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ABSTRACT

Wind power has become a cornerstone of sustainable development strategies. Among
the key components ensuring wind turbine reliability, pitch control systems are
particularly prone to failure, largely due to the harsh operational conditions they
endure, especially within their gear mechanisms, such as worm drives. These
conditions accelerate wear and failure, demanding advanced maintenance and repair
strategies. This study investigates the potential of Laser Material Deposition (LMD) as
a remanufacturing technique for worm drives and proposes a sensor-aided system to
detect and correct geometric misalignments that arise from thermal expansion during
the process. The work includes hardware integration, surface treatment evaluation,
and script development. Using a high-speed 2D profile scanner integrated into a
Computer Numeric Control (CNC) machine, various scanning trials were conducted
under different surface treatments and at two scanning speeds. The study
demonstrates the feasibility of integrating laser scanning and real-time data processing
for geometry correction in LMD. By improving accuracy and reducing reliance on post-
processing or operator intervention, this approach lays the groundwork for closed-loop
geometry control systems in additive manufacturing.

Keywords: Pitch control systems. Laser Material Deposition (LMD). Laser-based
Sensors. Point-cloud edge detection.



RESUMO

A energia eolica tornou-se um pilar central das estratégias de desenvolvimento
sustentavel. Entre os principais componentes que garantem a confiabilidade das
turbinas edlicas, os sistemas de controle de pitch sdo especialmente suscetiveis a
falhas, principalmente devido as severas condicbes operacionais a que S&o
submetidos, especialmente, em seus mecanismos de engrenagem, como as
engrenagens sem-fim. Essas condicfes aceleram o desgaste e as falhas, exigindo
estratégias avancadas de manutencéo e reparo. Este estudo investiga o potencial da
Deposicdo de Material a Laser (LMD) como técnica de remanufatura para
engrenagens sem-fim e propde um sistema assistido por sensor para detectar
desalinhamentos geométricos provocados pela expansao térmica durante o processo.
O trabalho inclui integracdo de hardware, avaliacdo de diferentes superficies e
desenvolvimento de scripts. Utilizando um scanner de perfil 2D de alta velocidade
integrado a uma maquina Comando Numérico Computadorizado (CNC), foram
realizados diversos testes de varredura com diferentes tratamentos de superficie e em
duas velocidades de escaneamento. O estudo demonstra a viabilidade de integrar
escaneamento a laser e processamento de dados em tempo real para correcéo
geométrica em processos de LMD. Ao melhorar a precisédo e reduzir a dependéncia
de pos-processamento ou intervencdo do operador, essa abordagem estabelece as
bases para sistemas de controle da geometria em malha fechada na manufatura
aditiva.

Palavras-chave: Sistemas de controle de pitch. Deposicdo de Material a Laser (LMD).
Sensores a Laser. Deteccao de bordas em nuvem de pontos.
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1 INTRODUCTION

Given the crucial role of energy for populational and economic growth in the
modern age, it is essential for that demand to be supported through this everlasting
increase. Therefore, energy generation and distribution must evolve in an integrated
manner to keep up with this growth (Adebayo, et al., 2021). With the energy expansion,
renewable alternatives gain strength as way to diverse the energy matrix, as well as to
combat climate change, with over 130 countries aiming for carbon neutrality by 2050,
including the European Union (EU) (Dong, et al., 2022). Due to these reasons, wind

power has become a central topic in debates on green energy around the world.

Historically, Brazil's energy matrix has heavily relied on hydropower, which
currently accounts for over 45 % of the total installed capacity, as can be seen in Figure
1, according to the National System Operator (ONS, 2025). This brings issues to the
Brazilian electric system due to the dependency in that power source, leading to risks
of power outage in periods of drought, caused in parts, by climate change. Because of
that, planning has shifted towards a more diverse energy matrix, while keeping it clean
and renewable, with wind power being a great candidate, transforming the old hydro-
thermal energetic system into a hydro-thermal-wind. In January 2025, Brazil's wind
power generation reached nearly 33 GW (ONS, 2025). Additionally, plans are in place
to construct over 230 GW of offshore wind capacity along the country's coastline within
the next decades (Telles, 2024).

Figure 1 — Brazilian energy matrix by source in January 2025
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Source: Adapted from ONS (2025).

The history in Germany is different, as there was a great shift in the last 40
years from oil and coal towards a more diverse matrix, being one of the pioneers in
tackling environmental issues (Adedoyin, et al., 2023). In Figure 2, provided by
Fraunhofer Institut fir Solare Energiesysteme (Fraunhofer ISE, 2025), it can be seen
the focus shift of the country on wind and solar power, as both sources lead in net
installed capacity. A great majority of the wind plants in Germany are built onshore, as
Figure 2 also shows, with the country’s government planning to install 70 GW worth of

offshore wind farms until 2045 (Bundesregierung, 2025; Whermann, 2018).

Figure 2 — German energy matrix by source in 2024
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Source: Adapted from Fraunhofer ISE (2025).

This focus on wind power from both countries and others across the world
brings different concerns, as one of the intrinsic difficulties of wind turbines is brought
by the environment in which they are installed, being onshore or offshore, with often
locations immersed in strong corrosion (offshore), high humidity, sudden climate
changes, among other conditions (Nie; Wang, 2013). With that, turbines are subject to
various failures, found in different parts, like the main structure, the generator, or
primarily, in their gearboxes (Su, et al., 2024). The nacelle, which is the name of the
structure that supports the internal parts of the wind turbine, represented in Figure 3,
houses gearboxes used to regulate various movement characteristics such as, for

example, yaw and pitch systems. Although the nacelle is built to endure strong
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corrosion especially in offshore turbines, other problems such as wear, fatigue, or
excessive loading failures can be found in its gear systems, leading to efficiency
reduction (Bharatbhai, 2015).

Figure 3 — Nacelle inside view

/\{’ // : ! Wind Turbine
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4“\'0 Pitch system

? / Brake~
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%
s Mgy <l
Yaw motor_ﬁ NNacelle Wind vane
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Generator

Source: Emexidis; Gkonis (2024).

Maintenance for these mentioned components in Figure 3 can be
categorized into three major types: corrective, involving the repair or replacement of
parts after a failure has occurred; preventive, which consists of scheduled maintenance
performed at regular intervals without prior diagnostics; and predictive, which relies on
periodic inspections and data analysis to detect potential failures before they occur
(Koerich, 2021).

1.1 Justifications

Wind turbines generate electric energy by transforming the kinetic energy
from wind velocity and density from the region (Machado, 2022). Figure 4 shows the

air flow between wind blades according to the blades’ models.
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Figure 4 — Air flow between wind blades

wind —— T Area

Source: Adapted from Barros (2015).
Equation 1 describes the kinetic energy shown in Figure 3 (Barros, 2015).
E=05-p-A4A-v3-t (1)
Where p is the air density, A is the blade’s area sweep, v,, is the wind
velocity, and t is time. Also, the maximum potency which can be extracted depending

on the wind velocity and the blade area sweep can be seen in Equation 2 (Barros,
2015).

Bn=05[p-A-C,(4B) v (2)

Where p is the air density, A is the blade’s area sweep, C, is the power
coefficient, A is the ratio of the blade tip speed, g is the pitch angle and v is the wind
velocity. Due to the coefficient of power (C,), the maximum kinetic energy available
from the wind does not generate the maximum possible power, with it being only a

fraction of the wind power that can be extracted by the rotor (Barros, 2015; Machado,
2022).

