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Summary

Fiber Reinforced Plastics (FRPs) are high-performance materials that com-
bine an excellent strength-to-weight ratio, stiffness-to-weight ratio, and ex-
ceptional corrosion resistance. In the aerospace sector, FRPs are used in crit-
ical structural components such as fuselages, wings, and support elements.
A key advantage of FRPs is the ability to align the load-bearing fibers along
the load paths, leading to significant improvements in structural efficiency
compared to traditional metallic constructions in lightweight designs. Auto-
mated Fiber Placement (AFP) technology is used as an alternative to manual
tape laying. The proper setup of such processes is crucial for optimal perfor-
mance and configuration. This research focuses on the thermal simulation of
the Thermoplastic Automated Fiber Placement (T-AFP) process, simulated
in ANSYS, particularly the non-Autoclave methodology for in-situ consoli-
dation of thermoplastic tapes to create a multi-layer composite structure. A
transient thermal analysis is performed, simulating the actual placement of
tapes, which are simultaneously positioned and heated by a laser heat source.
In the first phase of the research, a method was developed to define the paths
on the surface of a tool flat panel, based on its geometric characteristics, the
orientation angle, the lay-up strategy, and the dimensions of the tapes. The
approach aims at extracting the coordinates of the initial and final points of
the trajectories. The 2D geometry of the tool is created in CATIA, with a
tetrahedral mesh generated using the open-source GHSM software. A Python
script is implemented to create CSV output files containing the coordinates
of the extreme points of the paths, modeling the tapes as "boxes" on the
tool surface. This method does not require complex geometric formulations,
making it applicable to flat, square, rectangular, and arbitrarily shaped flat
panels. The formulation is based on mathematical and trigonometric princi-
ples, such as the parametrization of the segment and vector calculations for
defining the normals to the plane. A study on curved panels is also proposed.
The second phase focuses on configuring the transient thermal analysis. Tem-
poral steps are defined where the deposited tape elements are selected, and
necessary thermal conditions are applied to simulate the process, including



i

heating, cooldown, and optical control waiting times. To support the sim-
ulation, a Mechanical APDL script is written, as ANSYS does provide the
necessary functionality for selecting the tapes during the analysis stages not
in the GUI, only via script. Subsequently, the analysis is finalized by creating
the 3D model of the laminate in contact with the tool, using ANSYS drawing
tools and inserting all necessary geometric and thermal process parameters.
The results obtained confirm the feasibility of the proposed method, provid-
ing consistent and comparable outcomes to the real process.
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Chapter 1

Introduction

Over the past 50 years, the production of composite material components
for the aerospace industry has increased exponentially, thanks to the bene-
ts o ered by these materials, such as high strength and sti ness, reduced
weight, and exceptional resistance to fatigue and corrosion, which result in
lower maintenance costs. Notable examples of the growing use of composite
materials, replacing aluminium alloys, can be found in the latest models of
the Boeing series [53], highlighting how these materials have become essential
and di cult to replace in the aerospace sector. Additionally, the structures of
next-generation aircraft, such as the Boeing 787 and the Airbus A350 XWB,
contain approximately 50% of their weight in composite materials [30].
Alongside the increasing adoption of these materials, innovative advance-
ments have been made in production and automation technologies. These
technologies have been designed to make processes faster, more e cient, pre-
cise, and repeatable compared to traditional manual lay-up solutions, partic-
ularly in applications that require high levels of structural integrity and per-
formance [17], while also ensuring a signi cant reduction in production costs.
Automation reduces both labour costs and those associated with waste and
material dispersion due to human errors. The Automated Fiber Placement
(AFP) technology for thermoplastic materials reinforced with bre meets
both of these needs in this sector.

On one hand, the matrix of thermoplastic materials, as structured, can be
repeatedly melted, formed, and solidi ed, enabling pressure forming oper-
ations and advanced joining methods for automatic assembly, allowing the
combination of multiple simple parts into complex structures. On the other
hand, bre placement (especially in-situ placement) can be considered almost
fully automated.

In fact, in-situ consolidation represents one of the strengths of the process as
it eliminates the need for post-consolidation in an autoclave [46]. It involves



heating the thermoplastic material to its melting temperature, followed by
cooling without crosslinking, thus combining the resin and bre [20]. Heat is
applied simultaneously, using a laser source at the nip point, and pressure is
applied through the use of a compaction roller, facilitating the fusion of the
thermoplastic matrix and the formation of bonds between reinforcing bres
(UD).

