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The PhD Programme in Mechanical Engineering of Politecnico di Milano 
offers top-level knowledge in one of the most profitable sectors in Italy 
and Worldwide; it is a key instrument to access leading enterprises 
and to achieve prominent positions in large international companies 
devoted to research and development, innovation and design. The 
primary employment market is composed of leading companies 
and organizations dedicated to innovation, research and technical 
development, high-tech SMEs and governmental departments. The 
research topics of our Programme fall in the category Mechanical, 
Aeronautical & Manufacturing Engineering of the QS World University 
Rankings, where Politecnico di Milano currently ranks 12th in the world.

As for career perspectives, a recent survey (run by Politecnico in 2022) 
showed that our PhD Candidates are 95% employed after one year, in 
national and international companies and academic and non-academic 
research institutions, engaged in innovation, research and technical 
development. On average, the survey showed that people earning our PhD 
title are paid 35% more than the corresponding employees with a master 
title.

Within our Programme all Doctoral Candidates follow a minimum path 
of three-years, which includes specific courses and lectures, held by 
Faculty members and foreign professors and experts: in particular, 
our candidates have access to a series of research seminars delivered 
monthly by international top-level faculty (MeccPhD Lectures) and to 
full courses provided by European and non-European academic experts 
leading to the obtainment of ECTS. They also experience in-depth 
research, lab activities and active cooperation with international 
industries, institutions and research groups. With this background, our 
Doctorates are able to blend the exactness of scientific knowledge with 
the ability to deal with management and industrial issues. In this view, 
their scientific profiles are suitable for prestigious positions at national 
and international level within universities and research institutions, large 
industrial and consulting companies, SMEs.
In the following pages 40 abstracts belonging to PhDs of the 34th (1), 35th 

(7), 36th (22), and 37th (9) doctoral cycles (defended in 2024 and 2025) are 

DOCTORAL PROGRAM 
IN MECHANICAL ENGINEERING

proposed. They represent a good overview of the international vocation 
of our PhD Programme, with a third of them having being developed by 
international fellows. Female presence accounts for almost 17%. 
Nearly 100% of the PhDs were supported by fellowships provided by the 
Italian Government, Industries, and European and National projects.

RESEARCH AREAS
The PhD Programme in Mechanical Engineering covers a number of 
different disciplines, being devoted, in particular, to innovation and 
experimental activities in six major research areas, and in an additional 
interdisciplinary area. All doctoral thesis displayed in the following pages 
belong to one of these areas:
Dynamics and vibration of mechanical systems and vehicles: this 
research line is organized into five research areas, namely Mechatronics 
and Robotics, Rotodynamic, Wind Engineering, Road Vehicle Dynamics, 
Railway Dynamics. It features modelling of linear and non-linear 
dynamic systems, stability and self-excited vibrations, active control of 
mechanical systems, condition monitoring and diagnostics.
Measurements and experimental techniques: The Mechanical and 
Thermal Measurements (MTM) group has its common background in the 
development and qualification of new measurements techniques, as 
well as in the customisation and application of well-known measurement 
principles in innovative fields. MTM major research focus is oriented 
towards the design, development and metrological characterisation of 
measurement systems and procedures, the implementation of innovative 
techniques in sound/vibrations, structural health monitoring, vision, 
space and rehabilitation measurements.
Machine and vehicle design: this research area is involved in advanced 
design methods and fitness for purpose of mechanical components. 
Advanced design methods refer to the definition of multiaxial low 
and high cycle fatigue life prediction criteria, and the assessment of 
structural integrity of cracked elements, the prediction of fatigue 
life criteria of advanced materials as polymer matrix composite 
materials (short and long fibers), the definition of approaches to 
predict the influence of shot peening on fatigue strength of mechanical 
components. Gears, pressure vessels and helicopter components 
are dealt with. Optimal design and testing of vehicle systems create a 
synergism between the theoretical and the experimental researches on 
ground vehicles.
Manufacturing and production systems: this research field gives 
relevance to the problem of optimal transformation of raw materials into 
final products, addressing all issues related with the introduction, usage, 
and evolution of technologies and production systems during the entire 
product life-cycle. PhD activities, in particular, are developed within the 
following research fields: Manufacturing Processes (MPR), Manufacturing 
Systems and Quality (MSQ).