The coefficient of power can be expressed as a function of the velocity ratio

of the wind and the blade inclination angle, as indicated in Equation 3 (Machado, 2022).

116 -21 (3)
C,(1, B) = 0,5-(7—0,4-3—5)e T 40,0068
i

Where C, is the coefficient of power, A is the ratio of the blade tip speed,

is the pitch angle and 4; is an intermediate variable between A and 8, known as specific

velocity, as shown in Equation 4 (Machado, 2022).
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11— 1 B 0,0035 (4)
l A+0,083 1+p3

It can be concluded that the power coefficient determines the amount of
power that can be extracted for each wind speed impacting each angle of attack of the

wind to the rotor blades (Machado, 2022). This relationship can be seen in Figure 5.

Figure 5 — Relationship between power coefficients for each inclination angle

Cp

Source: Pan; Wang (2020)

In Figure 5 it is noted that the power coefficient reaches its highest efficiency
at pitch angles close to zero, typically occurring under lower wind speeds, leading to
no need of adjustments done to the blade pitch. As wind speed increases, the tip speed
ratio (A) also rises, resulting in a gradual increase in the blade pitch angle and
decreasing the power coefficient (C,,) maintaining safe operation of the turbine. When
the wind speed exceeds the rated value, it becomes necessary to take the wind turbine

out of operation to prevent damage.

Yaw and pitch systems are crucial for efficient energy production from wind
generators, employing the criteria discussed. The yaw system is responsible to direct
the wind blades towards the wind direction by rotating the nacelle around the rotor axis,
increasing the potential generated energy by the turbine (Song, et al., 2019). The pitch
system is the mechanism that rotates the blades to optimize the angle of attack of the

wind (Kang, et al., 2017). Both systems’ movement can be seen in Figure 6.
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Figure 6 — Yaw and pitch movements

p—

Source: Shin; Rittgers; Lee (2022).

The pitch system also reduces the wind-related damage to the overall
equipment. However, due to the extreme conditions it often faces, failures can occur.
When this happens, production efficiency is reduced, potentially causing damage to
the machine and resulting in downtime (Qin; Tao; Zhao, 2023). In gearboxes, most
common failure modes are fatigue, wear or plastic deformation, with tooth bending
fatigue being the biggest cause (Qiu, et al., 2017). Pitch control systems can be built
with electric drives and hydraulic drives, with the former being most common due to
hydraulic systems’ oil leakage and maintenance issues (Wei; Qian; Zareipour, 2020).
Different drives and configurations were and are employed, such as worm-based,
(Augustyn, 2020; Ha, 2020; Komass, 2016; Nagai; Ameku; Roy, 2009). Figure 7
illustrates a pitch system schematic from manufacturer “Pengky” with a worm drive
present (Pengky, 2019b).

Figure 7 — Pitch system from manufacturer Pengky
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Pitch bearing outer ring

Pitch drive motor
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Source: Pengky (2019b).
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Due to their exposed position, electric pitch gears are often the first
components to be affected by the wind. It is important that the worm drive has a long
service life and allows for quick maintenance when necessary, in order to maximize
energy production, with overall operational and maintenance costs reaching 3 % of the
initial plant investment (Bianchini, et al., 2022).

1.2 Problem Definition

Worm gearboxes, apart from wind turbine pitch systems, are also frequently
used for power and motion transmission in industrial areas, as well as steering systems
(Kim, 2018). Known for their lightweight design, they can handle high-power
applications. Common failures arise from fatigue, wear, and tooth breakage
(Karabacak; Girsel Ozmen; Gumusel, 2022). Advantages of worm gearboxes include
their compact size, simple configuration, low backlash, quiet operation, and damage
tolerance. However they do present a lower efficiency compared to other types of gears
(Elasha, et al., 2014). Under harsh conditions and operating for longs periods of time,
gearboxes’ performances may decrease over time, needing maintenance (Karabacak;
Bas, 2022). With wind turbines gearboxes developing a multitude of failures over time,
good analysis and quick maintenance must be considered when managing them,
especially with offshore towers, as they can be inaccessible for several months
(Artigao, et al., 2018). Currently, the repair process of drives requires special
equipment and highly qualified personnel, increasing overall maintenance cost
(Kononenko; Ignatkin; Drozdov, 2022).

One solution towards diminishing cost and time of maintenance could be
Laser Additive Manufacturing (LAM), which is a technique that utilizes a laser beam to
melt and solidify metal powder material into a substrate (Gong, et al., 2021). Although
LAM requires costly special equipment, it is a technique with a wide variety of
applications, including metal coating and welding (Das; Nandan; Pandey, 2022; Fang,
et al., 2016; Mahmood, et al., 2021). LAM can be used to counter corrosion effects as
well, creating, little to no residual material waste and being more efficient than usual

processes (Biserova-Tahchieva, et al., 2023; Faludi, et al., 2015) .

According to the American Society for Testing and Materials (2012), there

are 7 main categories of Additive Manufacturing (AM): photopolymer vat, material
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extrusion, powder-bed fusion, sheet lamination, binder jetting, material jetting, and
directed energy deposition (DED) (Ransikarbum; Pitakaso; Kim, 2020). In DED,
multiple techniques and heat sources can be employed to deposit thin layers of
material, either in powder or wire form. Among these, Laser Material Deposition (LMD)
has received great attention from researchers for enhancing design flexibility, serving
as an alternative for constructing complex and custom geometries while reducing
production cost (Donadello, et al.,, 2019). Figure 8 shows a diagram of the LMD

process, with powder-based deposition and Argon as shielding gas.

Figure 8 — Diagram of laser material deposition process

Laser beam

Metal powder
& Shielding gas
Powder feeding gas il
%

Deposited layer — DED direction
———
Substrate Melt pool

Source: Lim, et al. (2021).

With LMD being a multi-parameter, nonlinear, stochastic system
(Gunasegaram, et al., 2024), it brings multiple variables to the table, such as laser
power, powder flow rate, shielding gas flow rate, temperature expansion, among others
(Hu; Kovacevic, 2003a). Optimizing these parameters in a post-process environment
is often time-consuming and inefficient (Cai, et al., 2023; Chen, et al., 2024). Making
these adjustments mid-process is ideal due to reducing setup time and the need for
operator expertise (Fox, et al., 1998), with authors in the literature commonly focusing
on only one variable to control (Cali, et al., 2023). Most studies focus on analyzing the
melt pool formed when the laser interacts with the metal powder, with some checking
its temperature (Song, et al., 2012) or width (Akbari; Kovacevic, 2019), using machine
learning techniques (Scime; Beuth, 2019). With the aid of sensors, other variables were

also used for controlling purposes, like powder rate (Hu; Kovacevic, 2003b), and clad
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height (Toyserkani; Khajepour, 2006). Although, the quality of data gathered is

essential for a good control process.

Using lasers introduces a rapid cooling and heating process in the system,
which can create significant temperature gradients (Qi, et al., 2020). Typically, the
metal powder and substrate possess different thermophysical parameters, such as
their thermal expansion coefficient, causing residual stress, generating cracks and
unevenness in the laser coating (Lee, et al., 2015). This unevenness can provoke a
disparity between the programmed path with actual track position, resulting in
accumulated errors over time and affect the near-net-shape accuracy of the cladding.