The extremely precise control of the input energy, by accurately de ning
the power and size of the laser heating area, ensures a highly controlled and
optimised process. By selecting optimal heating, compaction/pressure, and
tensioning conditions, prepreg strips can be continuously laid and consoli-
dated in-situ to form a single layer, with multiple layers creating a durable
laminate ready for use in applications. To date, with the expanding adoption
of AFP technology in the Western industry [30], considerable research has
been conducted to support the improvement of this process, particularly in
two areas: nite element analysis (FEA) to study the thermal e ects that
occur during and after deposition, as well as the e ects of post-treatment
on the material, examining its structural characteristics and composition,
and the development of advanced algorithms and models for bre deposition
strategies, with the goal of improving process e ciency and minimising the
formation of voids between adjacent tape layers. For example, in the eld of
simulations and modelling, numerous studies have been conducted by engi-
neers such as Mantell and Springer [35], Lamontia [31], Tierney [47], Gennes
[23], and Sonmez [45], aiming to optimise process parameters and achieve
high-quality results.

This thesis presents a transient thermal simulation designed to replicate the
actual AFP process in the production of multilayered thermoplastic compos-
ite at panels, in order to capture the dynamic nature of the process.

1.0.1 Outline

The thesis report is structured as follows. Chapter 1 introduces the funda-
mental aspects of the AFP process, with Section 2 providing a comprehensive
overview and a state-of-the-art analysis. Section 3 presents a comparative as-
sessment of the most commonly used materials and the various heat sources,
while Section 4 explores di erent path planning strategies. Chapter 2 details
the methodology developed in this work for the simulation of multilayered
thermoplastic at panel models. Chapter 3 focuses on the implementation
and development of the thermal simulation, followed by Chapter 4, which dis-
cusses the validation process and the analysis of the conducted tests. Finally,
in the Chapter 5, the conclusions evaluate the reliability of the proposed ap-
proach and its potential contributions to the optimisation of AFP processes.
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1.1 In-Situ AFP Process: State of Art

The AFP technique o ers signi cant advantages, particularly in the produc-
tion of large-scale thermoplastic composite components. In traditional man-
ufacturing processes, such as those involving presses or autoclaves, laminates
are rst stacked and then heated above the melting temperature. Pressure is
subsequently applied to facilitate complete consolidation of the component.
The disadvantages of these conventional methods include low e ciency, slow
cooling rates, and extended production times.

Another limitation of traditional techniques is the inability to produce large
components, constrained by the size and capabilities of the pressing ma-
chines. In contrast, with the AFP production technique, especially when
employing in-situ consolidation, this issue is considerably alleviated. The
exibility and precision of the AFP process enable the production of com-
plex and large components, thereby reducing production time and enhancing
overall process e ciency.

1.1.1 AFP Machine Hardware

The AFP in-situ consolidation process involves the automation in deposi-
tion of bre-reinforced thermoplastic tapes onto the surface of a mould and
subsequently onto the already deposited laminate. During the process, the
tapes are deposited using a machine head, which allows for the simultaneous
application of heat and pressure, Figure 1.2.

This machine head consists of several key components: the compaction roller,
which can be solid or segmented, as described in [15], and the heat source,
which in this case is a laser (L-AFP) [25], [36]. Additionally, the head is
equipped with a feed unit that operates with rollers to deliver the tapes with
the correct tension. In some cases, for complex geometries, di erent feed
paths may be used to minimise defects [41]. The machine is also equipped
with a cutting unit, which enables the trimming of continuous bres once the
path is completed. A study aimed at optimising cutting speed is presented
in [40]. The general dimensions of the tapes are up to 35 mm, but in this
study context, the standard dimension of 12.7 mm, or 1/2 inch, is used.

The motion system is essential for the precise placement of tapes on various
geometries. While both vertical and horizontal gantries are used, the most
common system is the robotic arm, as it o ers six degrees of freedom (DOF),
along with an additional linear motion axis. Furthermore, it can be coupled
with a rotator, resulting in a total of eight DOF, providing enhanced exi-
bility in tape placement [15]. The use of the laser, compared to other heat
sources such as hot gas torches, IR, or pulsed light, o ers several advantages.
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Firstly, it enables high energy density and a short response time, allowing for
higher deposition speeds. In fact, the consolidation time is signi cantly re-
duced. According to [24], for a deposition speed B00mm/s and a selection
area of5mm, the time is less than25ms. Furthermore, in Figure 1.1, the
table summarising the various di erences between heat sources, as analysed
by [15], is presented.

