable for production straight away due to large
variance in between local fiber orientation. The result has to be further processed towards AFP manu-
facturing process. To process towards AFP two methods are applicable namely projection method and
equally-spaced method(EQS). In the projection method the local orientation field is used to generate a
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Topology optimization 1 F

orientation

Figure 2.4: Topology optimized structure[23].

scalar field for the orientation distribution. The scaler field can be further processed into a tool path with
a wave function. In figure 2.5 the steps of projection method are illustrated. The second method EQS
creates a continuous fiber path by generating control points at equal spaced points and connecting
the points with a smooth fiber path. The spacing of the control points is dependent on the geometry’s
inner voids. In figure 2.6 EQS method is illustrated. Comparing the projection method and EQS, pro-
jection method has a main advantage by solely relying on standardized vector field input completely
eliminating constraint imposed by local geometry[23].

The projection method

-~

Vector field@  Scalar field ¥

.

€ W\

Fiber paths T Wave function ¥

Output

Figure 2.5: Process lllustration of projection method[23].

Further possibilities for composite optimization and multi-material optimization is the adoption of Double-
Double laminates(DD laminates). DD laminates were proposed by Tsai and feature two orientations in
a balanced stacking order. The balanced stacking order results at the end of an optimization process
in a better homogenized bending properties compared to quad laminates only featuring orientations of
0°,£45° and 90°[7]. Furthermore, DD laminates allow to uniform multiple laminates interpolation(UMLI)
methodology for topology optimization. UMLI is a multiphase material topology optimization method
where the stiffness of the material is interpolated during the optimization. A key advantage of the UMLI
method is that the number of design variables do not increase per element. The optimization interpo-
lates the ABD matrix of the element from the predefined angle combinations of &+ angle combinations
for the DD laminates.

For aerospace structures not only the angle can be optimized for the variable stiffness structures but

Tl L L 5 5
| & g x & F e T I
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Figure 2.6: lllustration of generating equally spaced fiber paths(red lines) with EQS method and geometry boundary with blue
lines[18]
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ply shape as well. The possible ply shapes are generated based on preliminary finite element analy-
sis(FEA). Commercially available software is capable of generating VSL laminates, but the generated
laminate due to ply-drops loses performance. To overcome the performance loss a clustering algorithm
can be applied. The clustering algorithm based on a function value divides the geometry into zones
with k-means algorithm. For effective processing the input parameters have to be smoothed. Smooth-
ing of the data set is necessary due to the hight variability of the input. In figure 2.7 a vector field can
be seen where a Laplacian smoothing is applied.

Figure 2.7: Vector field, initial vectors blue smoothed vector in green [11]

Normalization is further applied on the data points for faster processing with k-means algorithm. The
k-means algorithm is an iterative algorithm dividing the given data set into number of non-overlapping
clusters in a way of minimal variance inside the cluster between the data points[11]. In figure 2.8 a four
stage process can be seen towards automatic manufacturing process. After the clusters are generated
a vector based path finding algorithm constructs the reference curve taking constraints into account.
For non-straight clusters reference path generation is applied. Due to fiber steering overlaps and other
manufacturing defects can occur, therefore offset method is used for optimal fiber path. The final result
of the algorithm is figure2.8(d), where on a ply level a mix unidirectional and steered layup can be seen.

So far optimization methods, ply shape planning and DD laminates have been shown. To generate
variable stiffness laminate a thickness variation can be used. The variable stiffness can be achieved
by dropping plies in the stacking order in the geometry. For the ply dropping algorithm are capable of
producing single or multi-peak laminates. In figure 2.9 a schematic can be seen of single and multi-peak
laminates. The multi-peak laminates are generated through an algorithm making use of SST tables.
The algorithm takes variable thickness design and divides the geometry into small regions based on a
buckling factor estimation. The smaller regions are estimated as simply supported plates and a genetic
algorithm is applied to generate the stacking order[20]. The algorithm is applied on the horse shoe
design problem. In figure 2.10 the design problem can be seen with the defined loading conditions. The
algorithm takes the smaller predefined regions and optimize it for multi-peak design. The performance
of the algorithm compared to other stacking sequence algorithms is considerably better. However, the
regions shapes are not considered part of the problem. For variable stiffness design a gap in current
research is towards straight fiber variable stiffness laminates. In the next section a novel method is
proposed for design of variable stiffness laminates aiming for automated manufacturing processes.
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Figure 2.9: Schematic of variable thickness laminates[20]
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Figure 2.10: Horse shoe design problem([20]
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2.4. Research Objective and research questions

This thesis aims to deliver a start to end design methodology for variable thickness laminate designs.
There is a need from the industrial side of aerospace for lighter structures, however fiber steering is
complex and costly to adopt on a large scale. Furthermore, interior structures are not primary load
carrying of an aircraft but still contribute to fuel costs due to unexplored optimization possibilities. The
methodology aims to fill the gap by laying the foundation to translating optimized results into a man-
ufacturing geometry for straight fiber variable thickness laminates. The translation to manufacturing
geometry simplifies the complexity of the design by using patch-wise definition with less information
to describe the same model. However, the conversion changes the model information, therefore the
patch wise definition is optimized via a genetic algorithm to match the input before the conversion to
the manufacturing geometry. The main objective of the thesis is:

The objective of this research is to develop a methodology ensuring manufacturability and
suitability for automated methods by using an optimized variable thickness design pro-
cessed through an algorithm to generate a patch divided straight fiber variable thickness
laminate.

* How to systematically define zones on the geometry based on provided input parameters from a
free-size optimization?

» Which algorithms can be used for optimization of the design ensuring automated manufacturing
processes can be applied?

* What is the performance of the developed algorithm applied on a beam?

* What is the future development path for full scale application on aerospace structures of the
methodology?



Methodology

In this chapter, a methodology is shown aiming to full-fill the research objective. The proposed method-
ology builds upon the stages introduced in Section 2, namely free-size optimization, two-level cluster-
ing, patch definition, and optimization through a genetic algorithm. Each of these stages contributes to
progressively refining the laminate design, guiding it from an initial conceptual configuration toward a
manufacturable geometry that satisfies both performance and production requirements. The complete
methodology is illustrated in Figure 3.1.

Free-size Two-level Patching of the Optimization

Optimization Clustering geometry

Figure 3.1: Methdology workflow.

The central aim of the workflow is to translate the results of free-size optimization into a design that
can be realized in manufacturing. The process begins with a problem definition, which may involve
components from the aerospace industry such as a composite lavatory panel, lug, or beam. During
free-size optimization, the designer specifies requirements such as allowable failure index, laminate
thickness, and stacking sequence, while typically using compliance or mass minimization as the opti-
mization objective of the optimization.

Following this stage, clustering algorithms are applied to group finite elements into zones. The purpose
of clustering is to achieve a more homogeneous thickness distribution across the structure, while also
reducing local variability. The number of clusters has a direct impact on both mechanical performance
and manufacturability, and the outcome of this step is a zone-based finite element model with updated
element information.

The methodology then proceeds with the patch definition stage, in which the finite element model
is translated into a geometry that can be directly used in manufacturing. To achieve this, custom-
developed algorithms generate a manufacturing mesh and determine the number of layers based on
user-specified parameters such as tape width and minimum placement length. The output is a patch-
wise representation of the structure that includes information on segment locations, dimensions, and
the number of layers assigned to each orientation (0°, +45°, and 90°).

The final stage involves optimization using a genetic algorithm, which aims to minimize the mismatch
in stacking sequences between the patch-wise definition and the clustered finite element model. By
reducing this error, the patch-wise model definition aims to reproduce the weight and in-plane stiff-
ness distribution of the clustered model with high fidelity. In the following sections, each stage of the
methodology will be discussed in detail.

22
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3.1. Free-size Optimization

The first stage in this process is the free-size optimization, which will be discussed in detail here. Free-
size optimization is an approach conceptually related to topology optimization and is implemented in the
commercially available software package Altair HyperWorks. In topology optimization, the optimization
procedure discretely varies the thickness of each finite element between predefined values, resulting
in a geometry that is either at a minimum or maximum thickness for each element. The minimum of the
interval can be changed as a setting. Free-size optimization, by contrast, permits continuous variation
of the element thickness within a user-defined range. This continuous variation can produce a smoothly
varying thickness distribution across the design domain, which can lead to more structurally efficient
solutions. In figure 3.2 an example of applying topology and free-size optimization can be seen on a
cantilever plate. In sub-figure 3.2(a) the definition of cantilever plate can be seen with the left side edge
being fully constrained in all degrees of freedom and a point load applied on the right side edge. In
sub-figure 3.2(b) the resulting thickness distribution can be seen for topology and free-size optimization,
where for thickness distribution the color red corresponds to maximum and blue for minimum thickness.
In sub-figure 3.2(b) the topology optimized results in a truss like design, while the free-size results is
smoother variable thickness design.

((a)) Cantilever plate. ((b)) Topology(left) vs Free-size optimization(right).

Figure 3.2: Altair Hyperworks topology and Free-size optimization[2].

In figure 3.3 a compliance comparison can be seen for topology and free-size optimized result.
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Figure 3.3: Compliance of Topology and Free-size results[1].

A further advantage of using Altair HyperWorks for free-size optimization is that it produces an output
containing a spatially varying stacking configuration over the geometry. However, it is important to
note that this output does not correspond to a discrete laminate stacking sequence; rather, both the
stacking configuration and total element thickness vary continuously on an element-by-element basis.
Therefore indirectly providing a design with varying stacking order.Consequently, while the free-size
optimization provides a useful preliminary design iteration, the resulting configuration requires further
postprocessing. The further processing entails of manually dividing zones and running iterative studies
on the zone division, the iterative studies take up a large amount of time.