Figure 9 illustrates this issue.

Figure 9 - Programmed track position alignment with actual track position and possible
corrections

Programmed track position
+Z misaligned with actual track
position, needing a +AY [pm]
correction
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Source: Own (2025) and Fraunhofer ILT (2025).

As can be observed in Figure 9, the error caused by thermal expansion from
the laser heat can result in deviations along the Y-axis during deposition, requiring

either positive or negative corrections.

1.3 General Objective

The aim of this work is, with the aid of a sensor during the LMD process,

promote proof of concept of a closed-loop correction of the misalignment between the
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programmed path with actual track position, provoked due to thermal expansion. The

subject of this study is worm drives, found in wind turbine pitch control systems.

1.4 Specific Objectives

The specific objectives are listed below:

a)

b)

)
¢))

h)

Present commonly used pitch control systems, its gearboxes and worm
drives;
Present LAM parameters, such as thermal expansion;

Display state-of-the-art sensor-aided control employed in the literature

for geometry correction;
Model the proposed solution for gathering trial data and simulation;

Implement a code to gather data from each trial aided by the sensor and

a C++ written software;
Implement a simulation code for fetched data using python;

Test different edge detection approaches for each individual trial using

python;

Display and discuss achieved results.

1.5 Work Structure

This work is structured as follows. Chapter 2 provides an overview of various

wind turbine pitch control systems, the selected maintenance approach, laser additive

manufacturing and its parameters, as well as relevant sensor-aided control strategies.

Chapter 3 details the modeling and implementation of the proposed solution and its

trials, outlining each step undertaken in the study. Chapter 4 presents the results

obtained from the techniques applied in gathered data. Finally, Chapter 5 offers

concluding remarks and suggestions for future work.
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2 MAINTENANCE OF WORM DRIVES IN PITCH CONTROL

As offshore wind installations continue to expand globally to meet rising
renewable energy demands, the reliability of critical subsystems like the pitch control
mechanism becomes increasingly important. Worm drives, often employed in pitch
systems due to their self-locking ability and compact design, are subjected to harsh
operational conditions that can lead to wear, fatigue, and eventual failure.
Consequently, this chapter explores the fundamental aspects of pitch systems,
common failure modes associated with worm drives, and emerging maintenance and
repair techniques, including advanced laser additive manufacturing solutions, to
enhance durability, reduce downtime, and improve cost-efficiency in offshore wind

turbine operations.

2.1 Wind Turbine Pitch Control Systems

Offshore wind turbines have been getting attention all over the world,
increasing its installed capacity faster than ever, with key wind players like China,
United States, Brazil, India and the EU breaking annual records every year (Global
Wind Energy Council, 2024). Although, to meet the COP28 targets, a climate change
conference attended by over 190 nations, the wind industry needs to almost triple its
annual growth from 117 GW to 320 GW by 2030 (Global Wind Energy Council, 2024).
With offshore wind farms bringing solutions to the climate change problem, it also
brings challenges due to its environment particularities, being usually accompanied by
high temperature, high humidity, typhoon, lightning, salt fog, among other issues (Kou,
et al., 2022). These conditions, in comparison to onshore wind farms, make offshore
types provide higher failure frequencies, with blade adjustments, drivetrains and
transmission systems being common failures (Cevasco; Koukoura; Kolios, 2021). The
operational expenditure for offshore farms are also higher compared to onshore ones,
provoked by longer downtime and more expensive transportation for maintenance
teams (Asmussen; Liniger; Pedersen, 2021). A way to reduce operational costs could

come from faster maintenance in conjunction with reliable fault detection systems.

Multiple surveys show that pitch systems are responsible for most failures,

showing almost 13 % of all failures (Ribrant; Bertling, 2007), (Carroll; McDonald;
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McMillan, 2016). Pitch systems can be categorized into two types: hydraulic and
electro-mechanical types. Electric pitch systems have good accuracy and
compactness, although limited torque capability (Yin, et al., 2019). With hydraulic
systems, torque capability increases, although precision is lower, as the relationship at
higher pitch angle rates is non-linear (Zhang, et al., 2013) and maintenance issues.
Overall, electro-mechanical types are more common than hydraulic ones (Wei; Qian;
Zareipour, 2020).

Pitch systems in wind turbines are key components for adjusting the angle
of attack of the blades to optimize power output, as well as for stop protection in a cut-
out speed (Jin, et al., 2021). The harsh environment found in offshore farms usually
brings large alternating loads, causing uneven distribution of forces throughout the
pitch gearbox (Ha, et al., 2021). Pitch systems can be constructed with different
configurations, although one common component among systems are blade bearings
with different compositions, as shown in Figure 10 (Jin, et al., 2021). These
components are found in either electro-mechanical and hydraulic types of pitch
systems, with the latter not featuring gear teeth on the bearings (Liu; Zhang; Carrasco,
2020).

Figure 10 — Type of bearings found in pitch systems

(¢) single-row slewing bearing with external gears  (d) double-row slewing bearing with external gears
Source: Jin, et al. (2021).

Pitch systems manufacturers also experiment with different mechanism
configurations in conjunction with bearings, being either passive or active pitch
systems, based on the size of wind turbines (Wang, et al., 2023). For smaller turbines,

passive unified pitch systems are preferable as they do not need extra electric power
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consumption for blade angle control (Chen; Shiah, 2016). Although, for bigger turbines,
active systems are preferable for a better control of output power, even if
manufacturing cost is higher (Zhang, et al., 2025). Active pitch systems can be
designed in various ways, as demonstrated by the Chinese manufacturer Pengky. One
example, previously shown in Figure 7, features a worm drive integrated into the gear
system, a configuration commonly used in small and medium-sized wind turbines, such
as the one illustrated in Figure 11 A). For larger wind turbines, however, the
mechanism shown in Figure 11 B) represents an independent electric pitch system
that adjusts each blade individually, ensuring higher efficiency. Similarly, Figure 11 C)

shows a comparable system but with a hydraulic-based mechanism.

Figure 11 — Different pitch mechanisms.

(b)

(1) Pisch boaring inner fing  (2) Pitch bearing outer ring  (3) PIChing Grive 100 () pich arive motr  (3) Pinion gear of drive mator 3) Pich gear (Outir ring of bearing)
(8) Wind rotor spindio (@) noer ring of tearing (5) Main shatt

(a) Unified gear system (Pengky, 2019a), (b) Independent electric pitch system (Pengky, 2019c),
(c) Hydraulic pitch system (Pengky, 2019c).

Worm drives are frequently used for power and motion transmission in

industrial areas, as well as electric steering systems (Kim, 2018). It is used mostly for

light gearboxes and can be used in high power needs (Chen, et al., 2015). Common

failures for these types of gears are surface fatigue, wear and tooth breakage
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(Karabacak; Gursel Ozmen; Gimisgel, 2022). Worm drives also present multiple
configurations, some with equidistant and non-equidistant threads, with different repair
approaches for each type (Honkalas; Deshmukh; Pawar, 2021). DED based
approaches for cladding have been conducted on worm wheels using bronze, as most
gears it is the preferable material due to its ductility (Raghavendra, et al., 2025).
Although for worm drives, 42CrMo4 is the chosen steel material for its composition,

due to its good machinability and high strength (Chaouch; Guessasma; Sadok, 2012).