Figures 1.3 and 1.4 illustrates the Robotic Arm and Head of the AFP ma-
chine available at DLR, which has been used as the reference model for the
development of this thesis work.

Figure 1.1: Characteristics of the Heat Sources [15]

Figure 1.2: L-AFP Head
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Figure 1.3: DLR Thermoplastic AFP facility at the Institute of Structures
and Design [39]

Figure 1.4: DLR Thermoplastic AFP Head at the Institute of Structures and
Design [39]

1.1.2 Material and Design

In the case under consideration, the in-situ consolidation process is simulated,
which requires the use of thermoplastic materials. For a broader perspective
on AFP processes, it is important to highlight that components can also be
produced using thermosetting materials and dry bre . These bre are not
"prepreg"”, meaning they are not pre-impregnated with resin. Thermosetting
materials are widely used in this eld due to their matrix, which reaches its
melting point at a temperature very close to ambient conditions, requiring
minimal energy for heating. These materials solidify into a three-dimensional
structure [34], and in some cases, cooling is necessary to prevent the resin
from polymerising too quickly, as it has a low viscosity. Dry bre materi-
als, on the other hand, are optimal for applications involving deformation or
bending. Additionally, since they do not contain resin, they avoid clogging
the machine head due to material accumulation [12]. However, they come
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with disadvantages, such as the need for fusion at the end of the process or
the application of an additional layer of another material to enable the ad-
hesion of dry bres [29]. Thermoplastic materials can be repeatedly heated
and solidi ed, o ering advantages such as recyclability, reworkability, and
high-temperature performance. Furthermore, they do not require autoclave
processing but do require very high temperatures for deposition, which can
reach up to 400°C [13] . In the case of the in-situ process, the heating phase,
during which the material is warmed, must follow speci ¢ guidelines when
selecting process parameters. It is particularly crucial to avoid overheating,
which could lead to bond degradation and a reduction in performance. The
heat is absorbed by the surface of the material and progressively conducted
into the bres and underlying layers. The heat source must be capable of
maintaining a constant intensity. At the end of this phase, the matrix of the
tape should be melted and, after passing through the melting point, pressed
by the compaction roller to establish contact and form a bond with the under-
lying layer that was previously placed. Table 1.5, taken from [15], compares
the key di erences and characteristics of the various types of materials.

Figure 1.5: Characteristics of material types [15]

1.1.3 Path Planning

In the overall work ow related to AFP layup, the layup strategy, which in-
cludes the starting point, path planning, and surface coverage, represents the
initial phase of process planning [15]. It is a fundamental part of production
with this technology and depends on various factors, including process and
geometric parameters, such as the complexity of the shape of the produc-
tion tool (2D or 3D), the materials used, and certi cation standards. There
are several methods and mathematical implementations, but the selection of
the layup strategy is mainly based on improving the mechanical and thermal
properties of the nal products and reducing defects [41]. The following table
1.6 lists the most common defects .
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Figure 1.6: De nitions of the main common defects in the AFP Process [41]

Almost all methods for generating the paths of the tapes on the surface of
the tool to be covered are based on a reference path. These can be de ned on
parametric models, on mesh (preferably triangular), and in some cases using
numerical approaches on the 3D point-cloud of the geometry of the shape
[48].

In the research article [18], automated path planning on CAD is compared,
with particular attention to the standard formats STL and IGES.

In the case of mesh, there is a complete representation of the geometric prop-
erties of the shape, such as the normal, position, area, and vertices for each
individual triangle in the mesh. However, some information, such as the ma-
terial of the part, remains unknown, and errors may occur due to missing
elements or overlaps. Although data analysis is advantageous for its sim-
plicity, it can result in high computational costs and signi cant calculation
times, especially if the mesh is re ned in detail.

On the other hand, the use of parametric models provides complete informa-
tions, including the physical properties of the material. Additionally, precise
geometric entities, such as points, NURBS lines, and splines, are available,
allowing for a more accurate and detailed understanding of the surface.

In any case, the best model is chosen optimally in relation to the specic
requirements of the application to be carried out.