Chair:
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Materials: this area is focused on the study of production process and 
characterization of materials, for structural and functional applications. 
Excellent research products were obtained both on fundamental 
research topics (e.g. nanostructured materials, foamed alloys, chemical 
phenomena in liquid melts, microstructural design etc.) and on applied 
research (e.g. failure and damage analysis, texture analysis, high 
temperature behaviour, coatings for advanced applications, etc.). The 
research projects carried out in recent years addressed specifically the 
following research topics: Steelmaking and Metallurgical Processes, 
Advanced Materials and Applied Metallurgy.
Methods and tools for product design: two main research topics are 
addressed in this field: PLM-Product Lifecycle Management, which 
includes process modelling, engineering knowledge management, 
product innovation methods, systematic innovation principles 
and methods, topology optimization systems, and data/process 
interoperability, and Virtual Prototyping, which includes virtual 
prototyping for functional and ergonomics product validation, haptic 
interfaces and interaction, reverse engineering and physics- based 
modelling and simulation, emotional engineering.

LABORATORIES
One of the key elements of our Doctoral Programme is represented by our 
laboratories; we feature some of the most unique, active and innovative 
set-ups in Europe: 3D Vision, Additive Manufacturing for 3D printing, 
Advanced Manufacturing Laboratory, Cable Dynamics, Laboratory for 
measurements for biomedical applications (LAMBDA),  Characterization 
of Materials, DBA (Dynamic Bench for Railway Axles), Vehicle Dynamics, 
Laboratory for testing of mechanical components on real components 
or structures, La.S.T. – Laboratory for safety of transport systems, 
Material Testing and Analysis, Mechatronics, Measuring devices and 
calibration, Power Electronics and Electric Drives, Process Metallurgy 
and Simulation, Reverse Engineering, Robotics, SIP (Structural Integrity 
and Prognostics), Virtual Prototyping and Human Modelling Laboratory, 
Wind Tunnel, Water Jet. 

INTERNATIONALIZATION
We foster internationalization by strongly recommending and supporting 
candidates’ mobility abroad, for short-term study and research periods 
up to 18 months. Our Institution is member of Idea League (www.
idealeague.org), Alliance4Tech (www.alliance4tech.eu) and ENHANCE 
(https://enhanceuniversity.eu/), three strategic partnerships with 
leading European Technical Universities. We also promote, draft and 
activate European and extra-European Joint Degrees, Double PhDs and 
Joint Doctoral Thesis (Cotutelle); our Department is actively involved in 
EU-based and governmental third-level education agreements such as 
Horizon 2020, Erasmus Mundus and China Scholarship Council.
We have ongoing agreements with MIT (Progetto Rocca), Delft University 

of Technology (Double PhD), RWTH Aachen 
(Double PhD), University of Zagreb (Double PhD), 
Northwestern University (Double PhD).

We also have ongoing collaborations within a wider 
international network, that includes some of the 
highest-level and best-known universities all over 
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Context and Motivation
Fourier Transform Spectrometers 
(FTS) are essential instruments 
in a wide range of scientific and 
technological domains. In space 
applications, they are especially 
valuable due to their ability to 
achieve high spectral resolution 
and large throughput, enabling 
precise measurements of 
infrared radiation from planetary 
surfaces, atmospheres, or deep 
space. Their compact design, 
flexibility, and spectral coverage 
make them attractive for modern 
missions. However, despite these 
advantages, FTS instruments 
remain particularly sensitive 
to dynamic disturbances. 
Mechanical vibrations and 
mirror speed variations can 
significantly degrade the 
quality of the interferogram 
and the resulting spectrum. 
This is a serious challenge for 
spaceborne systems, where the 
harsh mechanical environment 
during launch and in orbit, 
coupled with strict mass and 
volume constraints, often makes 
conventional vibration mitigation 
strategies impractical. As 
missions become more ambitious 
and instrument miniaturization 
progresses, improving the 
robustness and reliability of FTS 
technology is essential to fully 
unlock its potential.

DEVELOPMENT OF A NEW GENERATION OF INFRARED 
SPECTROMETERS

Research Objectives
The overarching goal of this 
PhD project was to increase the 
resilience and performance of 
Fourier Transform Spectrometers 
in the context of space 
applications. The research 
addressed two complementary 
directions: (1) enhancing 
signal processing techniques 
to better cope with speed-
related disturbances during 
interferogram acquisition, and 
(2) redesigning key structural 
components, particularly the 
optical bench, to reduce vibration 
sensitivity and mass, while 
preserving mechanical strength 
and alignment stability. 