2.2 Laser Additive Manufacturing

Laser-based remanufacturing technology offers effective solutions for
repairing heavy-duty gears. It addresses key challenges such as controlling cracks in
the clad layer, achieving high performance on the cladded tooth surface, and
minimizing heat input (Shiyun Dong, et al., 2008). Additionally, the process provides
economic advantages through efficient material utilization, high welding speeds,
automation, and reduced pre- and post-processing requirements (Nowotny, et al.,
2007). When cladding components with complex geometries, such as worm drives,
powder-fed LMD is often preferred over wire-fed techniques, as it performs better in
such applications (Raghavendra, et al., 2025). Despite its advantages, powder-based
deposition is generally less efficient than wire-based methods due to higher material
consumption and the increased cost of powder feedstock (Ahn, 2021). In Figure 12,

an illustration of the powder based LMD process on a cylindrical bar is shown.
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Figure 12 - Schematic representation of an L-DED process on a cylindrical bar
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Source: Adapted from Raghavendra, et al. (2025).

Due to its characteristics, LMD presenting a low dilution rate results in
superior surface properties compared to conventional treatment technologies. These
include improved resistance to wear, corrosion, heat, and oxidation, as well as
enhanced electrical properties, making it an attractive option for armoring applications
(Cheng, etal., 2022). LMD can remanufacture core components, extending the service
life while reducing maintenance downtime and costs (Cheng, et al., 2022). Additionally,
the heat concentration of the laser allows for tooth and blade tip build-up with minimum
distortion, and bearing, seal and drive surfaces, considered non-repairable by
conventional welding techniques, can be effectively restored using LMD (D D Gu, et
al., 2012).

LMD strongly depends on the material and process characteristics and its
attributed variables (D D Gu, et al., 2012). For powder-based processes, variables
such as flowability, chemical composition, particle shape, size, and distribution
significantly influence the final product quality (Montero, et al., 2016; Zhang, et al.,
2023). Additionally, process parameters such as laser spot size, laser type and power,
scan speed, layer thickness, and dwell time also play a critical role in determining the
outcome (Cooke, et al.,, 2022; Gonzalez-Barrio, et al., 2022). Although LMD is a
promising alternative to conventional methods, it faces challenges when applied to
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multi-material structures. Intrinsic issues, such as mismatched thermal properties, the
formation of brittle intermetallic phases, and varying laser absorptivity, can result in
reduced material performance (Pellizzari, et al., 2022). Additionally, LMD suffers from
residual stress, which arise from the repeated cycles of rapid heating and cooling
during the process (Ji, et al., 2024).

2.3 Thermal Expansion

The 42CrMo4 1.7225 (AlISI 4140) steel, a commonly used material for cladding,
is renowned for its high strength, good machinability and robustness (Chaouch;
Guessasma; Sadok, 2012). This low-alloy steel is used in multiple applications,
including crankshafts, bolted assemblies, forged and welded components (Lin; Chen;
Zhang, 2009), (Andreatta, et al., 2023). As with any material, thermal expansion must
be considered when analyzing their behavior in near-extreme temperatures. For that,
stress-free dilatometry tests were performed on 42CrMo4 in a study by (Areitioaurtena,
et al., 2022). A heating rate of 20 °C/s was set to reach 900 °C on 4x10 mm cylinder
specimens, with also different cooling rates used to reach multiple microstructural
phases. Figure 13 illustrates the relative change in length and the coefficient of thermal
expansion (CTE) as they vary with temperature. It is evident that variations in the
microstructure due to temperature change have different length increments. This
temperature and microstructure dependence that CTE has is also described in
(Gulpak; Solter, 2015), (Papuga, et al., 2023), and (Neumann; Bohlke, 2016).
Significant thermal expansion can lead to misalignment between the planned and

actual deposition track.
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Figure 13 - Relative change in length versus temperature [°C] on the left. CTE versus
temperature [°C] on the right.
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Source: Adapted from Areitioaurtena, et al. (2022).

In a study by (Behrens, et al., 2017), thermal-mechanical behaviors of
cylindrical 42CrMo4 specimens were examined with and without load. The specimens
were heated to 950 °C for 5 minutes, then cooled down along a nearly exponential
time-temperature trajectory. It was observed that there existed a linear longitudinal
contraction due to cooling from 950 °C, as well as an elastic length change at 400 °C
due to load onset. Without load, volume changes were only noticed below 310 °C, due
to martensitic transformation. (Cooke, et al., 2022) also conducted a thermal-
mechanical study using 42CrMo4 steel, but with Laser-Direct Energy Deposition.
Three cases of 20-layer thin walls, each measuring 37 x 3.6 x 6 mm, were deposited
with varying dwell times between each layer depositions: 0s, 20s and 40s. It was
observed that the microstructure was affected due to changing dwell times, leading to
different CTE for the same material, as demonstrated in (Fernandez-Sanchez; Iza-
Mendia; Jorge-Badiola, 2024). Thermal properties, including conductivity, melting point
and CTE usually vary in different materials, leading to thermal-stress-induced defects
such as cracks and pores (Pellizzari, et al., 2022). Varying geometry due to thermal

expansion may misalign the planned track with actual track position, leading to lower
guality finished products.
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2.4 Sensor-Aided Control

To enhance the automation capabilities of LMD and reduce errors, many
studies have focused on developing advanced control systems. These systems follow
different approaches: some are designed to monitor specific variables during the
process (open-loop systems), while others actively adjust parameters in real time

based on feedback data (closed-loop systems) (Montero, et al., 2016).

LMD brings many parameters affecting the overall quality of the finished
product. Some of the most commonly studied parameters are laser power, powder
feeding rate, temperature, scanning speed, beam shape, surface roughness, shielding
gas, melt pool morphology, thermal expansion, among others (Bernabe Carcel, et al.,
2010). In both industry and research, sensor configurations for LMD are widely
employed, such as Proportional-Integral-Derivative (PID) controllers, in a closed-loop
environment, based on melt pool size and temperature (Banfi, et al., 2022), acoustic
sensing (Kim; Park, 2024), or 3D scanning (Vandone, et al.,, 2020). Two-color
pyrometers are usually employed when temperature is the parameter of choice to
control. The sensor is independent of the emissivity of the material, compared to one-
color variants, as well as a contactless solution suitable for LMD applications (Bernabe
Carcel, et al., 2010). The implementation of track height control is also sometimes
utilized by installing multiple off-axis sensors (Xin, et al., 2020), although off-axis
methods usually limit head freedom leading to collisions (Banfi, et al., 2022). Although
these sensors aid in controlling multiple variables, the geometry in itself can still vary
(Garmendia, et al., 2018; Vandone, et al., 2020).