Despite these limitations, free-size optimization serves as an effective starting point in the design work-
flow. It is capable of accommodating multiple design variables, objectives, and constraints, including
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displacement limits, stress constraints, and failure criteria. The optimized results can be directly ex-
ported in the Ansys MAPDL CDB file format, enabling straightforward import into PyMAPDL for subse-
quent stages of analysis and optimization. During the Ansys conversion the model is defined in Shell
181 elements[28]. This interoperability facilitates integration into a broader automated design pipeline,
ensuring that the free-size optimization stage can be seamlessly connected with later stages of the
workflow.
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3.2. Two level clustering

The imported CDB file must satisfy a set of predefined assumptions to ensure that the developed
code can process the data correctly. These assumptions primarily concern the organization and com-
pleteness of the model data, which is extracted from the CDB file and stored as a Python-based data
structure for subsequent processing.The main assumption is the exported finite elements shape. The
subsequent algorithms assume quadratic constant edge length finite elements. Within the two-level
clustering procedure, the first stage focuses on thickness clustering, followed by stress-based clus-
tering. The thickness clustering is carried out using a k-means clustering algorithm. This algorithm
identifies the elements whose thickness value is closest to the mean of the cluster and iteratively as-
signs elements to clusters. In this study, the number of thickness clusters is not fixed to a single value
but is instead varied within a predefined range in order to investigate its influence on the final results.
As discussed previously, the thickness distribution obtained from the free-size optimization does not
correspond to a discretized laminate stacking sequence. Therefore, clustering serves as an interme-
diate step toward discretization. The process of grouping the continuous thickness field into discrete
categories, followed by the definition of corresponding laminate layups, is illustrated in Figure 3.4. In
figure 3.4 the processing steps to discretize can be seen from the free-size results. The left side illus-
trates the thickness over the geometry and one element as an example. The middle corresponds to
the zone division example in which the design is divided into zones with red crosses illustrating the
zone centers. The right side illustrates the discretized laminate stacking order. This transformation is
essential for bridging the gap between the free-size optimization output and a suitable composite lami-
nate configuration for manufacturing.The number of layers in the stacking order is defined by equation
3.1, the number of layers is rounded up to the nearest integer.

Larminate
Discretization

Zone Division

Figure 3.4: Thickness clustering and laminate discretization.

free-size thickness

b ! =
number of layers ply thickness

(3.1)

Since the thickness clustering groups elements based solely on their thickness values, the resulting
clusters may still contain elements with varying layup characteristics. To enhance the uniformity of the
elements within each thickness cluster, a subsequent stress clustering step is performed. The overall
procedure of the stress clustering algorithm is illustrated in Figure 3.5. The first step involves calculating
the homogenized principal stress angle for each cluster in principal direction 1 and 2 namely in plane, as
defined in Equation 3.3. In cases where multiple stress clusters exist within a single thickness cluster,
this homogenized angle is computed individually for each stress cluster.Using the homogenized angle
as a reference, the algorithm calculates the angle deviation of each element relative to this mean
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orientation. The orientation of the principal stresses are determined in equation 3.2:

2T,
2p = —1a
LA — =

(3.2)

,where ¢ is the principal angle, 7., element shear stress, S, and .S, are the normal stresses on an
element level. The principal angle is used in equation 3.3 and equation 3.4. This deviation is then
compared to a user-defined allowable angle deviation threshold. The number of stress clusters is in-
crementally increased until every stress cluster exhibits an angle deviation below the specified limit
or until a maximum predefined number of clusters is reached. For each cluster, the dominant angle
is selected based on minimizing the angle deviation, as detailed in Equation 3.4. A low value of the
clustering deviation metric cd; indicates that the elements within the cluster align well with one of the
principal directions. The direction 1 or 2 is chosen based on which cd, or cd, takes a smaller value. For
the rest of division based on stress the direction dominance is kept the same. Meaning if direction 1 is
chosen then further division principal stress 1 values are used. Then accordingly, the clustering algo-
rithm selects the elements with the highest stress from the cluster in this direction as a representative
of the cluster.

This stress clustering approach is conceptually based on the local reinforcement algorithm presented
by Berges et al. [4], which aims to identify and reinforce critical regions within the laminate by grouping
elements according to their stress orientations. By combining thickness and stress clustering, the
methodology ensures that clusters are not only similar in thickness but also exhibit consistent stress
characteristics, which is essential for defining effective and manufacturable patch geometries.

1
¢i = m'zwi*fﬂ (3.3)

,where ¢; the homogenized angle is the mean of principal angles ¢;. o; are the principal stresses in

their respective clusters.
- Ji
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Figure 3.5: Stress clustering algorithm.

3.3. Patching Algorithm

The postprocessed results obtained from the free-size optimization are not directly suitable for manu-
facturing due to the presence of large variations in thickness across the geometry. While the two-level
clustering approach, comprising thickness and stress clustering, serves to homogenize the finite ele-
ments and reduce these variations, further transformation of the geometry is necessary to produce a
design that can be reliably and efficiently manufactured using automated processes.

3.3.1. Manufacturing mesh generation

The initial step in adapting the optimized geometry for manufacturing involves the generation of a man-
ufacturing mesh. The input geometry is provided as an STL file, which is then discretized into a set of
elements and segments based on the manufacturing constraint geometry. These constraints include
the tape width and the minimum allowable placement length, which dictate the granularity and layout
of the manufacturing mesh. The manufacturing mesh is composed of right-angled triangular elements.
Figure 3.6 depicts one an example of manufacturing mesh for 0°, 90° orientation. In the manufacturing
geometry as segment is defined as a continuous collection of elements upon which a single tape layer
can be deposited during the tape laying process. The segment for 0° and 90° The dimensions of each
element—its width and height—are directly derived from the tape width and the minimum placement
length, respectively, ensuring compatibility with the physical capabilities and limitations of the tape lay-
ing equipment. Since the segment have to be deposited in a diagonal direction for +45° orientation.
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Therefore manufacturing mesh differs in the triangular element configuration in figure 6.2 the manufac-
turing mesh with few elements is illustrated for 0°,90° and the +45° orientation.

It is important to note that the manufacturing mesh varies depending on the tape orientation used. For
orientations +45° the tape width and minimum placement length must be carefully matched during
the mesh generation process to maintain consistency in the geometry. The manufacturing mesh is
orientation specific. A self-developed algorithm allows the user to define other angles as well, however
for angles other than 0°, +45°, 90° further work is necessary. This orientation-specific meshing is crucial
to accurately capturing the manufacturing geometry constraints and ensuring that the tape layers can
be laid down according to orientations.
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Figure 3.6: Manufacturing mesh illustration for 0°,90° orientation.

The element sizes in the finite element mesh and the manufacturing mesh differ, necessitating the im-
plementation of a layer assignment function to accurately transfer design information between these
meshes. This layer assignment function operates by calculating weighted contributions based on
the overlapping areas between the finite elements and the manufacturing mesh’s triangular elements.
Specifically, the function uses area-based weighting coefficients, as defined in Equation 3.5, to deter-
mine the effective contribution of each finite element toward the layer count of the manufacturing mesh
elements. The total number of layers assigned to each triangular element in the manufacturing mesh
is then computed according to Equation 3.6, which aggregates these weighted contributions. Further-
more, if the user of the code requires a transfer sensitivity can be calculated to gather information about
the transfer sensitivity shown in equation 3.7. In the further analysis this metric was not used due to
the use of normalized lamination parameters, which will be used in later section 3.4. In figure 3.8 an
illustration can be seen for the overlap between the manufacturing mesh and finite element mesh. In
the illustration the manufacturing mesh is represented with two elements a and 5. The finite elements
are represented with four element 1, 2, 3, 4 with assigned number of layers 10, 12, 15 and 13. In equation
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Figure 3.7: Mesh illustration for comparison of 0°,90° vs +45° orientation.

3.8 an example calculation can be seen representing the case in figure 3.8. In the example calculation
element 1 has 75% coverage and element 2 has a 25% resulting in an approximate of 11 layers for
element « in the manufacturing mesh. It is apparent that the example is oversimplified but illustrates
the idea of the method to assign the number of layers to a manufacturing mesh’s elements.

Following this initial layer assignment, a secondary filtering algorithm is applied. This algorithm iterates
through neighboring triangular elements within the manufacturing mesh and adjusts their assigned
layer numbers by assigning the maximum value found among adjacent elements to both elements
in the pair. In figure 3.9 the neighboring elements are illustrated for manufacturing mesh of 0°,90°
orientation. For the orientations of +45° orientation an illustration can be seen in figure 3.10. This step
ensures the manufacturing mesh elements numbers are consistent for neighbours, which is essential
for manufacturability and reliable tape laying. The filtering process thus enforces a conservative layer
assignment that respects manufacturing constraints, preventing potential issues such as a mismatch
between the neighboring elements number of layers in manufacturing mesh.’
Ainverlap
wi; = yy (3.5)

, Where w;; is overlap weight coefficient.A‘Z?j’.’e”“p are the overlap area with a specific finite element and
A; are the area of the manufacturing mesh.

Pj:Zwij-Pi (36)

,where P; is the number of layers in the manufacturing mesh element, P; are the number of layers in
the finite element mesh.

S:Zwij|Pi_Pj| (37)
,where S is the transfer sensitivity.
1 2
10 12
+ 3 4 >
15 13

Figure 3.8: Element overlap of manufacturing element(a,b) and four quadratic finite elements of varying amount of layers.