Methodology and Results
The research followed a combined 
experimental and simulation-
based methodology, structured in 
three main phases.

Signal Processing
The first step was to build a 
numerical simulator capable of 
reproducing the typical behavior 
of spaceborne FTS instruments 
under various disturbance 
scenarios. This MATLAB-based 
tool allowed controlled testing 
of algorithms by introducing 
harmonic speed fluctuations and 
random noise during acquisition. 
A classical signal reconstruction 
method, known as the arccosine 

algorithm, was revisited and 
improved. The key innovation 
was in the normalization step, 
which was modified to make use 
of all data points, avoiding the 
discard of samples falling outside 
the valid range of the inverse 
function.
A more significant advancement 
came with the introduction of 
double-reference processing. 
This method uses two 
interferometric signals instead 
of one to track the mirror’s 
position more precisely. Two 
configurations were tested: one 
using references at the same 
wavelength but with a π/2 phase 
shift, and one combining different 
wavelengths. Several data fusion 
strategies were evaluated, with 
the optimal combination of same-
wavelength references yielding 
the best performance. Depending 
on the disturbance frequency, 
noise level, and amplitude of 
the speed fluctuation, the new 
method achieved a reduction 
in spectral reconstruction 
error ranging from 30% to 80% 
compared to the standard 
technique, demonstrating 
robustness across a wide 
parameter space.

Experimental Validation
To validate the numerical findings, 
a custom FTS mockup was 
designed and built. The setup was 

Andrea Appiani - Supervisors: Bortolino Saggin, Diego Scaccabarozzi
Co-Supervisor: Barbara Previtali

based on the optical layout of the 
MIMA spectrometer, originally 
developed for ESA’s ExoMars 
program. To implement the 
double-reference method without 
duplicating the laser source, the 
system was modified to use two 
polarization planes of the same 
laser. This required inserting 
a λ/4 retarder and a polarizing 
beamsplitter, allowing the 
generation of two phase-shifted 
signals with minimal additional 
mass.
Initial tests showed that the 
modified setup successfully 
produced the desired reference 
signals and that the double-
reference algorithm performed 
better than the standard one, 
especially in the presence of 
ambient mechanical noise. 
Even without vibration 
isolation, the new method led 
to visibly improved spectrum 
reconstruction, confirming the 
feasibility of the concept and 
validating simulation results. 
These promising results pave 
the way for more comprehensive 
campaigns involving controlled 
excitations and a wider variety of 
input sources.

Structural Redesign
The final part of the research 
focused on the optical bench 
of the MIMA spectrometer. This 
component plays a central role 
in maintaining the alignment 
of optical elements and must 
remain stable under mechanical 
loads and vibrations. A hybrid 
design approach was adopted, 
combining topology optimization 
and parametric refinement to 
satisfy mechanical and integration 
constraints. Two alternative 

configurations were produced: 
(1) Configuration A emphasized 
mass reduction, achieving a 
weight saving of approximately 
15%, but introduced lower natural 
frequencies and less favorable 
dynamic properties, including the 
appearance of membranal modes; 
(2) Configuration B reinforced 
structurally sensitive regions 
identified through modal analysis, 
resulting in a smaller mass 
reduction (~6%) but significantly 
improved dynamic robustness.
Both designs met ESA’s quasi-
static load requirements and 
were developed with additive 
manufacturing in mind. This 
fabrication method enables 
the realization of complex, 
lightweight geometries that 
would be unachievable through 
conventional machining, making 
it a natural match for topology-
optimized structures. The study 
demonstrated that mechanical 
robustness and mass efficiency 
can coexist, provided the design 
approach is flexible and considers 
manufacturability from the outset.
Although the work did not 
explicitly address cyclic 
misalignments, another dynamic 
issue that can critically affect 
interferometer performance, 
the successful use of topology 
optimization and additive 
manufacturing opens the door 
to tackling this challenge in 
future developments. These 
tools make it feasible to tailor 
the structural dynamics of 
components with high precision, 
potentially enabling designs that 
actively minimize the effects of 
misalignments under vibration or 
scanning motion.