LMD characteristics such as heat accumulation, cooling rates, and varying
thermal expansion can lead to unexpected effects on the fabricated part, including
inadequate dimensional accuracy. Therefore, continuous monitoring and geometry
control are essential to stabilize the process in industrial applications (Vandone, et al.,
2020). In Vandone, et al. (2020) authors employed a 3D scanner to capture the
geometry of the partially manufactured part and compared it to the target geometry.
Based on the discrepancies identified between the expected and actual geometries, a
revised part program was generated and executed to correct deviations. Figure 14
shows the forming of the actual geometry with a point cloud-based scanning illustrated

in a heat map.
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Figure 14 — Built part (left) and heat map reconstructed (right)
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Results demonstrated that the system’s geometric accuracy (< 0.03 mm) is
sufficient for detecting deviations in LMD, where process uncertainties can cause
dimensional variations of a similar magnitude within a single deposited layer. In
Baraldo, et al. (2020) authors proposed a monitoring configuration based on beam-
coaxial imaging controlling laser power with planned geometry as reference, improving
the accuracy of deposited tracks with complex features. The closed-loop control
showed good results, diminishing over-shootings by 17 %. The work done by
Garmendia, et al. (2018) implemented a control strategy targeting both component
geometry and material morphology, utilizing a laser line profiler in conjunction with a
high-speed infrared camera. The strategy involved real-time control of standoff
distance, deposition velocity, and laser power. Executed on a layer-by-layer basis, the
control process was divided into two distinct phases: a measurement phase, which
generated a deviation map from point cloud data, and a deposition phase, in which the
computed deviations were used to dynamically adjust the process. Although the
method effectively compensated for geometric deviations, it resulted in increased

processing time.

In the present work, due to the way the chosen geometry consists of, point-
cloud based data provided by a profiling scanner needs to be understood and
classified. Consequently, techniques for reliably identifying features such as edges and
valleys must be validated and thoroughly tested. In Ni, et al. (2016) it is described that
3D edge detection extracted from laser scanning data can be characterized into two
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groups: direct methods, which first recognizes the points, clustering them into planes,
detecting edges and extract feature lines and outliers; indirect methods, which first
convert a 3D point cloud into an image, detecting 2D edges and projecting these 2D

edges to obtain 3D edges.

Edge detection can be employed by checking if a random point is on a
surface boundary, where there will be an angular gap between neighboring points. If
the random chosen point is an interior point, the angle between neighboring points will
be consecutive, with no substantial gap (Ni, et al., 2016). This technique utilizes the
Random Sample Consensus (RANSAC) algorithm, where it identifies the outliers in a
data set estimating the desired model using outlier-free data (MathWorks, 2025). For
a sharper edge detection, normal vector estimation from a 3D point-cloud is required
(Dena Bazazian; Josep R. Casas; Javier Ruiz-Hidalgo, 2015). Normalization combined
with neighboring angle checking is mentioned in multiple works, like in Wu, et al. (2024)
and Li, et al. (2025). These strategies must be analyzed and employed in each dataset

to verify its overall applicability.
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3 MODELLING, TRIALS AND SIMULATIONS

This chapter presents the experimental setup and methodology used for
high precision 2D profile scanning of a worm drive at the Fraunhofer Institute for Laser
Technology (ILT) in Aachen, Germany. A series of linear scan trials at different speeds
and surface conditions were performed, using C++ and python written software, to
evaluate scan quality and the results were analyzed through 3D simulations based on
collected X, Z, and inferred Y data.

3.1 Modelling

This study was carried out on a seven-axis Computer Numerical Control
(CNC) machine manufactured by Karl H. Arnold Maschinenfabrik GmbH & Co. KG
shown in Figure 15, outlining the sensor in yellow and the nozzle in blue. The setup
includes a powder feeder from Oerlikon Metco AG, which delivers material via a hose
using argon as the carrier gas. Additionally, a TRUDISK 5001 solid-state Nd:YAG
diode laser from TRUMPF GmbH is connected to the laser head through a fiber optic
cable. This laser can reach a maximum power output of 5 kW and operates at a

wavelength of 1030 nm.

Figure 15 — Seven-axis CNC machine

Source: Own (2025) and Fraunhofer ILT (2025)
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The seven axes of the CNC machine, illustrated in Figure 15, can be found
in a profile schematic shown in Figure 16. Two axes, C2 and A2 are responsible for
the rotation and tilt angle of the table, respectively. The other five axes oversee the

head movement.

Figure 16 — Machine axis profile schematic

A2

Source: Own (2025) and Fraunhofer ILT (2025).

For this work, almost all the axes shown in Figure 16 are used, with the only
exception being the B axis, which controls the tilt angle of the head. Among the various
sensors integrated into the machine, the focus of this work is on the high-speed laser
profile scanner scanCONTROL 2950-100 /BL developed by Micro-Epsilon, a leading
manufacturer of precision sensor technology (Micro-Epsilon, 2025b). This sensor
features a 100 mm measurement range and utilizes a blue laser line with a wavelength
of 405 nm. The blue laser was chosen for its superior precision and its ability to
accurately measure surfaces of red-hot glowing materials, where conventional red
lasers would be less effective. The laser scanner utilizes the laser triangulation
principle for two-dimensional profile detection (Micro-Epsilon, 2025b), shown in Figure
17.
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Figure 17 — Measuring principle of laser scanners
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The laser scanner captures only the 2D surface profile directly above the
scanned area, as illustrated in Figure 17. Each profile consists of height (Z-axis) and
width (X-axis) coordinates, calculated from individual pixels detected by the sensor
matrix. For this sensor, the set resolution is 1280 x 1280 pixels, resulting in 1281 X
and Z data points per scanned profile. Due to its reflection-based scanning method,
parameters such as exposure time, profile time, and signal saturation play a crucial
role in enhancing the quality of the captured profiles. The exposure time [us] refers to
the duration the sensor is exposed to reflected light through the shutter. The profile
time [Hz], which depends on the exposure time, defines the frequency at which profiles
are acquired. Saturation [%] indicates the signal intensity and is influenced by both
exposure and profile time. According to the sensor manufacturer, optimal saturation
should fall within the range of 70 % to 90 % (Micro-Epsilon, 2025b). As each scanned
subject has different surfaces and levels of shininess, it is important to test different

exposure and profile times to assure good saturation.
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The subject of this work has particularities when being scanned by the
environment shown, as the subject is a worm drive and has a considerable length of

over 300 mm. Figure 18 shows the subject mentioned.

Figure 18 — Worm drive

Source: Own (2025) and Fraunhofer ILT (2025).

Due to the noticeable reflection of the untreated work subject shown in
Figure 18, techniques to reduce its shininess were employed on the same drive with
intent to diminish outliers caught by the sensor. The first technique was to apply an

anti-reflection spray made for laser scanning to the subject, as Figure 19 shows.

Figure 19 — Worm drive coated with spray
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Source: Own (2025) and Fraunhofer ILT (2025).

The anti-reflection spray visibly diminishes the shininess, as shown in
Figure 19. However, this method is not recommended during the deposition process,
as the spray may interfere with the material behavior and affect the process outcome.
For that, a second technique called sandblasting was employed. Sandblast uses
compressed air to blast abrasive material against a surface. Figure 20 shows the

outcome of this process.
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Figure 20 — Worm drive coated with sandblasting
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It is visible in Figure 20 this method also achieves the desired effect and
results in a more uniform appearance compared to the spray solution. However, it
alters the original surface of the subject, making it rougher, a change that may be

undesirable for certain applications.