To de ne the trajectory on the tool surface, the available methods are clas-
si ed based on the geometric characteristics of the surface [41]. A geometry
benchmark is drawn in Figure 1.7 .
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Figure 1.7: Benchmark of surface di erentiation

1.1.3.1 Path Creation Strategies

Many methods presented in the literature for setting the paths of Auto-
mated Fiber Placement machines are based on the de nition of an initial
reference curve, which signi cantly impacts the overall layup outcome. The
most common strategies are the xed-angle strategy, the use of geodesics,
and the variable-angle strategy. The xed-angle strategy involves creating
the curve starting from a point that has a constant angle across the entire
surface, relative to a given axis or direction. Several solutions are found,
using both mesh-based approaches [32] and parametric approaches [51], [44],
[50].

In the rst case, the described method utilises mesh information (such as
normal vectors and triangles) to reconstruct a topology and generate refer-
ence curves at a xed angle through intersection with tangent planes and
appropriate algorithms. Successive curves are obtained by rotating the plane
by a constant angle .

The parametric approach, which has more references and solutions in the
literature, involves the intersection of a parametrised surface in a reference
parametric plane and a major axis plane. An intersection equation of the
planes is obtained, along which discretised points are identi ed according to
a de ned distance (also used for o set curves). Furthermore, by employ-
ing the Newton-Raphson method (NRM) [33], the starting point from which
the curve propagates is determined, corresponding to the intersection of the
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boundary and the projection of the major axis. To nd the discrete points,
the procedure moves along a de ned direction with a speci ed step size, after
which the NRM is used for convergence to the plane intersection line. Other
variants have been developed based on this method, such as the insertion of a
tangent point on the tool surface to simulate the presence of the compaction
roller [51], the use of iterative algorithms employing a de ned reference di-
rection on surfaces [28] , or even the application of this method to conical
shapes, hence closed forms [14].

A geodesic curve is de ned as the shortest path between two points on a
three-dimensional surface in the Cartesian plane [37]. Naturally, in the case
of a at panel, the geodesic coincides with a straight line. To obtain the
reference curve, it is necessary to know the starting point and the direction
of the trajectory. If a parametric surface is given, a system of di erential
equations must be solved, governed by the curvature and geometry of the
surface, with the initial conditions speci ed for the di erent cases [41].
Finally, variable-angle strategies involve the variation of the angle along the
reference curve to create laminates with variable sti ness. Additionally, be-
ing more exible, they overcome unidirectional constraints. However, this
introduces greater complexity in calculations and optimisation. A study in
this eld of research is cited in [10]. The strategies for variable angles can be
divided into three types: constant curvature [21], linear variation [38], and
nonlinear variation[9].

1.1.4 Coverage Strategies

Coverage strategies are based on independent curves, o set curves, and shifted
curves. The rst method computes curves independently and is widely
applied for solutions involving highly complex tool surfaces; each path is
staggered with constant length and di erent directions. Furthermore, these
strategies are commonly used for covering gaps and defects [15].

In the case of o set curves, the reference curve is used as the starting point,
and a constant o set is applied to identify parallel curves until the total
coverage of the laminate is achieved. In this case, both parametric-based
approaches are used, which solve a system of numerical equations to nd the
subsequent curves, and mesh-based approaches, applying the Fast March-
ing Method, which is based on Eikonal equations for the propagation of the
curve [52],[16]. Naturally, if the curvature of the reference curve changes, the
parallel curves will follow the same variation.

For shifted curves, a perpendicular translation is applied; however, in the case
of complex curves, this can lead to excessive formation of gaps or overlaps
[26].
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1.1.5 Tool

The geometry of the tool has a signi cant impact on the quality of the nal
product, particularly when the geometry is highly complex. In the case of
closed-edge geometries, a loss of roller adhesion may occur, leading to a vari-
ation in compaction pressure [19]. In other cases, the formation of gaps and
defects can be associated with geometries characterised by pronounced curva-
tures or non-homogeneous surface distributions. Harik et al. [27] contributed
to the understanding of these phenomena by developing a methodology to
anticipate defects such as gaps, overlaps, bridging, and twisting that arise
during the deposition process on complex geometries. Wehbe et al. [49]
propose a method for predicting the formation of wrinkles based on the cur-
vature of the tool and the geometry of the deposition path.

Therefore, to achieve a good result, it is essential to optimise the manufac-
turing processes and appropriately combine the tool shape with the machine
action.
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1.2 Objectives of the thesis

In the context of the Automated Fiber Placement (AFP) process, particu-
larly when dealing with scenarios characterised by high thermal gradients,
non-linear material behaviour, and the presence or absence of crystallisation,
predicting the stresses and deformations induced by the process becomes an
inherently complex task. Although post-processing solutions exist to obtain
these predictions, pre-processing solutions remain underdeveloped and more
limited.