Contribution and Future Outlook
This PhD contributed new tools 
and methodologies to improve the 
performance and durability of FTS 
instruments in the demanding 
context of space missions. On 
the one hand, the proposed 
double-reference algorithm 
significantly enhances spectral 
accuracy in the presence of 
mechanical disturbances, without 
hardware duplication. On the 
other, the redesign of structural 
components through modern 
optimization and fabrication 
strategies offers a viable path 
toward lighter, more robust 
instruments.
Looking ahead, further efforts 
will focus on the experimental 
validation of the double-reference 
technique under controlled 
vibration conditions, as well as 
its application to broadband 
radiation sources, to better 
match operational scenarios. In 
parallel, new design iterations 
could incorporate thermal and 
optical analyses, ensuring that 
improvements in structural 
dynamics do not compromise 
other performance areas.
The methodologies developed in 
this work could also be extended 
to other optical instruments 
where compactness, spectral 
performance, and robustness 
are critical. Overall, this research 
supports the development of a 
new generation of compact, high-
performance spectrometers that 
are better suited for future space 
exploration challenges.
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Railways are among the 
most sustainable modes of 
transportation, playing a crucial 
role in reducing greenhouse 
gas emissions and alleviating 
traffic congestion. Electrified 
railway networks demonstrate 
high energy efficiency and 
environmental benefits; however, 
a substantial portion of global 
railway systems still relies on 
diesel-powered trains. Given the 
urgent need to transition towards 
greener alternatives, battery-
powered and hydrogen fuel cell 
technologies have emerged as 
promising solutions to replace 
conventional diesel engines. 
Among these alternatives, 
bimodal locomotives that 
integrate overhead power 
supply with battery storage 
offer an effective strategy to 
achieve greater autonomy while 

SMART TRAIN: A BIMODAL LOCOMOTIVE WITH SYSTEMS 
FOR MONITORING AND ASSESSMENT OF RUNNING GEAR 
AND TRACK

maintaining efficiency.
Despite their advantages, the 
addition of battery storage 
increases vehicle weight, 
potentially affecting rolling 
stock dynamics and track 
infrastructure. This issue 
necessitates innovative 
monitoring methods to assess 
and mitigate possible negative 
impacts. In response, an 
onboard monitoring system 
has been developed to gather 
real-time data on vehicle and 
track conditions, enabling early 
detection of stability changes and 
infrastructure degradation.
Objectives:
Develop a bimodal locomotive 
combining overhead power supply 
and battery storage to enhance 
autonomy.
Address the increased vehicle 
weight issue by implementing an 

onboard monitoring system for 
continual monitoring of vehicle 
condition.
Extending research to railway 
infrastructure by monitoring track 
geometry by developing data-
driven methodologies

Bimodal Locomotive
The research successfully 
developed and validated the 
bimodal E.464 locomotive, 
demonstrating its feasibility 
through extensive testing and 
analysis. The simulation model 
accurately replicated real-
world performance, including 
energy consumption and journey 
duration. Key components —
batteries, DC-DC converter, 
battery thermal management 
system (BTMS), and heat 
exchanger— were strategically 
placed to optimise space and 

Carlos Esteban Araya Reyes - Supervisors: Daniele Rocchi, Gisella Tomasini, Stefano Bruni

Fig. 1 - Bimodal locomotive and the final layout 
including batteries, BTMS, DC-DC converter and 
heat exchanger

Fig. 2 - Occurrence of incipient hunting. In the 
four sub-plots are shown the frequency, the 
non-dimensional damping ratio, the normalized 
amplitude of the dominant harmonic 
component and train speed.

Fig. 3 - Comparison between estimated and 
observed longitudinal level for a section of 
20 km

minimise weight distribution 
impact. Field tests confirmed 
compliance with safety standards, 
reinforcing the practical viability 
of the bimodal locomotive. These 
findings highlight the potential for 
real-world application, supporting 
the transition toward more 
sustainable railway operations.

Monitoring Running Gear
The newly developed running 
gear monitoring system enables 
retrofitting in-service trains 
with instrumentation for vehicle 
condition assessment and 
predictive maintenance. The 
monitoring systems for the 
running gear is based on the 
lateral stability of the vehicle 
using the Early Instability 
Detector method.
Field tests on a high-speed 
train confirmed the system’s 
effectiveness in identifying 
variations in vehicle stability, 
notably the improved lateral 
stability following a wheel 
reprofiling operation.