3.2 Implementation

With the subject surface and sensor characteristics understood, a way to
manipulate the captured data had to be developed. To communicate and extract that
data from the sensor, Micro-Epsilon provides a Software Development Kit Version
4.1.1 (SDK) on their website (Micro-Epsilon, 2025a). The SDK enables integration of
the sensor with custom applications developed in C++. With that in mind, a self-made
C++ software was developed with the mail goal to record 2D (X and Z coordinates)
profile data captured by the sensor and save each new profile in a Comma Separated
Value (CSV) file format for further manipulation and simulation. This language was
chosen not only due to its compatibility with the SDK, but also for its performance and
reliability. Unlike interpreted languages such as Python, which are limited by interpreter
locks, such as the Global Interpreter Lock (GIL), C++ offers significantly higher
execution speed and more efficient resource management (Python, 2025). The
flowchart of the software developed can be seen in Figure 21.



Figure 21 — Flowchart of the profile gatherer written in C++
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The flowchart presented in Figure 21 can help one understand the scope of

the software, which handles all stages of operation: from device connection and

configuration to real-time data acquisition and storage. It starts by creating a unique

folder using current date and time to store data from each session separately. The

program attempts to load the Dynamic Link Library (DLL) provided by the SDK, to use

the library functions. If no devices are found, or if the sensor was already connected to

something else, the program displays an error message and closes. Once the program

finds a device, it connects to it, retrieves the device name, and configures parameters

such as resolution, exposure time, and idle time. The SDK does not let the user set

profile time directly, and it configurates it using Equation 5 (Micro-Epsilon, 2025a).

1

Profile Frequency [Hz]| =

(ExposureTime + IdleTime) - 10us

(5)



38

After the program calculates the profile frequency, it asks the user to choose
the scanning mode. In linear mode, the user provides the part’s length and scanning
speed given by the CNC machine. In angular mode, the user inputs the number of
degrees wanted and rotation speed given, once again, by the CNC machine. This
solution was implemented to synchronize the endpoint of the scan with the machine
head’s movement, as the two systems are not directly connected, and the software
currently cannot access the machine's coordinate data. Before starting data
acquisition, the program waits for the user to press the ‘S’ key on the keyboard. Once
pressed, it enables profile transfer and enters a recording loop, depending on the
profile frequency. During this loop, it checks whether the scan duration has been
exceeded or if the user has pressed the ‘E’ key to promptly end it. Figure 22 shows the

program prompt during the loop.

Figure 22 — Program prompt

Created or found existing folder: C:\Users\EENT2068_Labor\Desktop\Joao Russi\ScanCONTROL_StandAlone_V@©.0.3\CSVData-2025
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Device interface 3232296513
Device name is scanCONTROL 2950-100/BLv44-14
Set resolution to 1286

shutter time to 150

time to 650

se scanning mode:
1. Linear scanning
2. Angular scanning
Enter mode number: 1
Enter part length (mm): 150
Enter scanning speed (mm/min): 160
Estimated linear scan time: 9@ seconds.
Enable the measurement
Press 'S' to start recording...
Recording started. Press 'E' to stop manually or wait.

Source: Own (2025) and Fraunhofer ILT (2025).

For each profile captured, 1281 X and Z values are extracted, generating a
timestamped filename, and saving the data to a CSV file inside the created output
folder shown in Figure 22. After the loop ends, the scanner is disabled, lost profiles are

reported, and resources are released properly.

3.3 Trials and simulation

When using the software to acquire profile data, the parameters must
ensure a saturation level between 70 % and 90 %, as previously discussed. To achieve
this, trial-and-error adjustments were made between profile frequency and exposure

time using the manufacturer’s profile viewer. Optimal saturation was reached with an
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exposure time of 1.5 ms and a profile frequency of 125 Hz. According to Equation 5,
this requires an idle time of 6.5 ms. A linear scan was then performed on the test
samples to evaluate scan quality for different surface conditions: first on the raw
subject, followed by the sprayed, and finally the sandblasted surface. Each sample
was scanned twice at different speeds: 50 mm/min and 100 mm/min, to assess
whether slower scanning reduces the number and frequency of outliers, totaling 6

trials. The subject was then fixed on the table using a clamp as Figure 23 shows.

Figure 23 — Subject fixed on the table

Source: Own (2025) and Fraunhofer ILT (2025).

As can be seen in Figure 23, the scanner will not see the subject using this
position. For that reason, both the A2-axis and C1l-axis of the CNC machine rotated

90°, leading to a position depicted in Figure 24.
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Figure 24 — Work position with A2 and C1 both tilted 90°

Source: Own (2025) and Fraunhofer ILT (2025).

As Figure 24 illustrates, the scanner moves in the negative direction of Y.
Therefore, the program must halt the scanning process before the machine head
collides with the inclined table, with 170 mm being the length chosen for all trials. Due
to the three dimensionality of the scan, the Y-axis was reconstructed treating each
CSV file as a “slice” along the axis (length of a part or angular progression). But
because the files themselves contain only X and Z coordinates, the Y-coordinate must
be inferred based on the file index and total scan length. For each trial, simulations
using 3D plots created with python are presented as heat maps based on Z-values,
visualized from three different angles. In these maps, darker colors represent lower Z-
values, while lighter colors indicate higher elevations.

3.3.1 Trial1

The first trial utilized the raw subject employing a scanning speed of 50
mm/min. Error! Not a valid bookmark self-reference. shows the fetched X and Z

coordinates, as well as the simulated Y-axis.
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Figure 25 — Raw subject with scanning speed of 50 mm/min. (a) View from above. (b) View from
the side. (c) Isometric view.
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As shows Figure 25, multiple outliers are present, likely caused by the
surface shininess of the untreated subject. The high number of outliers compromises
data quality, highlighting the need for robust and intelligent data processing methods.

In Figure 26 the outliers are shown using the orange color.

Figure 26 — Outliers on the raw subject with scanning speed of 50 mm/min. (a) View from
above. (b) View from the side. (c) Isometric view.
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Source: Own (2025) and Fraunhofer ILT (2025).

Analyzing only the positive Z outliers, those that visually compromise edge
detection in Figure 26, reveal a total of 5646 such points, representing 1,05% of all

scanned values.
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3.3.2 Trial 2

The second trial utilized the raw subject employing a scanning speed of 100

mm/min. Figure 27 shows the fetched X and Z coordinates, as well as the simulated
Y-axis.

Figure 27 - Raw subject with scanning speed of 100 mm/min. (a) View from above. (b) View
from the side. (c) Isometric view.
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As shown again in Figure 27, multiple outliers are present on the raw
sample, likely due to surface shininess, with even a visible gap in the plot. In Figure 28
the outliers of the raw subject with 100 mm/min scanning speed are shown in the
orange color.
Figure 28 - Outliers on the raw subject with scanning speed of 100 mm/min. (a) View from

above. (b) View from the side. (c) Isometric view.
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Analyzing only the positive Z outliers, those that visually compromise edge

detection in Figure 28, reveal a total 2529 of such points, representing 1% of all
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scanned values. When comparing both trials, the percentage of outliers remains
similar, with a slight reduction even at higher scanning speeds. However, the faster

scan results in lower quality, evidenced by a visible gap.

3.3.3 Trial 3

The third trial now uses a pre-treated subject using anti-reflection spray
employing a scanning speed of 50 mm/min. Figure 29 shows the fetched X and Z

coordinates, as well as the simulated Y-axis.