In this regard, it is essential to develop a simulation that can establish a
robust foundation for the study and understanding of the AFP process dy-
namics, enabling the estimation of outcomes prior to the actual construction
of laminated components. Such an approach would facilitate the optimisation
of process parameters and production environment, as well as the prediction
of the nal product quality.

In the context of industrial-scale production, the adoption of such simula-
tions would lead to a signi cant reduction in physical trials, thereby reducing
both costs and production time. This would result in increased e ciency
and acceleration of the production process. Moreover, in research, the imple-
mentation of advanced simulations would provide considerable advantages,
improving the ability to make more accurate predictions and fostering inno-
vation.

This work draws inspiration from the simulation produced by D. Fricke [22],
who conducted a thermal-structural analysis for predicting the deformations
of thermoplastic laminates produced via AFP. The objective of the present
study is to optimise and enhance the existing simulation, making it more
versatile and applicable to a broader range of scenarios. One of the primary
goals is to enable the processing of at panels with arbitrary, curved, and
square shapes, using information derived solely from the mesh of these sur-
faces, without the need for any additional data other than the spatial domain.
Another key objective is to ensure greater clarity in the development of sup-
porting codes, as well as to facilitate future implementations. Furthermore,
the work aims to increase the automation of the process, enabling debugging
at intermediate steps and enhancing the speed of computation. The work is
divided into two fundamental parts: the rst involves the development of a
novel path planning method on the surface of the tool, and the second con-
cerns the setup of the simulation analysis within the ANSYS environment.
The proposed method is based on the intersection of planes placed at a de-
ned distance by a predetermined o set, which intersect the mesh plane of
the tool's surface. This approach is inspired by the xed angle theory for the
intersection between the mesh plane and the intersection plane, the cover-
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age theory with parallel curves at a de ned o set, and integrates additional
mathematical and geometric techniques implemented within the work ow of
the method, which will be explained in detail in the following chapters.

For the modelling of the tapes, the process is carried out as "boxes", i.e.
rectangles for geometry de nition, and as rectangular cuboids in the three-
dimensional space. This approach enables the implementation of element
selection in ANSYS and the application of boundary conditions. Chapter
3 will provide a detailed explanation of the implementation steps in three-
dimensional space.



Chapter 2

Developed Method: Path
Planning

The algorithm for de ning paths on the surface is developed using the Python
programming language Python 3.12.0 ), with support from several specic
libraries.

The Python programming language was chosen due to its versatility, sim-
plicity, and readability, as well as its widespread use across various domains,
making it well-known and accessible. Its clear syntax and dynamic typing
facilitate ease of learning and implementation. Furthermore, Python o ers
a vast range of libraries and frameworks, making it suitable for numerous
applications and particularly well-suited for the work outlined below. Ad-
ditionally, it is cross-platform, supports object-oriented programming, and
bene ts from an active community that continuously contributes to its de-
velopment.

The implementation is divided into two parts, each corresponding to a sep-
arate script. This choice is motivated by two main reasons:

1. Modularity Separation of core functions for enhanced code clarity
and organization.

2. Maintainability Facilitation of debugging, modi cations, and exten-
sions of the algorithm.

The rst section of the algorithm, implemented in the script
mesh_intersection.py , focuses on identifying the coordinates of the tape
start and end. The second sectionpoxes_data.py, is dedicated to mod-
eling the tapes across di erent layers, where they are classi ed as "boxes".
Furthermore, this module generates the necessary data for the second part
of the simulation in the ANSYS environment, including the coordinates and

13
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geometric characteristics of the tapes. These data are also crucial for the
thermal simulation process, as they include input parameters such as laser
temperature, tool temperature, and various thermal convection values. To
achieve these solutions, several functions have been developed and organized
into speci ¢ subfunctions, some of which rely on mathematical and logical
principles that will be explained later in the discussion.
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2.1 Libraries Used

By utilizing Python's standard libraries, the primary advantage lies in the

speed of obtaining results with low computational cost. Additionally, the al-
gorithm is highly replicable and easily deployable on di erent devices without
requiring signi cant computational resources. The following is an overview
of the libraries employed:

N

Os: The os library provides an interface for interacting with the un-
derlying operating system. It enables le and directory management
operations such as creation, renaming, deletion, and retrieval of le and
folder information. Thanks to its ability to interact with the operat-
ing environment, it is essential for saving and reading les, as well as
recalling directories. It also manages data export for use in the Ansys
environmen [1].