Monitoring Track Geometry
Indicators for 100-metre sections 
effectively reflect track geometry 
conditions. Regression models 
accurately estimate defects such 
as longitudinal level, cross level, 
and track twist. Key regressors 
identified include vertical 
displacement and pitch rotation 
for longitudinal level, roll rotation 

for cross level, and a combination 
of four regressors for track twist.
High coefficients of 
determination (R²)—0.88 for 
longitudinal level, 0.80 for cross 
level, and 0.74 for track twist—
confirm the effectiveness of the 
model. Encouraging results from 
two test runs on a conventional 
railway line validate the approach.

Conclusions
The development of bimodal 
locomotives integrating overhead 
power supply with battery 
storage presents a promising 
solution for reducing railway 
carbon emissions and enhancing 
operational autonomy. While the 
added weight poses challenges, 
the integration of advanced 
monitoring systems ensures 
effective management of vehicle 
and infrastructure conditions.
The onboard monitoring system 
successfully detects changes 
in vehicle stability, allowing for 
early intervention and optimised 
maintenance strategies. This 
improves railway safety and 
efficiency by reducing wear 
on rolling stock and extending 
service life.
Track geometry monitoring, using 
data-driven methodologies, has 
demonstrated high accuracy 
in estimating defects such as 
longitudinal level, cross level, 
and twist. The regression models 
developed provide reliable 

assessments, confirming 
the effectiveness of selected 
regressors.
Overall, this research contributes 
to the advancement of 
sustainable railway operations, 
offering innovative solutions for 
both vehicle and infrastructure 
management. By implementing 
these technologies, railway 
networks can achieve greater 
efficiency, safety, and 
environmental sustainability.
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Thermosetting composite 
materials are extensively utilized 
in the aerospace industry 
because of their exceptional 
stiffness and outstanding 
strength-to-weight ratio. Over 
the past few decades, research 
has demonstrated that the 
selection and optimization of 
composite materials intrinsic and 
extrinsic characteristics require 
extensive iterative analysis. 
Despite significant advancements 
in virtual manufacturing 
frameworks, considerable 
uncertainty still surrounds 
the processing and testing of 
aerospace components. The 
thesis investigates how inherent 
variability in material properties 
and processing parameters 
contributes to the development 
of process-induced deformations 
(PID) and residual stress fields 
in composite structures post-
manufacturing. The work further 
examines the implications of 
these phenomena on structural 
integrity during mechanical 
testing. The research specifically 
investigates these phenomena 
at the coupon and element 
levels, focusing on load-bearing 
components manufactured from 
Carbon Fiber Reinforced Polymers 
(CFRP) specifically, Hexcel 8552/
AS4 prepreg materials.
The initial research phase 
primarily focuses on enhancing 

UNCERTAINTIES AND PROCESS-INDUCED DEFORMATIONS 
AND THEIR INFLEUNCE ON LIFETIME IN THERMOSETTING 
COMPOSITE PARTS

passive polymerization (cure) 
simulation tools. The modal 
parameters are often treated 
as deterministic, which means 
they lack the capacity to 
account for uncertainties in 
composite manufacturing. The 
thesis specifically focuses on 
uncertainties related to extrinsic 
factors, such as thermal loading 
conditions and the cure process. 
More importantly, curing is a 
crucial and mandatory step in 
CFRP composites manufacturing 
processes. The curing process 
plays a critical role as it affects 
the mechanical and physical 
properties of the final product, 
including overall part quality. 
Consequently, there is a need for 
comprehensive characterization 
of various material properties, 
manufacturing phenomena, 
and processing variables that 
significantly impact PID and 
residual stresses. However, 
the characterization tests are 
associated with a high degree 
of uncertainty due to the curing 
state. The cure state is described 
by cure state variables, which 
rely on parametric models 
that are a key component of 
these simulation tools. These 
models describe the evolution 
of curing in thermoset resins, 
which, in turn, informs the 
development of the mechanical 
properties of the composite 