Elementa :10-0.75+ 15-0.25 = 11

3.8
Elementb :12-0.40 + 13- 0.60 = 13 (3.8)
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Neighbouring elements
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Figure 3.9: lllustration of neighboring elements and layer reassignment.

Vertical neighbouring elements

Horizontal neighbouring elements

Figure 3.10: lllustration neighboring elements for 45° orientation.

In figure 3.11 a manufacturing mesh is shown. Similar manufacturing mesh can be generated for the
varying designs. The example shows here is with a coarse tape width of 50mm.
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3.3.2. Patch generation

Following the generation of the manufacturing mesh, the number of resulting elements can vary signif-
icantly depending on the tape laying dimensions and geometric complexity. Given that each element
can contain multiple orientations, the volume of model information becomes substantial. Directly opti-
mizing thousands of elements and their orientations using a genetic algorithm would be computationally
prohibitive and inefficient. To address this challenge, a patching algorithm has been developed to re-
duce the model complexity while preserving essential design features and information.

The patching algorithm operates by handling each fiber orientation independently. For each orientation,
a dedicated patch library is constructed, which encapsulates key geometric and design parameters for
each patch. Specifically, the patch library stores the center coordinates (Cx,Cy), width w, and length [
of each patch. Additionally, the number of layers and the corresponding fiber orientation associated with
each patch are recorded. This structured representation enables the reduction of the model’s dimen-
sionality by grouping elements into larger, uniform regions—referred to as patches—thereby simplifying
the optimization problem.

The overall workflow of the patching algorithm is illustrated in Figure 3.12. By employing this patch-
based description, the model can be efficiently represented with significantly fewer variables, making it
more tractable for genetic algorithm optimization while maintaining fidelity to the original manufacturing
constraints and design intent. Based on the patch library, the genetic string for the genetic algorithm

Finding lowest n
of layers

Finding elements with
lowest n of layers

Generating segment information(

Patch generated

_Alllayers No

~ processed @ >

?

lyes

Next orientation

Figure 3.12: Patching algorithm workflow.

(GA) can be constructed. Each entry in the genetic string corresponds to the number of layers assigned
to a specific patch within the model. During the optimization process, variations in the genetic string
effectively modify the number of layers for each patch, thereby altering the overall stacking sequence
and laminate configuration of the design. This representation enables the GA to explore a wide range
of laminate designs by adjusting the layer distribution at the patch level, rather than at the level of
individual elements, significantly reducing the complexity of the optimization problem.
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3.4. Optimization Employing a genetic algorithm

The fitness function employed within the genetic algorithm is formulated to evaluate the mismatch er-
ror between the target lamination parameters and those of the current design iteration. By minimizing
this mismatch, the GA seeks to produce laminate configurations that closely align with the desired
mechanical and manufacturing requirements similar to the design input, ensuring optimal structural
performance, while adhering to manufacturing constraints. In a symmetric and balanced stacking se-
quence, out of the four normalized lamination parameters (V1, V5, V5, V) only two parameters,V; and
V3, are non-zero [26]. These parameters are defined as follows:

N
1
Vi=o >ty cos(261) (3.9)
k=1
1
Vs= kz_ltk cos(46y,) (3.10)

where Njrepresents the total number of layers, t,is the thickness of the k-th ply, 6, denotes the ply ori-
entation, and & is the total laminate thickness. These normalized lamination parameters typically range
between -1 and 1. Figure 3.13 illustrates the feasible values of the lamination parameters depending on
the stacking sequence. For the scope of this thesis layups of consisting four orientations(0°,+45°,90°)
will be use mainly. The genetic algorithm is initially tested with orientations consisting only 0° and 90°
orientation. The lamination parameter calculation requires a stacking order. The finite element model’s
stacking order is easily retrieved through PyMAPDL. However, the patch-wise definition of the model
requires a self-written stacking order retrieval function. The function to build the stacking order con-
structs a segment element map. The segment element map contains information about the specific
finite elements that the segment overlaps. For thesis it was assumed that the finite elements center
coordinate is used for the construction of the segment overlap.

The genetic algorithm’s fitness function is based on the calculation of an error metric quantifying the
deviation of the current design’s lamination parameters from the target values. This error is computed
using the Symmetric Mean Absolute Percentage Error (SMAPE), whose formulation is given in Equation
3.11. SMAPE is evaluated for each element individually, and the resulting errors are averaged over the
entire design domain to yield a global fitness score used in the optimization process.

The choice of SMAPE over the more conventional Mean Absolute Percentage Error (MAPE) is moti-
vated by its improved numerical stability, particularly near zero values of lamination parameters. As
observed in Figure 3.13, certain quasi-isotropic layups can yield V; and/or V3 values close to zero. In
such cases, MAPE may produce disproportionately large error percentages, approaching infinity, even
for minimal differences involving only one or two plies. SMAPE avoids this issue by symmetrizing the
percentage error calculation, resulting in a more robust and reliable measure of lamination parameter
mismatch during the optimization.
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Figure 3.13: Miki's lamination diagram[26].
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Table 3.1: Genetic Algorithm parameters.

Genetic algorithm parameters
Parent Selection Method Tournament
Cross Over Method Scattered
Mutation Method Random mutation
Range of values 0-50
SMAPEY, — —opected —given] (3.11)

(lexpected| + |given|)/2

During the genetic algorithm (GA) optimization, the patching information evolves with each generation
within the population. For every individual in the population, the lamination parameters are computed for
both the finite element mesh and the manufacturing mesh. The Symmetric Mean Absolute Percentage
Error (SMAPE) is then calculated for each lamination parameter and averaged across all elements.
Once these errors are obtained for all individuals, their overall average and standard deviation are
computed to characterize the population’s performance.

The fitness function used to evaluate each candidate solution is expressed in Equation 3.12. Notably,
this function is formulated as a maximization problem. Although optimization tasks are traditionally
framed as minimization problems, the Python genetic algorithm library utilized in this thesis, PyGAD
[21], requires fithess functions to be maximized. This convention necessitates the inversion or transfor-
mation of the error metric accordingly. Furthermore, in equation 3.12 the desired output represents a
user-defined value. The goal of the desired output is to set a value such that the fitness function could
have earlier convergence. As an example the optimization problem could lead to an average error of
0%, but the desired output of 10% could lead to an earlier convergence.

Several GA parameter settings employed in this work are summarized in Table 3.1. The discrete na-
ture of the design variables—specifically, the integer values corresponding to the number of layers per
patch—makes the genetic algorithm particularly well suited for this optimization problem. Throughout
each generation, the GA evaluates the lamination parameter mismatch error for every element in both
the finite element and manufacturing meshes, averaging these errors to obtain a global metric. The
optimization process, therefore, effectively minimizes the average lamination parameter error across
the entire geometry, guiding the search toward laminate designs that meet both performance and man-
ufacturability criteria. .

-1 A2
1+ |Avg. error — desired output| 00 (3.12)

Fitness =




Results

In this chapter, the results of applying the proposed methodology to a cantilever plate and a Messerschmitt-
Bolkow-Blohm(MBB) beam are presented and discussed in detail. The analysis begins with an exami-
nation of thickness and stress clustering, focusing on how variations in the number of clusters affect the
results. The performance of the clustering algorithm is evaluated based on its ability to group elements
according to their thickness and stress characteristics.

For the stress clustering, additional attention is given to evaluating how well the underlying assumptions
translate into practical design parameters, such as the determination of the number of layers, and how
effectively the resulting clusters capture the primary load paths within the structure.

Finally, the performance of the genetic algorithm is assessed by examining changes in both the average
values and the standard deviations of the results, comparing outcomes before and after the application
of the algorithm to determine its impact on the clustering quality and overall optimization.

4.1. Test cases and free-size optimization input

The algorithm workflow, along with the capability of the genetic algorithm to reduce the mismatch error
relative to the target lamination parameters using a geometry defined by manufacturing constraints
will be validated through a representative test case. The selected cases are the cantilever plate and
the MBB beam, a well-known benchmark problem in structural optimization. Traditionally a composite
plate would be not loaded as shown in figure 4.10. The case is shown to generate a model with varying
thickness and additional parameter such as buckling problems are not taken into accounts. The MBB
beam case study shown in the thesis will be containing four orientations(0°,£45°,90°). Additionally, an
initial result of square plate will be shown containing of only 0° and 90 orientation, which was made at
the earlier stages of the thesis as initial demonstration of the thesis methodology.

Throughout the report, the material properties of a unidirectional tape, as specified in Table 4.1, will be
consistently used. The free-size optimization models generated in Altair Hyperworks and their corre-
sponding results serve to exemplify the input data and conditions for the proposed design methodology.
While alternative free-size optimization results may be generated for other industrial applications, the
fundamental workflow and procedural steps of the design methodology remain consistent and applica-
ble across different cases.

35



4.7. Initial Test Results 36

Table 4.1: Material Values.

Material constant | Value

B, 127700[M Pal
Ey 7400[M Pa]
G2 6900[M Pa]

p 1.8t/mm3

X 1717[M Pa]
X, 1200[M Pa]
Y; 30[M Pa]

Y, 216[M Pa]

S 33[M Pa]

4.2. Initial Test Results

The goal of the initial results is to demonstrate the initial clustering based on total thickness and the
stress based clustering. Furthermore, the robustness of the optimization will be shown for the initial
results cantilever plate. The initial model is a 500by500mm cantilever plate fully constrained left edge
and a downwards load applied along the right edge. The cantilever plate is illustrated in figure 4.1.
The material data is the same as the one shown in table 4.1 and the simulation parameters can be
seen in table 4.2. In the initial cantilever plate the only orientation present are 0° and 90° degrees in
a balanced stacking order with the same amount of 0° and 90°. During the optimization process since
only two orientations are present only one lamination parameter was used for the error calculation. In
figure 4.2 the Altair Hyperworks model can be seen. As previously mentioned the left side edge is
fully constrained and a 5000V load is applied on the right edge. In figure 4.3 the element thickness
distribution can be seen for the cantilever plate as a result from free-size optimization. The individual
thickness distribution for orientation of 0° and 90° are not shown, because the orientation are set to be
balanced therefore the overall distribution does not change only in values.