NumPy : Essential for scienti c computing in Python, NumPy allows
performing various operations and numerical calculations, such as com-
puting the Euclidean distance, which is useful in a crucial step of tape
modeling. Itis also essential for managing multidimensional arrays and
matrices [2].

Pandas: Pandas is a fundamental Python library for data manipula-
tion and analysis, particularly useful for working with tabular data sim-
ilar to spreadsheets or SQL tables. In Pandas, data can be structured
in DataFrame and Series objects. In this study, DataFrame, a two-
dimensional data structure resembling a table with rows and columns
(where each column can contain di erent data types such as numbers,
strings, and dates), was utilized [3].

Trimesh : Trimesh is an open-source library used for managing and
processing meshes throughout the entire path de nition process, espe-
cially for mesh intersections, surface normal analysis, and exporting 3D
models in common formats such as OBJ, STL and PLY [4].

Matplotlib.pyplot : Chosen as the tool for data visualization in Python,
it is part of the Matplotlib library, a powerful package for generating
2D and 3D plots. It also supports animations and interactive visual-
izations. The pyplotmodule is designed to provide an API similar to
MATLAB, facilitating the adoption of Python for plotting purposes [5].

mpl_toolkits.mplot3d  : The Poly3DCollection class, included in the
art3d module of mpl_toolkits.mplot3d within Matplotlib, is speci -
cally designed for three-dimensional visualization. This class, used in
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this study, allows the creation and management of collections of three-
dimensional polygons.In particular, Poly3DCollection is employed to

visualize surfaces and meshes, including complex structures, o ering
aesthetic customization options such as surface color and transparency

[6].

combinations : is a function from theitertools module , not a stan-
dard Python library. It generates all possible combinations of a given
length from a set of elements, without repetition and regardless of or-
der. This function is used to de ne speci ¢ point pairs within groups
of four [7].
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2.2 First Section: mesh_intersection.py

The mesh_intersection.py script has three main purposes:

A

Intersect planes with the mesh.

Identify boundary intersections at the mesh's edge and order them
according to the layer production strategy and de ne the paths.

Generate output les in TXT format to be used in the second Python
script.

In addition, additional lines of code are included to visualize the intersections
in the mesh, allowing a visual inspection of the process.
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2.2.1 Input Data

To formulate the solution, the following input data are required:

" Mesh directory : The directory containing the mesh le to be loaded
into the simulation. In this study, Dassault Systémes' CATIA software
(V5-6R 2018 was employed for CAD, CAM, and CAE operations to
design the reference surface, while the open-source software GMSH was
used for mesh generation, which was subsequently exported in STL
format. Furthermore, the implementation of two additional support
scripts is provided: one for visualising the STL le, useful for model
veri cation, and another for converting the STL les to PLY format
with a triangular mesh.

Deposition angle : An array containing the placement angles of the
tapes.

Tape Width : Speci es the width of the tapes, a fundamental param-
eter for de ning the intersection planes.

Lay-up Strategy : A con guration variable de ning the strategy for
layer creation.Standard, Out and Center modes are currently available,
but in the future, additional modes may be implemented.

Standard S The ber placement strategy progresses from the left
to the right side of the shape.

Figure 2.1. Standard Strategy

Out Q The opposite strategy, where placement moves from the
right to the left side.
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Figure 2.2: Out Strategy

Center C The rst tape is positioned at the Center of the surface,
and subsequent tapes are added symmetrically until the layer is
completely lled.

Figure 2.3: Center Strategy

Other strategies :

Figure 2.4. Standard: New mode showing single (left) and double (right)
alternating modes
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Figure 2.5: Out: New mode showing single (left) and double (right) alter-
nating modes

Figure 2.6: Center: New mode showing single (left) and double (right) alter-
nating modes
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2.2.2 Process of Functions

Once the data have been entered, the script proceeds with the de nition of
several subfunctions and their invocation within the core functions. These
can be divided into two categories: one related to computation, data pro-
cessing and export, and the other for visualisation. To understand their op-
eration, it is essential to rst express the mathematical concepts underlying
the process.