Figure 29 — Sprayed subject with scanning speed of 50 mm/min. (a) View from above. (b) View
from the side. (c) Isometric view.
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As shown in Figure 29, fewer outliers are present on the sprayed sample
compared to the raw one, likely due to surface shininess, with some visible gaps in the
plot. In Figure 30 the outliers of the sprayed subject with 50 mm/min scanning speed

are shown in the orange color.

Figure 30 - Outliers on the sprayed subject with scanning speed of 50 mm/min. (a) View from
above. (b) View from the side. (c) Isometric view.
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Source: Own (2025) and Fraunhofer ILT (2025).

Analyzing only the positive Z outliers in Figure 30, reveal a total of 1847 of
such points, representing 0,33% of all scanned values. The number of outliers
diminished when compared to the raw sample scans, and the overall quality of the

scan is visually better.

3.34 Trial4

The fourth trial now uses a pre-treated subject using anti-reflection spray
employing a scanning speed of 100 mm/min. Figure 31 shows the fetched X and Z

coordinates, as well as the simulated Y-axis.

Figure 31 - Sprayed subject with scanning speed of 100 mm/min. (a) View from above. (b) View
from the side. (c) Isometric view.
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As shown in Figure 31, a similar number of visible outliers are present on
the 100 mm/min sprayed sample compared to the 50 mm/min one. Once again, in
Figure 32 the outliers of the sprayed subject with 100 mm/min scanning speed are

shown in the orange color.
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Figure 32 - Outliers on the sprayed subject with scanning speed of 50 mm/min. (a) View from
above. (b) View from the side. (c) Isometric view.
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Analyzing only the positive Z outliers in Figure 32, reveal a total of 869 of
such points, representing 0.35% of all scanned values. The number of outliers
diminished when compared to the raw sample and slower sprayed scans, although

very similar.

3.35 Trial 5

The fifth trial now uses a pre-treated subject using sandblast employing a
scanning speed of 50 mm/min. Figure 33 shows the fetched X and Z coordinates, as
well as the simulated Y-axis.

Figure 33 - Sandblasted subject with scanning speed of 50 mm/min. (a) View from above. (b)
View from the side. (c) Isometric view.
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As can be seen in Figure 33 , no apparent outliers are visible in the plot,
with only a gap is present. Data analysis confirms that no Z-axis surface outliers were
detected, indicating a significantly improved scan quality compared to both the raw and

sprayed samples.

3.3.6 Trial6

The sixth and final trial uses a pre-treated subject using sandblast with a
speed of 100 mm/min. shows the fetched X and Z coordinates, as well as the simulated
Y-axis.

Figure 34 - Sandblasted subject with scanning speed of 100 mm/min. (a) View from above. (b)
View from the side. (c) Isometric view.
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As can be seen in Figure 34, once again, no apparent outliers are visible in
the plot, with no gaps this time. Data analysis confirms that no Z-axis surface outliers
were detected, indicating a significantly improved scan quality compared to both the

raw and sprayed samples and even the slower sandblasted scan.

3.4 Considerations

The trials demonstrated that untreated surfaces, such as the raw worm
drive, resulted in a considerable number of positive Z-axis outliers due to excessive
reflection, undermining the quality and reliability of the captured profiles. Figure 35

shows a visual comparison between each surface with a 50mm/min scanning speed.
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Figure 35 - Comparison between raw, spray and sandblast surfaces with 50 mm/min scanning
speed
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As can be observed in Figure 35, the sandblasted surface shows a smaller
number of outliers in the Z-axis, visually proving its superiority in this regard for a 50
mm/min scanning speed. Figure 36 shows the same visual comparison but for a 100

mm/min speed.
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Figure 36 — Comparison between raw, spray and sandblast surfaces with 100 mm/min scanning
speed
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In Figure 36 it can be also seen that sandblast visually shows less outliers
in the Z-axis, proving it better than the other two surfaces also in the 100 mm/min
speed. Although while in both cases the sandblasted surface shows better results, this
needs to also be evaluated using a numerical approach. For that, a scale gain strategy,
shown in Table 1, was applied to determine the optimal scanning speed and surface.
This strategy assumes that if the scanning speed doubles, the number of outliers
should also double, assuming a linear relationship. If this is not the case, for example,
if the number of outliers decreases or increases by less than double, then the higher
speed results in more scans per minute with fewer or comparable outliers, making it
the preferred option. Conversely, if doubling the speed leads to a proportional or
greater increase in outliers, the slower scanning speed becomes the better choice,

despite the longer scanning time.



49

Table 1 — Outlier comparison between speed and surfaces by the scale gain approach

Outliersin Z

. Number of valid Number Ratio of Scale

Surface Speed [mm/min] . . . .
points of outliers| outliers Gain

Raw 50 563968 5646 1,00% -
100 267071 2529 0,95% 45%

50 555307 1847 0,33% -

Spray

100 245541 869 0,35% 47%

50 621135 0 0 -

Sandblast 100 278042 0 0 0

Source: Own (2025) and Fraunhofer ILT (2025).

Table 1 shows that the number of outliers decreases by nearly half, 45% for

raw surfaces and 47% for sprayed surfaces, when the scanning speed is doubled from

50 mm/min to 100 mm/min. This supports the visual analysis of the scan data,

indicating that both sandblasted surfaces and higher scanning speeds result in cleaner,
quicker, and more reliable scans. Consequently, the 100 mm/min sandblasted scans

were selected as the reference for the edge detection methods discussed in Chapter

4.
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4 RESULTS

To tackle geometric distortions caused by thermal expansion during laser-
based deposition process, a way to correct planned track position with actual track
position must be developed. For that, this chapter presents and evaluates possible
edge detection approaches. Misalignment between programmed and actual track
positions can compromise build quality, as shown in Chapter 2, making it essential to
reliably distinguish edge regions from crevices in the point cloud data. Each approach
was applied to real scanning data, and their effectiveness in minimizing false edge
detections while maintaining reasonable processing times is discussed, ultimately
guiding the selection of the most suitable strategy for integration into future correction

systems.

4.1 Edge detection approaches

As previously mentioned in chapter 2, thermal expansion can cause
misalignment between the programmed and actual track positions, potentially
compromising the final geometry and needing correction. To better organize the data,
identify patterns, and eventually provide input to a control system, it is essential to
categorize regions as either edges or crevices, where 'edges' refer to the gear threads
intended for deposition tracks. To achieve this, in this work three different edge
detection approaches were developed to enable accurate categorization of the

scanned surface regions.

4.1.1 First approach — Difference between neighbors

The first approach calculates the difference between consecutive Z values
along the scan profile using Equation 6.
AZi:Zi+1_Zi Vi= 0,1,...,N—2 (6)

By analyzing the frequency of these differences created using Equation 6,
the most common AZ can be identified. The optimal AZ value is selected based on

which one results in the fewest crevice points being falsely detected as edges. To
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visualize the most common gaps between neighboring 3D points, the 10 most common
AZ values are highlighted in red and other values are in grey. This can be seen in

Figure 37.

AZ =00 87 = -0.075 AZ = -0.08 AZ = -0.065 AZ =-0.055

Figure 37 — 10 most common AZ values using sandblast 100 mm/min data
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It can be observed in Figure 37 that most AZ values detect edges but also
crevices, with values such as 0,0 and -0,04 showing smaller amounts of highlighted
crevice points. Figure 38 shows only AZ = 0,0 points highlighted with different

observation angles.