Figure 4.1: Cantilever plate illustration.

Table 4.2: Simulation Parameters for Cantilever plate.

Simulation parameters Value
Force 5000[N]
Ply thickness free-size optimization | 5[mm]
Volume fraction constrain 0.6
Failure index constraint 1

In figure 4.4 the clustered plate can be seen based on total element thicknesses. The design has been
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Figure 4.2: Altair Hyperworks model of cantilever plate
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Figure 4.3: Free-size total thickness distribution of cantilever plate.

clustered in 4 zones. First in figure 4.4 it can be observed that a horizontal symmetry is conserved
similarly to free-size result in figure 4.3. Furthermore, in figure 4.5 the stress clustered layer distribution
can be seen per orientation. The horizontal symmetry still holds. After the initial results it was concluded
that the next step in the optimization is the increase in number of thickness and stress clusters.

In figure 4.6 the number of thickness clusters has been increased to 9. Similarly to figure 4.4 the zone
division holds the horizontal symmetry. Furtherin figure 4.7 it can be observed that with allowing 3 stress
cluster per thickness cluster the symmetry is broken. In subsection 4.3.2 a similar loss of symmetry
occurs. In the thickness clustering the division is based on total element thickness. In figure 4.4 the
thickness distribution shows variance but larger areas with similar thicknesses are present. Data with
large variance can show complications in the use of the clustering algorithm in poor zone shapes for
the division. However, in figure 4.4 and figure 4.6 for the initial zone division the clustering algorithm
performs quite well. The loss of symmetry more likely stems from the stress clustering algorithm. In
the stress clustering the principal direction are calculated by equation 3.2, which makes use of stress
outputs in a global coordinate system. The use of principal angle in a local coordinate system could
lead to the symmetry loss since the local and global coordinate system can be miss-aligned. However,
in MAPDL the stress outputs S,,5, and S,, by default are in the global coordinate system for shell
element 181[28]. Therefore the miss-match between a local and global coordinate system is unlikely
to cause the loss of symmetry. During the stress clustering algorithm the dominating principal direction
is chosen based on the deviation metric cd;. The dominating principal direction once is decided is
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Figure 4.4: Cantilever plate clustered into 4 zones based on total element thickness.
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Figure 4.5: Initial results clustered per orientation

kept during for the rest of the zone division. During the further zone division the direction dominance
could change, since in larger thickness zone the elements’ alignment might not correspond to just one
direction once more zones are introduced. This could lead to loss of symmetry in the zone division.
The improvement of this stress clustering algorithm is a difficult problem and out of the scope of this
thesis and recommended for future work.

The next step in the methodology is the application of the genetic algorithm on the patch-wise definition
of the geometry. For the initial results the cantilever plate the layup contains balanced stacking order of
the 0° and 90° orientation. To test the genetic algorithm separately the free-size result was translated
directly into a manufacturing geometry with a tape width of 20mm without clustering. The genetic string
contains the initial information for both 0° and 90° patches. Therefore change in the genetic string entry
would change information for both orientation patches.

In table 4.3 the initial error and standard deviation can be seen for the cantilever plate before and after
optimization. The decrease in error is quite low meaning the initial manufacturing geometry was quite
close to the finite element model. Furthermore, in figure 4.8 and figure 4.9 the error distribution can be
seen before and after the optimization. The highlighted elements with light blue border are the elements
corresponding to values of outside of one standard deviation. The error values are comparable on the
low side, because due to the 0° and 90° balanced stacking order. Furthermore, the tape width and the
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Figure 4.6: Cantilever plate clustered into 9 zones based on total element thickness.
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Figure 4.7: Cantilever plate 9 thickness zone and 3 allowed stress cluster per zone.

lower variation in thickness allowed the tape width allowed the layer assignment function to follow the
initial design well. After optimization the error decreases meaning the optimization is successful in terms
of trying to match the input of the genetic algorithm. For the change in thickness the performance of the
genetic algorithm can be evaluated based on the genetic string values. In table 4.4 the genetic strings
can be seen before and after the application of the optimization. After optimization the resulting genetic
string shows the some of the patches containing one plies are added to some of the existing patches.
This indicates that during the optimization due the patch generating algorithm the genetic algorithm
effectively reassign the patches, while resulting in patch definition that closer to the input. Based on
this initial results the decision was made to increase the complexity of the problem by including further
orientations. In the next section the MBB beam will be used, where the methodology is further tested
with varying clustering definitions and tape widths.
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Table 4.3: Cantilever plate initial optimization

Configuration Error and Standard deviation | Error and Standard deviation
before GA after GA
Cantilever plate error 7.17% error 7.05%
std 10.98 std 11.64
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Figure 4.8: Cantilever plate error distribution before optimization.

Table 4.4: Genetic String before and after optimization.

Genetic String

Before optimization | [1252111261111]

After optimization [1251015280000]

Error (%61
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Figure 4.9: Cantilever plate error distribution after optimization.
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4 3. MBB Beam

In figure 4.10 an MBB Beam illustration can be seen, where the L correspond to the length and in the
thesis will be L = 100mm. The model was generated in Altair Hyperworks and optimized in free-size
optimization using Optistruct. The input and simulation parameters can be seen in figure 4.10 and table
4.5. The ply thickness input corresponds to the starting thickness at the start of the optimization. A
further simulation parameter not shown in table 4.5 is the minimum allowable density . The minimum
allowable density by default is set to be 10% of the starting ply thickness. For the generation of the free-
size result the minimum allowable density is set to be 10~*.The resulting total thickness distribution can
be seen in figure 4.12. The thickness varies between of a maximum thickness of 16mm and minimum
of 3.4 - 10~3mm. In figure 4.12 the maximum thickness is assigned to certain areas. Better free-size
results, where the maximum thickness does not occur are possible to generate. However, due to time
limitation and small relevance to the over goal of the thesis smaller time were spent on the generation
of the free-size results. In the case of this thesis the maximum thickness is assigned to the top and
bottom edge of the beam. In figure 4.13 the thickness distribution for one 0° orientation ply can be seen.
The thickness distribution shows the upper and bottom edge has the maximum thickness assigned.
The upper edge of the beam is under tension loading, while the bottom edge is under compression.
Therefore, the assignment of maximum thickness in the upper and bottom edge of 0° orientation is
sensible. In figure 4.14 the thickness distribution can be seen for +45° orientation can be seen. The
maximum values occur on the top and bottom edge similarly to figure 4.13. Further areas of maximum
of the +45° orientation correspond to areas where the load path connects force application location
to the corners. In figure 4.15 the thickness distribution the maximum thickness areas correspond to
the same areas as for 0° orientation. Following the free-size optimization, as previously described, the
results are exported as an ANSYS CDB file. This file is then imported into the Python environment for
further processing. Upon import, the design is discretized and subjected to both thickness and stress
clustering algorithms.

"-I':""' 4 L ey -.-I‘..-
Figure 4.10: MBB Beam load case, boundary conditions and dimension ratios[29].

Table 4.5: Simulation Parameters.

Simulation parameters Value
Force 5000[N]
Ply thickness free-size optimization | 2[mm]
Volume fraction constrain 0.6
Failure index constraint 1
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Figure 4.11: Altair Hyperworks model of MBB Beam.
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Figure 4.13: Thickness distribution of 0° orientation.
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Figure 4.14: Thickness distribution of +45° orientation.
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Figure 4.15: Thickness distribution of 90°orientation.

4.3.1. Test Plan
In the thesis the MBB Beam will test three parameters. The influence of the number of thickness and

stress clusters and change of manufacturing parameters. The manufacturing parameters are the tape
width used to define the manufacturing mesh. In table 4.6 the test plan can be seen. Furthermore,
two additional tests are run. First, a run with finer finite element mesh, which has been determined

necessary based on the initial results in the MBB clustering section.

Table 4.6: Test definitions.

Beam MBB Beam

Number of thickness clusters [4,16,32]

Number of allowed stress clusters [1,4,16]

tape width[mm] [50,25]

Finer finite element mesh with small tapewidth | 10000 elements, 10mm tape width
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4.3.2. MBB Beam Thickness and Stress Clustering Variation

In this section the results will be shown for varying number of thickness and allowed stress clusters. The
goal of varying the number of clusters to see performance of clustering based on total element thick-
ness. Furthermore, in the initial result the loss of symmetry has been shown. The MBB beam contains
four orientation(0°,£45°,90°) compared to the initial results of two orientations(0°,90°). The addition of
further orientation makes the design more complex, therefore the clustering study is necessary for the
main topic of this subsection.

Thickness clustering
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Figure 4.16: Thickness clustering number of cluster 4.