2.2.2.1 De nition of the Intersection Planes

To de ne the correct orientation of the intersection plane in three-dimensional
space and satisfy the requirement of the angle de ning the paths, the normal
to the plane is calculated. In the context of analytic geometry and com-
putational physics, calculating the normal to a plane is crucial not only for
determining the surface position, but also for applications involving light
re ection and interactions between solid objects. Such applications require
knowledge of the various angles relative to the reference system in use.

In this speci c case of study, the reference systetdY Z is placed at the
centroid of the mesh. TheZ-axis is aligned with the thickness of the model,
and the XY -plane is parallel to the surface. The intersection plane must also
be centered at the Centroid (2.2) , parallel to theZ-axis, and inclined along
the X -axis within the XY -plane, with the inclination de ned by the angle
chosen for positioning the paths.

From these considerations, it follows that the plane is de ned by the normal
vector 2.1, which has a relationship betweed andY with slopem =tan( ),
where is the angle of inclination with respect to theX -axis. The normal
has a negative component along th& -axis and no component along the
Z-axis. This implies that for every unit increment inx, the variation in Y

is inversely proportional to the slopem. In other words, moving the point
along the X -axis, the Y -component will adjust in such a way as to maintain
the slope de ned bym, with Y changing in the opposite direction toX :
Thus, the normal vector to the plane has the following form:

0O 1 O
m tan( )
A=@ 1A=@ 1A (2.2)
0 0

By substituting the centroid point, the point through which the plane passes
2.2, and the normal vector into the Cartesian equation (2.3) of the plane, the
nal form is obtained Eq. 2.4 .

Po = (0;0;0) (2.2)
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Ax+ By+ Cy+ D=0 (2.3)
tan( )x y+0=0 (2.4)

Figure 2.7: Plane with normal vectortan(30 ); 1;0]

Intersection tests are carried out to analyze the variations of the intersec-
tion planes at di erent angles, while performing a veri cation and check of
the implemented formula before incorporating this formulation into the nal

script, Figures 2.7, 2.8, 2.9 .

Figure 2.8: Test intersection planes 60and 120
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Figure 2.9: Test intersection planes 30and 45

Furthermore, for subsequent developments of the code, it is necessary to nd
the direction vector, which must be parallel to theXY plane and lie within
the plane. This vector is obtained by computing the cross product (2.6)
between the previously calculated normal vector of the plane 2.1 and the
Z-axis 2.5. The result of this operation is a vector that is perpendicular to
both the plane's normal vector and the Z-axis.
After calculating the direction vector of the reference plane at the origin of
the coordinate system (i.e. at the centroid of the surface), to simulate the
various tapes, new intersection planes are created parallel to the initial one.
Respecting an o set equal to the width of each strip, each plane represents
the center line of the tapes in their midpoints. Some output examples are
shown in Figures 2.10.

01

m = @OA (2.5)

w=HA m=tan() 1 O (2.6)
0 0o 1

To develop this concept in Python, in the absence of information regarding
the spatial domain of the mesh more actions are carried out (Flowchart 2.11).

1. Determine mesh bounds : Identify the minimum and maximum
bounds of the mesh along the axis most aligned with the normal of
the reference plane.
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2. Interval Calculation : Calculate the number of intervals (spaces) be-
tween the planes by dividing the distance between the bounds by the
width of the strip. This determines how many times the plane can
be shifted along the chosen axis from the minimum to the maximum
bound of the mesh. An additional plane is included for the one located
at the minimum bound. It is important to have an integer number of
planes. Finally, a list of representing the positions of the o set planes
IS created.

3. Compute Plane O sets and Symmetry : Begin by calculating the
standard mode, followed by the o set distance in the direction of the
reference plane normal. To ensure that the planes are generated sym-
metrically, the range is initially extended in the negative direction, and
subsequently in the positive direction. This approach facilitates the
creation of the lay-up from the left side towards the right side. For the
Out and Center strategies, the positions of the points are reordered.
In the case of the Out strategy, the list is reversed. For the Center
strategy, the starting index, corresponding to the midpoint of the list
length, is rst determined. Then, the list is iteratively divided and
alternated between points located in the upper and lower halves of the
list.

Figure 2.10: Comparison of Rectangular panels with di erent tape widths
and 45 angle (200 mm - left and 100 mm - right)
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Figure 2.11: Flowchart: De nition of the Intersection Planes

2.2.2.2 Intersection points

According to the logic of this approach, for a complete speci cation of the
paths, it is necessary to identify not only the orientation but also the end-
points. These endpoints correspond to the intersections between the mesh
and the planes at the surface boundary. Through this process, information
about the edges of the triangular elements at the boundary is obtained.