Figure 38 - AZ = 0,0 highlighted of the sandblasted subject with scanning speed of 100
mm/min. (a) View from above. (b) View from the side. (c) Isometric view.
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Source: Own (2025) and Fraunhofer ILT (2025).

In Figure 38, although this approach successfully identifies a significant
number of edge points, it also incorrectly classifies some crevice points as edges, even
when picking one of the visually better AZ. Also, this approach showed to be very quick

when simulating and with low computing power, needing only 3,1 seconds for it.
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4.1.2 Second approach — Neighboring Angles

The second approach first normalizes the data points to [0,1] creating a
normal vector for each point, then the script builds a K-dimensional tree for neighboring
search, comparing surface normals of each point to its neighbors, looking for pairs
whose angle between normals is close to 0°, calculated by Equation 7. A normal vector
is a vector that is perpendicular to a surface at a given point, if it is on a flat wall, all
normals point in the same direction. If one point is found within the threshold, the point
is the flagged as an edge and highlighted in red.

cos() =n,-n, —» 60 = cos™'(n,* ) (7)

This approach employs the Open3D library, a commonly used library of 3D
data processing available in both Python and C++ (Qian-Yi Zhou; Jaesik Park; Vladlen
Koltun, 2018). Figure 39 shows an illustration of this approach on the sandblast 100

mm/min dataset.

Figure 39 — Normalization with neighboring angle verification. (a) View from above. (b) View
from the side. (c) Isometric view.
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Source: Own (2025) and Fraunhofer ILT (2025).

Figure 39 displays that while many edge points are correctly identified, a
great number of crevice points are also misclassified as edges compared to the first
approach. Additionally, this second approach is more computationally intensive than
the first one, requiring to 25,3 seconds to complete the simulation.
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4.1.3 Third approach — Threshold selection

The third approach uses a more practical strategy, where it first filters the
data for the script to only look between a certain threshold on the Z-axis. It then
identifies the 20 most common Z-levels. This can be observed in Figure 40, where

these points are highlighted in red.

Figure 40 - 20 most common Z values using sandblast 100 mm/min data
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Source: Own (2025) and Fraunhofer ILT (2025).

After identifying the 20 most frequent Z-levels, as shown in Figure 40, the
script processes all CSV files in the dataset, highlighting as edges (in red) only the
CSV files that have values above the lowest Z-level among the 20 selected. This result

is visualized in Figure 41.

Figure 41 — Threshold selection of CSV with values Z > 347.06. (a) View from above. (b) View
from the side. (c) Isometric view.
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Source: Own (2025) and Fraunhofer ILT (2025).

As can be observed in Figure 41 the edges are detected with notable
precision and minimal misclassification, with only a single visible point identified as an
outlier. Additionally, this approach requires less computation time than the second
approach (Neighboring Angles) but more when compared to the first approach (AZ),

needing 12,3 seconds.

4.2 Considerations

Edge detection presents a problem with multiple viable solutions. In
scenarios where speed and computational efficiency are critical, the preferred method
should balance quick execution with accurate classification, minimizing the
misidentification of edges. Among the three approaches evaluated, one demonstrated

superior visual results, as illustrated in Figure 42.
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Figure 42 — Visual comparison between AZ, Neighboring Angles, and Threshold Selection
approaches with a sandblasted 100 mm/min dataset.
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As can be observed in Figure 42 while all three approaches detect edges,
crevices are also wrongfully detected mostly in the neighboring angles approach and
with some in the AZ approach. The threshold selection approach showed good results
when detecting edges, with only one visible outlier misclassified. For the computing

time it takes between each approach, Table 2 displays a comparison.

Table 2 — Simulation time taken between each approach

Edge Detection Simulations
Description | Simulation Time [s]

NZ 3,1
Neighboring

Angles 253

Threshold 123

Selection
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Source: Own (2025) and Fraunhofer ILT (2025).

As shown in Table 2, the AZ approach resulted in the fastest simulation
time. However, despite its quick execution, its edge detection accuracy was surpassed
by the threshold selection strategy, which took nearly four times longer to compute.
Even so, this duration (12.3 seconds) represents only about one-eighth of the total
scanning time (102 seconds) for a 170 mm subject scanned at 100 mm/min—
demonstrating that it does not significantly impact the process efficiency. In contrast,
the neighboring angles method required over eight times the computation time of the
AZ approach and nearly double that of the threshold strategy, while delivering poorer
detection results. Overall, the scripts showed good results, although considering both
performance and computation time, the threshold selection method proved to be the

most effective and is selected as the preferred strategy for future work.
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5 FINAL CONSIDERATIONS

The increasing demand for renewable energy such as wind power has
brought the attention of ensuring the reliability and efficiency of critical turbine
components such as yaw and pitch control systems. Worm drives, often employed in
pitch control systems, face considerable wear and degradation due to harsh
environmental conditions, especially in offshore farms. This work aimed to address
some of the key challenges in corrective maintenance of these pieces, which are time
and finished product quality, by aiding the correction of the geometric misalignment

caused by thermal expansion during the Laser Material Deposition process.

To tackle this issue, this work proposed a sensor-aided solution to detect
and simulate worm drives to aid the correction of the discrepancies between the
programmed and actual track position during the deposition process. A high-precision
laser scanner was integrated into a CNC machine setup, enabling high-resolution data
capture using a C++ developed software. Testing was then conducted using varying
surface treatments and scanning speeds to optime data quality. It was found that
sandblasted surfaces scanned at 100 mm/min offered the best results of the samples

analyzed, with virtually no outliers.

The quality of the scanned data enabled the quick implementation and
comparison of three distinct edge detection approaches: difference between
neighboring points (AZ), surface normal angle comparison (neighboring angles), and
Z-threshold selection. These methos were evaluated based on their visual accuracy,
computational efficiency, and ability to distinguish gear edges from crevices. While all
three approaches provided useful insights to tackle the edge detection issue, the
threshold selection method stood out by delivering the most precise results with
minimal false positives and a reasonable computation time. This strategy proved

robust enough to serve as a foundation for future closed-loop correction systems.

From a broader perspective, this work demonstrates the feasibility of
integrating sensor-based geometry monitoring with data processing algorithms to
improve Laser Additive Manufacturing processes. The proposed solution can serve as
a starting point for real-time feedback control systems in industrial applications such

as corrective maintenance of worm drives, or any other geometry.
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5.1 Future work

Although this proof of concept showed promising results for edge detection
and data capture, several ways remain open for further investigation. First, the
integration of this scanning system into a real-time closed loop within the CNC
environment must be developed to fully automate geometric corrections, reducing both
the time taken and the need for operational expertise. Second, future studies could
explore machine learning-based approaches for edge and anomaly detection,
potentially improving accuracy of more complex geometries sacrificing process speed.
Finally, the robustness of this system should be validated on different gear geometries

and surfaces, to generalize its applicability across a broader range of industrial cases.

In conclusion, the integration of sensor-based strategies with data analysis
holds significant potential to ease the hurdles of corrective maintenance and repair
strategies in wind energy and beyond, paving the way for more reliable and automated

additive manufacturing solutions.
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