The thickness clustering uses K-means clustering algorithm, which makes use of the LLoyd clustering
default setting. The number of thickness clusters are set to be 4,16 and 32. Figure 4.16 presents the
results of the thickness clustering. When compared to the overall thickness distribution, the clustering
algorithm with four clusters effectively captures the symmetry observed in the thickness distribution
obtained from the free-size optimization. Despite this overall agreement, certain elements do not align
closely with their assigned clusters. These elements, which will hereafter be referred to as rogue
elements, appear separated from the main body of their respective clusters. Their occurrence can be
attributed to the intrinsic characteristics of the thickness distribution. A close up illustration of rogue
element can be seen in figure 4.17, where the rogue elements can be seen in the circle not connected
to the green cluster.

Figure 4.17: Close up lllustration of rogue elements.
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As shown in Figure 4.12, some regions exhibit notably low thickness values, while the distribution as a
whole demonstrates substantial variability. Highly variable data pattern is characteristic of anisotropic
data distributions [12], where the data does not conform to uniform variance in all directions. This
anisotropy influences the clustering results and contributes to the presence of rogue elements. Ad-
dressing these effects would require further refinement of the clustering methodology, which forms a
key component of the planned future development of this study.
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Figure 4.18: Thickness clustering number of cluster 16.

Figure 4.18 illustrates the clustering results for the case with 16 clusters. The overall symmetry of the
model is maintained; however, the issue of rogue elements persists. In this configuration, a greater
number of elements deviate noticeably from their respective clusters, making the presence of rogue
elements more pronounced compared to the four-cluster case.

In contrast, Figure 4.19 shows the clustering results for 32 clusters. While challenges related to cluster
division remain evident, the number of rogue elements is less pronounced than in the 16-cluster case,
suggesting a partial improvement in cluster cohesion as the number of clusters increases. Further,
comparing figure 4.16, figure 4.18 and figure 4.19 it can be seen that with the increasing number of
clusters the symmetry compared to the free-size results introduced at the start of the results section is
lost.

Stress Clustering for 4 thickness clusters.

For the stress clustering, the number of allowed clusters is varied between 1, 4, and 16. The primary
objective of stress clustering is to achieve a more uniform distribution within the thickness clusters by
accounting for stress variations.

Figure 4.20 shows the stress clustering results per ply orientation for the case with a single allowed
stress cluster. For the 0 and 90 orientations, the thickest regions are correctly identified compared to
figure 4.13, figure 4.15 and assigned in critical areas, ensuring adequate reinforcement where it is most
needed. However, for the 45 orientation, the limited number of stress clusters prevents the algorithm
from accurately following the thickness distribution seen in figure 4.14. As a result, the necessary num-
ber of layers cannot be effectively assigned to crucial locations, leading to suboptimal representation
of the stress distribution in this orientation.
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Figure 4.19: Thickness clustering number of cluster 32.

0° Layers total number 0 +45° Layers total number 90° Layers total number

100 28

80 80

60 60

(=
Number of Layers

-
2
o
2
=]
c
o
O

Centroid Y

40 40

Centroid Y

20 20

N}

0 ! 0 !
200 300 400 0 100 200 300 400 0 100 200 300 400

Centroid X Centroid X Centroid X

100

Figure 4.20: 4 thickness clusters and 1 thickness clusters allowed.

In figure 4.21 the 4 stress clusters allowed per orientation. In the case of 0 degree orientation the lower
left corner the layer assignment assign a low number of 0 layers. Furthermore, 90° degree orientation
the layer assignment the middle section have less layers, which compared to the original free-size result
shows mismatch. The +45° orientations show minimal improvement, however the load path shows a
diagonal direction from the middle section of the plate to the bottom corners noticeable in figure 4.14.

In figure 4.22 the 16 stress clusters allowed per orientation can be seen. Firstly it can be observed that
the symmetry for all of the orientation are lost compared to the thickness clustering results. Further-
more, the rogue elements are still present due to clustering. The rogue elements in figure 4.22 can be
identified the by singular different color elements in the middle of another section.

4.3.3. Stress Clustering for 16 and 32 thickness clusters.

The result for 16 and 32 thickness cluster will be discussed together. In figure 4.23 the 32 thickness
cluster and 1 allowed stress cluster case can be seen. The results for 16 thickness clusters and 1
stress cluster can be seen in figure 4.24. Comparing the two figures 4.23 and 4.24 it can be seen that
for 1 allowed stress cluster the resulting layer distribution will be different. However, comparing later
clustered design the resulting distribution after clustering converges to a similar result at higher number
of stress clusters. This can be seen in figure 4.25 and figure 4.26.
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Figure 4.21: 4 thickness clusters and 4 thickness clusters allowed.

+45° Layers total number

0° Layers total number

Centroid Y

300

Centroid X

90° Layers total number

200 200 ‘ 0 100 200
Centroid X Centroid X Centroid X

Figure 4.22: 4 thickness clusters and 16 thickness clusters allowed.
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Figure 4.23: 32 thickness clusters and 1 thickness clusters allowed.
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Figure 4.25: 32 thickness clusters and 4 thickness clusters allowed.
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Stress Clustering 10000 elements.
In the previous subsection the presented results are with finite element mesh of 5000 elements. The
number of element was chosen after a convergence study of free-size optimization. However, after
analyzing the initial results and the presented problems such as the rogue elements and difficulty of
the stress clustering algorithm to follow the load path a finite element mesh with increased number of
elements has been generated. The finer finite element model has a total 10000 quadratic elements. In
figure 4.27 the case for 4 thickness and 4 allowed stress clusters can be seen. The rogue elements
do not disappear, which indicates that simply increasing the number of elements does not help for
better division of thickness clusters. As previously mentioned the anisotropic distribution indicates that
more research is necessary and additional refinement for the stress clustering algorithm. The loss of
symmetry that has been shown previously also occurs in the case of finer mesh. Meaning a simple
refinement of mesh does not result in the stress clustering algorithm performing better. The assumption
of the choice of dominating direction and therefore choosing the elements for the clusters needs revision
for future research especially regarding taking into account the anisotropic layup of the elements.
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Figure 4.27: Stress clustered per orientation starting mesh vs finer mesh.
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Figure 4.28: Error and standard deviation comparison for varying number of thickness and stress clusters for 50mmtape.

4.3.4. Error distribution for thickness and stress variation.

In this section, the results of applying the genetic algorithm to the thickness and stress cluster test
cases are presented. The evaluation focuses on how effectively the algorithm reduces error, how
clustering influences the outcomes, and how manufacturing constraints—specifically tape width—affect
the results. The primary metrics for comparison are the reduction in average error, the change in
standard deviation and the variation in the number of elements exhibiting maximum error.

The first set of test cases considers a 50 mm tape width, with variations in thickness and stress cluster-
ing, as summarized in Table 4.7. The high value of error distribution does not mean that the elements
are a 100% meaning the stacking order as an example has double the amount of layers. In the error
calculation method SM APE the denominator has % fraction in the formula that changes the overall
scale to 0 — 200%

Before the application of the genetic algorithm, it is observed that the overall error mismatch increases
slightly with an increasing number of clusters. This minimal increase can be attributed to the relatively
large 50 mm tape width, which limits the resolution of the manufacturing process and thereby constrains
the potential for significant improvement through clustering alone. However, in the case of four thick-
ness clusters combined with four allowed stress clusters, the initial error is noticeably smaller compared
to the other 50 mm test cases. This can be explained by the alignment between the clustered design
and the manufacturing mesh at this particular configuration, which allows for a better match between
design intent and manufacturing geometry. However in the case of 32 thickness clusters the error is
lower than 16 thickness clusters. The change in error can be seen in figure 4.28. In figure 4.28 the error
and standard deviations can be seen before and after the optimization has been applied.Furthermore,
figure 4.28 contains information regarding different thickness and stress clustering number as well. The
number thickness cluster can be on the top of the sub-figures and the number of allowed stress clusters
on the bottom axis in sub-figures. In figure 4.28 it can be seen that for most cases the overall standard
deviation increases, which is due to an increase in the number of larger error elements. Furthermore,
the overall error after the genetic algorithm has been applied shows a decrease.

After applying the genetic algorithm, the error percentage for all 50 mm cases is successfully reduced.
Nevertheless, this improvement is accompanied by an overall increase in the standard deviation, due
the reduction of high error elements and increase in low error elements. To illustrate how the distribution
of error changes, two representative examples are presented in the following discussion.
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Table 4.7: Error Results with 50mm tape width.

Configuration Error and Standard deviation | Error and Standard deviation
before GA after GA
4 thickness 1 stress cluster g{;og;gg% :{;0(;';2?59%
. 0, . 0,
4 thickness 4 stress cluster i{ﬂ,;gg o z}{rgoﬁr(;?:;% Yo
. 0, . 0,
4 thickness 16 stress cluster 5{5024124 Yo 2,:;0;212253 Yo
. 0, . 0,
16 thickness 1 stress cluster :tr(;odt;gib :tr‘SOé'G‘IEgOZ %
16 thickness 4 stress cluster gtréo:;;gg% :{gog;‘éi%%
16 thickness 16 stress cluster 2{50:;;3?% :,::10;31?1535%
32 thickness 1 stress cluster ztr;odta:gi% :tr(rjoSr51?_)248%
. 0, . 0,
32 thickness 4 stress cluster 5:504191‘112 % 2{502;‘;?02 %
32 thickness 16 stress cluster 2{;02812299% :,:(;?5":21'215'380/0

In figure 4.29 and figure 4.30 the 4 thickness cluster and 1 stress clustered allowed can be seen. The
first thing to observe is the reduction in the amount of high error elements. Throughout all cases the
trend of reducing error is recurring for element numbers. Due to the large tape width dimension the
resolution of manufacturing is quite small and for all orientations it can not follow the clustered dimension
that well. Furthermore, it can be observed that in the error graph the shape of light blue elements, which
are outside the standard deviation correspond to the high error elements and the shape correspond to
the out line of the stress clustered elements. In figure 4.29 and figure 4.20 it can be observed that the
middle section of the beam and the high error elements are the same.
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Figure 4.29: Error distribution before GA optimization 4 thickness and 1 stress cluster 50mm tape.
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Figure 4.30: Error distribution after GA optimization 4 thickness and 1 stress cluster 50mm tape.