By examining the sorted edges of the mesh, all edges are retrieved through
the list of vertex pairs that de ne each edge. Then, the unique or boundary
edges are identi ed by setting their count to 1. These edges are not shared
between multiple triangles, meaning they appear only once. This operation
is performed by a Python function, which takes the mesh as input. In Figure
2.12 the owchart is shown. Finally, the boundary edges are stored in the
boundary edges array.
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Figure 2.12: Flowchart: Boundary Edges Function

The next level is represented by an iterative process that takes a pair of
points at the boundary of the mesh, calculates the segment between their
coordinates in three-dimensional space along with its direction vector, and
determines whether or not there is an intersection with the currently selected
plane, using the plane point previously calculated.

This function is based on the parametrization of the segment, which is useful
for determining the positions of points lying on the segment itself, depending
on the value of the parametet , known as the scaling factor.

Given the two endpoints of the segmentp;(X1;Y1;z1) and p(X2;Y2; 22), the
segment can be expressed as follows:

g X(t) = xg+t (X2 Xy1)
Pl opAt)= 0 y()=yatt (y2 ya) (2.7)

)= zntt (2 zy)
wheret 2 [0; 1].
Speci cally, if t = 0, the corresponding point isp;, while if t = 1, the point
corresponds top,.
For intermediate values oft, the position of points along the segment is
determined by the linear relationship betweem; and p,.
If the scaling factor falls outside this range, no intersection occurs.
Let p and p, represent the points in space, andir their segment direction
vector.

dr=p p (2.8)
Then, it is possible to rewrite equation 2.7 :
Psegment(t) = g+ t dir (2.9)

The gure 2.13 illustrates how the position of the point is de ned relative to
the total length of the segment.



2.2. First Section: mesh_intersection.py 27

It follows that it is necessary to calculate the factor in order to con rm the
existence of the intersection and to determine its position relative to the
segment. The following equation is used, which de nes the segment between
the two selected pointspmne and Pegmens @and studies its alignment with
respect to the currently selected plane, identi ed by the normal vectomn.
Rne IS @ generic point belonging to the plane, in this case replaced by the
point of the plane previously calculated, andxegmen: iS @ point belonging to
the segment of the triangle mesh under consideration.

This is a dot product, so in order to satisfy the perpendicularity condition,

it must be zero.

A (Psegment Piane) = 0 (2.10)
A (p+t dir  pmee) =0 (2.11)
From this, it can be derived that the scalign factor is equal to :
A dir

Therefore, if the condition of perpendicularity and alignment between the
plane and the segment is satis ed and the scaling factor falls within the
de ned interval, the position of the intersection point between the plane and
the boundary of the mesh can be precisely localized.

Attention is drawn to the calculation of the denominator of the fraction of
the parametert. In intersection search iterations, the case where this value
is equal to zero or relatively close to zero is excluded. Flowchart 2.14 shows
the correct iterations.

Figure 2.13: Localization intersection point
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Figure 2.14: Flowchart: Boundary Intersection

The primary output of the code is the localization of the intersection points.
To di erentiate the various strategies (S, C, O), the numbering of the in-
tersections can be observed. The Figures in 2.15 present a solution for a
rectangular at panel with the Standard lay-up strategy at 90 and 0 an-
gles. Additional examples are provided for di erent lay-up strategies, such
as the center-and-out approach (2.16) and with other angles ranging between
0 and 180 (2.17).

Figure 2.15: Comparison of S strategy &80 - left and O - right
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Figure 2.16: Comparison of C strategy a®0 - left and O strategy at90 -
right

Figure 2.17: Comparison of C strategy a60 - left and120 - right

Being an iterative process based solely on the boundary points of the mesh,
this method does not require any information regarding the surface de nition
formulas or the geometric properties of the analyzed shape. It is su cient
to know the maximum and minimun limits in order to de ne the number of
planes to be used for the di erent tapes, thus covering the entire tool.
Therefore, this approach is applicable even to rounded shapes, which do not
necessarily have to be circles, ellipses, or other ruled shapes, but can be
arbitrary in nature.

This represents another fundamental element in the choice of this method,
as it allows the implementation of the simulation even for geometries not
precisely de ned by parametric coordinatex, Y, and Z, Figure 2.18.
However, it should be noted that there are limitations regarding the handling
of certain shapes. In fact, very high curvatures or excessive concavities are
di cult to manage, making the process less e ective for geometries with such
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