The thickness cluster and stress cluster variation was also performed for 25mm tape width. The pre-
viously mentioned change in error distribution, where the distribution changes in an favorably can be
observed for the 25mm case as well. Therefore, the figure can be seen in appendix C. However, table
4.8 shows the resulting error and standard deviation. Figure 4.31 shows the error and standard devia-
tion for different cluster configurations. The results show that the final error similarly to the 50mm case
occurs at the lowest cluster numbers. Furthermore, the standard deviation increases less for the 25mm
after the genetic algorithm. One thing to note comparing figure 4.28 and figure 4.31 that the starting
and final error for some cases such as the 16 are close to the 32 thickness clusters at higher number of
allowed stress clusters. The closeness of the result can be explained with the similar number of final
number of clusters at the end of the clustering.
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Figure 4.31: Error and standard deviation comparison for varying number of thickness and stress clusters for 25mm tape.
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Figure 4.32: Finite element model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 1 stress clusters
allowed.

Previously it was shown that there is a large parts of element, where the error is high. Compared to the
initial results, where the error was much lower. The main difference between the MBB beam and the
initial results are the inclusion of +45° orientation patches. In figure 4.32 the finite element lamination
parameter distribution can be seen for 4 thickness clusters and 1 allowed stress cluster. The lamination
parameter distribution graphs were only generated for the 25 mm tape width cases. The conversion
to the manufacturing geometry a similar graph can be created, the model has a patch distribution
called patch-wise model. In figure 4.33 the patch-wise’s model lamination parameter distribution can
be seen before optimization. The figure furthermore shows the minimum and maximum values of
the lamination parameters under the sub-figure title. In figure 4.33 the maximum values is 1, which
indicates that some of the locations do not contain +45°. The lack of +45° indicates that one of the
self-written functions need revision namely the stacking order retrieval function. The retrieval function
checks the patch overlap with finite element model and based on overlap builds a stacking order for
comparison with the finite element’s stacking order. For a small amount of elements less than 10% of
the total number elements the stacking order function does not correctly retrieve the +45° showing the
complexity of including them in the patch-wise model. Therefore, for future work the stacking order
retrieval model needs revision. The retrieval function is one of the reasons for the high error. A further
complexity for the high error element is that after the optimization some of the +-45° patches get deleted.
in figure 4.34 the lamination distribution can be seen after genetic algorithm optimization. Due to some
of the +45° patches are deleted during the optimization, which can be seen some regions changing
on V3 lamination parameter. However certain areas for lamination parameters V3 the optimizer adds
more layers to the patches resulting in better match in the stacking order. The mentioned behavior of
changing the layer number for the +45° orientation during the optimization is observed for all cases.
The rest of the lamination parameter distribution can be seen in the appendix D.
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Figure 4.33: Patch-wise model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 1 stress clusters

allowed before optimization.
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Table 4.8: Error Results with 25mm tape width.

Configuration Error and Standard deviation | Error and Standard deviation
before GA after GA
. 0, . o
4 thickness 1 stress cluster gtr(;o;;gS % 3;?&11_23%
. 0, . o,
4 thickness 4 stress cluster gtrcrjc?sr.11éi.42 L §{505r71?5;07 Yo
. 0, . [v)
4 thickness 16 stress cluster i{(;?é’:_él’g o g{éog(;%g% %
. 0, . (o)
16 thickness 1 stress cluster ::502;2359 % :tr‘;og;jgb
. 0, - o,
16 thickness 4 stress cluster g{;olgsgi% % :{;0;21;392 %
. 0, . o)
16 thickness 16 stress cluster :{5?;’61.20'74 o :{éog(;ggz Yo
. 0, . o,
32 thickness 1 stress cluster ztrgoéggg/(’ :{5%;3387 %
. 0, - o,
32 thickness 4 stress cluster gtr(;o;;gg/o :{;0;31%1 9%
32 thickness 16 stress cluster :{;?23.31'04'99% z{goé(;z?;‘l%

4.3.5. MBB Beam tape width influence comparison

In this section the different tape geometries and the performance of the genetic algorithm will be eval-
uated. First the 25mm tape width will be shown with the similar test cases as the thickness and stress
clustering variation. Secondly a comparison will be shown with 50mm and 10mm show case to sum-
marize the findings and overall performance of the genetic algorithm on the patch wise definition and
optimization.

In table 4.8 the results of the genetic algorithm optimization using 25mm tape width are shown. The first
thing to observe that the error percentage before the optimization using a genetic algorithm is lower
for the 50mm tape width cases. The change in tape width results in a decrease of starting error of
approximately 10% across all configurations. Furthermore, after applying the genetic algorithm the final
resulting error percentages of the design are lower then 50mm case. In the case 50mm the resulting
error percentage after the GA application has shown that for larger cluster number the GA could not
lower the error percentage significantly. However, in the case of 25mm for larger cluster numbers
the recovery percentage does not show the same behavior. The standard deviation for 25mm after
GA application show similar behaviour to the 50mm tape width. However, in the case 25mm the error
distribution show more change. In figure 4.36 and 4.37 the error distribution can be seen for 4 thickness
and 16 allowed stress cluster with 25mm tape width.In table 4.9 the resulting errors with the use of 10
mm tape width can be seen. The smaller tape compared to larger sizes such as 25 and 50 produces a
smaller error. The smaller is expected due to the conversion producing a higher resolution geometry.

Figure 4.35 shows a comparison of tape widths of 10, 25, and 50 mm, illustrating both the error and
standard deviation. The errors before optimization are highlighted with a thicker border line. Based
on these results, one conclusion is that smaller tape widths lead to a closer match with the input. Fur-
thermore, the error after optimization varies with tape width, reaching a minimum at the 10 mm tape.
In the case of the 10 mm tape, the standard deviation is the only instance where it does not increase
significantly, likely due to the finer resolution provided by the smaller tape width.
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Figure 4.35: Tape width comparison for error and standard deviation before and after the optimization in the case of 16
thickness clusters.
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Figure 4.36: Error distribution before GA application 4 thickness 16 stress cluster tape width 25mm.

Table 4.9: Error Results with 10mm tape width.

Configuration Error and Standard deviation | Error and Standard deviation
before GA after GA
0, 0,

16 thickness and 1 stress cluster :{(;0;31219& :{ﬂg,ﬁg/"

0, 0,
16 thickness and 4 stress cluster g{;ﬁ;giw L 2{;025121'61 %

0, o)
16 thickness and 16 stress cluster :{50291.212'36 A’ 5{3023_212'36 %
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Figure 4.37: Error distribution after GA application 4 thickness 16 stress cluster tape width 25mm.
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4.3.6. Manufacturing weight and time results
In this section the optimized and input patch wise geometries are compared. The manufacturing time
is simply estimated in equation 4.1.

Print Length
Print Speed

, where Print Length is the sum all segments length that needs to be printed and Print Speed is the
tape laying specified. The manufacturing weight is defined in equation 4.2.

Manufacturing time = (4.1)

Manufacturing Weight = Z Segment Volumes - Ply Density (4.2)
Since, the resulting thickness increases significantly due the poor performance of the genetic algorithm

the resulting manufacturing time and weight changes significantly as well. The resulting weight change
and manufacturing time can be seen in figure 4.38.

25mm tape width test cases: mass change and manufacturing time change
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Figure 4.38: Change in mass and manufacturing time 25mm tape width.

In figure 4.38, where the horizontal edge shows the different configuration of the test cases. As an
example T'16—S1 corresponds to the test case of 16 thickness clusters and 1 allowed stress cluster. The
vertical axis shows Iffi?f;l mass. Infigure 4.38 it can be seen that the change in mass and manufacturing
time is similar in magnitude and substantial in change. Since, the change of mass and manufacturing
time is correlated the number of segment the change in both parameters overlap in the graph similarly
in figure 4.39. In figure 4.39 the change of manufacturing time and mass can be seen for 50mm cases.
Comparing the cases for 25 and 50 mm it can be seen that the results vary large depending on the
geometry definition from thickness and stress clusters. The variation validates the assumption that the
genetic algorithm is struggling to converge to solution, which is close to the original input in terms of
weight.
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50mm tape width test cases:mass change and manufacturing time
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Figure 4.39: Change in mass and manufacturing time 50mm tape width.

The final error indicates success of the optimization method using patch wise definition using a genetic
algorithm as the optimization method as well as using the lamination parameters in the error and fitness
function. However, the final weight indicates that the genetic algorithm converges to a wrong solution.
There are three reasons for the observed behavior in the optimization. The first reason is the use of
lamination parameter in the error calculation. The lamination parameters are normalized to the total
thickness during the calculation in equation 3.9 and equation 3.10. The use of normalized lamination
parameters causes the optimization process to no penalize heavy designs. The lack of penalization
in the error and fitness function do not filter out designs such as the ones shown in the staking order
illustration 4.3. The stacking orders shown would show minimal difference in terms of error during the
optimization process, however the resulting thickness could be even double after the genetic algorithm
optimization.

Staking order 1 in finite element model = [0/90/ + 45/ — 45,

4.3
Stacking order 2 result after optimization = [02/905/455/ — 45]s (4.3)

The second reason for the optimization towards a wrong optimization is the lack of large enough pop-
ulation. All test cases were ran with a population size of 50, which paired with a genetic string of 30
length could be enough. However genetic algorithm with small population could converge towards a
solution which satisfies the fithess but overall is meaningless in reality. However the small population
size should be not the case. In the initial stages of the methodology development only 0° and 90° ori-
entation were used. The resulting designs after the genetic algorithm has been applied were a solution
lighter than the input patch wise design. The observation of the difference between the quasi isotropic
and orthotropic layup brings forwards the last reason for the behavior of the genetic algorithm.

The third reason is the patch wise definition of the geometry. For the manufacturing mesh and the
patch wise model only containing orientation 0° and 90° orientation definition is uniform in terms of ele-
ments. Since the manufacturing only differs on the segment definition due to the orientation difference.
However, the addition +£45° orientations increases the complexity and without introducing additional
complexity to the optimization process the converged results is not realistic and too heavy to be a
viable option.

Methods and steps to mitigate explore validation processes for the convergence of the optimization
method is discussed in more detail in a later future recommendations chapter 6.



Conclusion

This chapter provides the overall research findings of the thesis. The goal of the thesis was to deliver a
start to end automatic design methodology for variable thickness laminates. The aerospace industry is
on the hunt for new lighter structures making use of innovative design and materials. Interior products
of aeroplanes, such as seating galley inserts lavatory panels are not primary load carrying structures.
Traditionally aerospace structure are made of constant thickness laminates. VSL laminates allow to
tailor the stiffness of product as well as decrease the overall weight. Modern manufacturing methods
for thermoplastic composites such as ATP and AFP allow to make use of the benefits of VSL laminates.
The traditional design methodology even using Altair Hyperworks requires manual input from an expe-
rienced designer. Therefore the aim of the thesis is to deliver and automatic design methodology and
interpret the drawback and possible improvement points. For a reminder the research objective and
research question are shown once more:

The objective of this research is to develop a methodology ensuring manufacturability and
suitability for automated methods by using an optimized variable thickness design pro-
cessed through an algorithm to generate a patch divided straight fiber variable thickness
laminate.

» How to systematically define zones on the geometry based on provided input parameters from a
free-size optimization?

» Which algorithms can be used for optimization of the design ensuring automated manufacturing
processes can be applied?

* What is the performance of the developed algorithm applied on a beam?

* What is the future development path for full scale application on aerospace structures of the
methodology?

Research Objective and Research Question 1

The thesis has shown a four step methodology capable of translating an optimized design taking into
account manufacturing geometry for automated tape laying. Firstly, the methodology shows a sys-
tematic way to define zones and make the zone uniform based on principal stresses. The initial zone
definition uses a k-means clustering algorithm and shows initial promise. However the large variability
over the whole geometry of the total element thickness causes the clustering algorithm to lose symme-
try compared the free-size optimized result. The second level clustering based on principal stresses
assign further zone division to the thickness clustered design and shows a similar behavior to the thick-
ness clustering. In conclusion the two-level clustering shows promise in terms of automatically define
zones and assign element to the zone to produce a more homogeneous design. However, during the
clustering the final thickness shows the loss of symmetry compared to a symmetrical output from free-
size optimization. The loss of symmetry is most likely causality of a setting in the clustering algorithm.
Further research is needed to fully explore the capabilities and drawbacks of the clustering algorithms
applied for the two-level clustering due to the complexity of the choosing elements.
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Research Question 2&3

For the optimization of the patches a genetic algorithm was chosen due to the capability to handle
discrete variables. In the optimization process the genetic algorithm changes the layer information of
the patches, which take up discrete values. The algorithm shows promise in terms of minimizing error.
However, investigation of the result in terms of final weight showed a large increase of multiple folds.
The final weight increase is due to the use SMAPE method and the normalized lamination parameters.
This does not indicate that the application of genetic algorithm is not suitable. The variability of number
clusters and tape width dimension has shown that the genetic algorithm performs better with less intri-
cate design in terms of thickness variation and complexity of the design problem. Further refinement
is needed in the application optimization problem.

Research Question 4

The application of the methodology has been shown on an MBB beam. The thesis succeeded of deliv-
ering a self-developed algorithm capable of taking an optimized design and translating it into geometry
suitable for automated process. However, at sub-steps areas has been identified for further develop-
ment. At particular the future development can be categorized into pre-manufacturing geometry and
post conversion to manufacturing geometry. The pre-manufacturing geometry need to focus on better
zone division and improving the zone uniform in terms of layup. The post conversion in the develop-
ment path has been shown method to use different model information to use during the optimization
such as the use of A matrix. A more detailed explanation for research question can be in chapter 6.

In conclusion the thesis successfully laid down the foundation for the methodology to translate a free-
size result. The results of thesis furthermore shows areas, where improvement is necessary for future
research to scale the methodology for full scale use.



Future Recommendations

In this section, the prospective development path of the methodology is outlined. The aim is to identify
key areas that offer significant potential for further investigation and refinement, thereby establishing a
foundation for future research. These areas include zone and clustering definition, stress clustering and
zone element unionizing, patch conversion and optimization, and post-processing with the introduction
of additional manufacturing constraints.

The first area focuses on improving the definition of zones by developing more robust criteria based
on the total thickness distribution, with the goal of enhancing both the accuracy and the structural
relevance of the clustering.

The second area addresses potential enhancements to stress clustering, including alternative approaches
for achieving more uniform zones and strategies for merging elements within zones to improve conti-
nuity and manufacturability.

The third area involves possible modifications to the optimization process itself, as well as the inte-
gration of new features that could expand the design space and improve the quality of the resulting
patches.

Finally, the last area explores future steps in post-processing, with an emphasis on incorporating addi-
tional manufacturing constraints and developing tools to translate the optimized geometry into manufac-
turable components that account for real-world parameters and the practical limitations of automated
manufacturing methods.

6.0.1. Clustering and Zone definition:

In the previous section, it was shown that the applied clustering algorithm has difficulty in defining zones,
as evidenced by the presence of rogue elements. One potential approach to enhance the performance
of the k-means clustering algorithm is the use of a multi-level clustering strategy. This necessity arises
from the fact that factors such as data shape, spatial distribution of data points, and value similarity can
negatively impact clustering performance [32].

The concept of tri-level clustering compared to general clustering differs in terms of clustering definition.
In general clustering the data grouping happens in a single step. The thesis used general clustering
done in a single step. Tri-level clustering on the other hand performs the division in multiple steps.
In figure 6.1 the multiple step approach can be seen for tri-level clustering. The data is into general
zones after,which the clustering algorithm further refines the zone by clustering only inside the parent
cluster. Figure 6.1 illustrates this through sub-figure (a, b, ¢). In the thesis during the initial zone division
based on total element thickness rogue elements were present. By using tri-level clustering better zone
division should be possible for more refined initial thickness zones.

However, in the context of zone thickness definition, the closeness of data point values may still con-
tribute to the persistence of rogue elements, even under a multi-level scheme. For this reason, an
alternative improvement could be the use of a bi-layer k-means algorithm, which may provide a better
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(c) ) | (@

Figure 6.1: The processing of data clustering by tri-level traditional k-means algorithm:(a) the data and initial cluster center
used in the first-level cluster stage;(b) the result obtained in the first level cluster stage;(c) the result obtained in the second
level cluster stage;(d) the initial clusters used in the final-level cluster stage; and (e) the result obtained in the final-level cluster
stage [32].

balance between accuracy and computational efficiency while addressing the limitations of standard
clustering in regions with minimal value variation. The biggest benefit of the bi-layer algorithm is the
ability to deal with noisy data and outliers, which can be common during the zone definitions.

6.0.2. Stress clustering and making zones uniform

During the methodology it has been shown that while the stress clustering algorithm produces a more
uniform thickness distribution. The main assumption of the clustering and methodology lead to a de-
sign not following the primary loading path in the most optimal way. Another approach that is worth
investigating is directly going from the thickness to defining stacking or per zone to make them uniform.
The method uses the fact that free-size optimization provides per cluster element wise information. Per
cluster it is then possible to extract distribution of orientation based on that distribution an average can
be taken and used for the cluster as the new stacking order to make it uniform. In figure 6.2 an illustra-
tion can be seen for orientation distribution for an element, in a case without any balance requirements.
Additionally the cluster is represented by the black triangle. The approach for taking the element in-
formation could rather focus on the zone shape optimization and aim for dividing the geometry into
uniform thickness zone. The zone shape would directly influence, which elements belong to the zone
and the final orientation distribution.
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6.0.3. Optimization and conversion to manufacturing geometry

In its current form, the implemented genetic algorithm operates by modifying only the number of layers
within each defined patch. While this approach allows for a reduction in the discrepancy between
the intended structural design and the geometry required for manufacturing, the extent of this error
reduction remains limited by the simplicity of the method. A substantial improvement in performance
could be achieved by increasing the complexity of the optimization procedure, particularly by enabling
changes not only in the thickness distribution but also in the spatial arrangement of the segments. In the
present formulation, the positions of the segments remain fixed throughout the optimization process.
Introducing the ability to relocate these segments, either through translation or reorientation, would
allow the algorithm to achieve a closer correspondence between the optimized laminate configuration
and the target structural behavior, thereby reducing the residual error.

A further enhancement could be realized by introducing a conceptual separation of the laminate into a
base patch and a set of strengthening patches. The base patch would form the fundamental laminate
structure and could be manufactured using more efficient, large-scale processes, providing the essen-
tial stiffness and strength required for the component. The strengthening patches, by contrast, would
be applied selectively in regions where additional reinforcement is necessary. In the context of the
genetic algorithm, these strengthening patches could be treated in a manner analogous to the current
methodology, with their placement, orientation, and thickness distribution forming the principal design
variables. Such a separation would reduce the number of variables in the genetic string, making it pos-
sible to incorporate segment relocation without increasing the genetic string length to an impractical
degree.

This distinction between base and strengthening patches would also yield benefits from a manufacturing
perspective. Since the base laminate would not require precise placement by tape laying, it could be
produced more rapidly and cost-effectively. The strengthening patches, requiring greater precision,
could then be applied in a subsequent stage of manufacturing. For certain aircraft panel structures, this
approach would enable multiple products to share an identical base design, with only the strengthening
patches varying according to specific structural demands. For example, in lavatory panels, a common
base laminate could be used across the fleet, with reinforcement applied only in regions subjected
to higher loads. Similarly, in galley inserts where cabin attendant seating is integrated, strengthening
patches could be positioned in the load-bearing regions to provide the additional structural support
required by certification standards. In both cases, the combination of increased optimization flexibility
and manufacturing efficiency could lead to more versatile and cost-effective design solutions.

Another solution for the conversion and optimization is separating the orientation patches. In the current
methodology all of the orientations are under one model during optimization due to the use of lamination
parameters. The patches can be separated to just their own orientation. The separated method will
need to use other parameters for the optimization process. In the manufacturing mesh generation
the number of layers are assigned based on intersection areas according to equation 3.5. Based on
this intersection area model an error can be calculated, which shows the patches error number of
layers mismatch for the finite element mesh. The same patch wise definition can be used further in the
optimization process, however instead of joining the patches are optimized independently.

A further possible improvement to the application of genetic algorithm is using the ABD matrix. During
the thesis the main focus was on the in-place parameters therefore the use of A matrix should suffice
enough. Due to time limitation the full application of this option was not possible to generate all results,
but the option is adapted into the code. The use of A would eliminate the problem of the error calculation
for the fitness functions. The use of normalized lamination parameters meant that the error calculation
would have to divide values close to 0. Furthermore, the normalization did not show large errors even
though two stacking order during comparison could have double the amount layers.

6.0.4. Postprocessing

The current optimization results are not subjected to additional postprocessing steps that account for
manufacturing effects beyond the initial geometric constraints. The focus of the present work has been
confined primarily to in-plane properties, with out-of-plane bending performance left outside the scope
of the investigation. However, for a complete structural design process, both in-plane and bending
behavior must be considered, particularly as the latter has a strong influence on stability and buckling
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Figure 6.3: Improved stacking sequence table with two ply-drops[19].

resistance. The bending stiffness is governed by the D-component of the laminate ABD matrix, which
is sensitive to the stacking sequence of the plies. This implies that an optimized in-plane configuration
may still require adjustment to ensure sufficient resistance to out-of-plane loads.

An effective approach to incorporating bending performance considerations would be the use of stack-
ing sequence table (SSt) optimization methods applied after the initial geometry-based optimization
stage. In this framework, the manufacturing geometry serves as a sub-panel division, within which the
stacking sequence can be refined to improve bending stiffness and buckling performance. Classical
SST optimization problems, such as the so-called horseshoe configuration shown in Figure 2.10, il-
lustrate how certain stacking arrangements can lead to undesirable stiffness anisotropy. An improved
SST method, as illustrated in Figure 6.3, could be adopted to incorporate ply-drops directly into the
stacking definition. This extension would allow the optimization process to target critical buckling fac-
tor improvement, as discussed in recent studies [19], while remaining compatible with manufacturing
constraints.

A particular challenge lies in adapting the SSt-derived stacking sequences to manufacturing patch defi-
nitions, especially for +45° patches, which must conform to the geometric limitations of the manufactur-
ing mesh, as shown in Figure 6.4. Achieving compatibility between the stacking table optimization and
the patch-based manufacturing geometry is essential, as it ensures that the theoretical improvements in
structural performance remain physically realisable. By integrating these postprocessing steps into the
workflow, the methodology could advance from purely in-plane optimization to a more holistic laminate
design process, ultimately producing configurations that are both structurally optimal and fully manufac-
turable. The second area of improvement in post processing is the inclusion of manufacturing defects.
During AFP the material is in-situ consolidated. Since the material cools down the presence of gaps
and overlaps will change and shrink. Some closure can occur due to this shrinkage and change the
gaps and overlaps[3]. Models are available to predict the final gap and overlap location the influence
on the mechanical performance can be predicted by defect layer method[8]. The adoption of defect
layer method and prediction of gaps of overlap due to manufacturing would take the method proposed
further towards full scale start to end method.
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Figure C.11: Error distribution before GA optimization 32 thickness and 1 stress cluster 50mm tape.
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Figure C.12: Error distribution after GA optimization 32 thickness and 1 stress cluster 50mm tape.
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Figure C.13: Error distribution before GA optimization 32 thickness and 4 stress cluster 50mm tape.
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Figure C.14: Error distribution after GA optimization 32 thickness and 4 stress cluster 50mm tape.
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Figure C.15: Error distribution before GA optimization 32 thickness and 16 stress cluster 50mm tape.
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Figure C.16: Error distribution after GA optimization 32 thickness and 16 stress cluster 50mm tape.
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Figure C.17: Error distribution before GA application 4 thickness 1 stress cluster tape width 25mm.
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Figure C.18: Error distribution after GA application 4 thickness 1 stress cluster tape width 25mm.
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Figure C.19: Error distribution before GA application 4 thickness 4 stress cluster tape width 25mm.
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Figure C.20: Error distribution after GA application 4 thickness 4 stress cluster tape width 25mm.
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Figure C.21: Error distribution before GA application 16 thickness 1 stress cluster tape width 25mm.
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Figure C.22: Error distribution after GA application 16 thickness 1 stress cluster tape width 25mm.
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Figure C.23: Error distribution before GA application 16 thickness 4 stress cluster tape width 25mm.
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Figure C.24: Error distribution after GA application 16 thickness 4 stress cluster tape width 25mm.
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Figure C.25: Error distribution before GA application 16 thickness 16 stress cluster tape width 25mm.



C.2. Error Distribution Graphs 25mm tape width. 88

Y Centroid

Y Centroid

Error Distribution

200 Average: 142.66%
Std Dev: 56.93%
600
175
500
150
ination Para
4 125 00
5
@ 00 § 300
150 200 250 300 350 400
X Centroid
75
200
50
100 4
25
ol

25 50 75 100 125
Error Percentages

Figure C.26: Error distribution after GA application 16 thickness 16 stress cluster tape width 25mm.
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Figure C.27: Error distribution before GA application 32 thickness 1 stress cluster tape width 25mm.
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Figure C.28: Error distribution after GA application 32 thickness 1 stress cluster tape width 25mm.
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Figure C.29: Error distribution before GA application 32 thickness 4 stress cluster tape width 25mm.
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Figure C.30: Error distribution after GA application 32 thickness 4 stress cluster tape width 25mm.
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Figure C.31: Error distribution before GA application 32 thickness 16 stress cluster tape width 25mm.
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Figure D.1: Finite element model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 4 stress clusters

allowed.
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Figure D.2: Patch-wise model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 4 stress clusters

allowed before optimization.
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Figure D.3: Patch-wise model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 1 stress clusters

allowed after optimization.
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Figure D.4: Finite element model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 16 stress clusters

allowed.
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Figure D.5: Patch-wise model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 1 stress clusters

allowed before optimization.
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Figure D.6: Patch-wise model lamination parameter distribution for V1 and V3 in 4 thickness clusters and 16 stress clusters

allowed after optimization.



96

Lamination Paramter Values V1(16,1,25)
max(0.481) min(-0.481)

100 1.0
80
) 0.5
2 60 ]
S 0.0 =2
8 40 3
>
20 —0.5
0 -1.0
0 50 100 150 200 250 300 350 400
X Centroid
Lamination Paramter Values V3(16,1,25)
max(0.200) min(-0.857
100 1.0
80
) H 0.5
g 60 SEEes o
S 0.0 =2
G w s
>
2 -0.5
° -1.0

0 50 100 150 200 250 300 350 400

X Centroid

Figure D.7: Finite element model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 1 stress clusters
allowed.
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Figure D.8: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 1 stress clusters
allowed before optimization.
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Figure D.9: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 1 stress clusters
allowed after optimization.
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Figure D.10: Finite element model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 4 stress
clusters allowed.
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Figure D.11: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 4 stress clusters

allowed before optimization.
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Figure D.12: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 4 stress clusters

allowed after optimization.
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Figure D.13: Finite element model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 16 stress
clusters allowed.
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Figure D.14: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 16 stress clusters
allowed before optimization.
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Figure D.15: Patch-wise model lamination parameter distribution for V1 and V3 in 16 thickness clusters and 16 stress clusters
allowed after optimization.
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Figure D.16: Finite element model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 1 stress
clusters allowed.
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Figure D.17: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 1 stress clusters
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Figure D.18: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 1 stress clusters

allowed after optimization.
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Figure D.19: Finite element model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 4 stress

clusters allowed.
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Figure D.20: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 4 stress clusters

allowed before optimization.
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Figure D.21: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 4 stress clusters

allowed after optimization.
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Figure D.22: Finite element model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 16 stress

clusters allowed.
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Figure D.23: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 16 stress clusters

allowed before optimization.
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Figure D.24: Patch-wise model lamination parameter distribution for V1 and V3 in 32 thickness clusters and 16 stress clusters

allowed after optimization.
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