part during manufacturing. 
From a passive manufacturing 
control perspective, a process 
simulation tool is implemented, 
incorporating a constitutive 
visco-elastic model alongside a 
non-parametric neural network 
model trained on characterization 
tests, replacing the standard 
parametric models. The 
predictive capability of the tool 
is validated through a case study 
on various laminates, where PID, 
were compared. The proposed 
approach predicts PID values that 
correlate 20-40% more closely 
with experimental measurements 
compared to the SOA approach 
for the case of C-shaped and 
Z-shaped coupons.
While passive control 
methods are effective, there 
is a simultaneous need for 
efficient active manufacturing 
control for further enhancing 
the manufacturing process. 
Moreover, the passive control 
methods have been studied only 
in a limited scope, often relying 
on hypothetical scenarios to 
define the extent and nature 
of variability, rather than using 
experimental or real-time data. 
Notably, several input parameters 
contributing to process variability 
remain largely unexplored. For 
the Arrhenius-type cure models, 
parameters such as activation 
energy and the first exponent 

Aravind Balaji - Supervisor: Claudio Sbarufatti
Co-Supervisor: Francesco Cadini

significantly influence the 
cure state and must be treated 
stochastically to account for 
uncertainties in thermal loading 
conditions. This knowledge 
facilitated the development 
of a robust stochastic cure 
prognosis tool. To address these 
uncertainties, a novel Monte 
Carlo sampling scheme in the 
form of Particle Filters (PF) 
is developed. This facilitates 
sequential estimation of the 
stochastic parameters during the 
cure process, which is then used 
prognosis of final PID to incur at 
discrete time steps of sequential 
estimations. The prognosis of 
PID is dependent on low-fidelity 
models in the form of analytical 
solutions. The stochastic tool 
is implemented and validated 
for various geometries such as 
C-shaped, L-shaped parts with 
different stacking sequences. 
The key finding of the study is 
that the uncertainty related to 
sequential updates diminishes 
when reaching the gelation 
point, and this is confirmed by 
the observed convergence of 
PID with experimental measures. 
The prognosis tool demonstrated 
its capability to manage thermal 
loading conditions beyond 
gelation point. Additionally, 
quantifying outcome variability 
concerning PID, cure time, and 
part temperature reinforces 
the reliability of the developed 
methodology. For such purposes, 
a Genetic Algorithm-PF based 
approach enables thermal loading 
characteristics optimization for 
autoclave processing in real-
time. The results corresponding 
to two- and three-dwell cycles 
for C-shaped and L-shaped 

parts prove effective, reducing 
PID by up to 39%. Additionally, 
an innovative methodology is 
developed that couples the non-
parametric neural network model 
with the stochastic framework, 
further enhancing the approach.
Finally, post curing, the part 
undergoes demolding, machining 
and assembly, which can 
lead to the redistribution of 
manufacturing defects such 
as locked-in residual stresses. 
Additionally, discontinuities like 
voids and pre-cracks are common 
and unavoidable in composites. 
Despite advancements, 
effectively predicting composite 
failure at the lamina level under 
the combined influence of these 
defects remains insufficient. 
Existing literature reveals a 
significant gap in understanding 
3D defect distribution and stress 
variation, both of which are 
crucial for determining failure 
characteristics. It is essential to 
explore how these interactions 
collectively influence composite 
failure under structural loading, 
particularly under varying 
manufacturing conditions. 
Moreover, remeshing and the 
re-integration of manufacturing 
steps is required, resulting 
in the loss of residual stress 
information. Consequently, 
effective coupled numerical 
methods hold promise for 
providing comprehensive design 
evaluation. A comprehensive 
3D numerical tool based on 
the phase field approach has 
been developed to perform 
structural analysis, specifically 
for representing the mechanical 
testing of CFRP parts at the 
element level. Manufacturing 

defects, including residual 
stresses, voids, and pre-
cracks, are incorporated into 
the simulation framework 
using a heat-transfer analogy. 
This enables efficient transfer 
of residual stresses from the 
FE-based curing simulation 
models, while also facilitating 
seamless modeling of stochastic 
voids within the parts. It is 
assumed that no intermediate 
machining occurs after the 
processing of the parts. After 
validating the numerical tool on 
standard tests at the coupon 
level, the tool is applied to analyze 
L-shaped and Z-shaped parts 
under tension, bending-opening 
loading cases, incorporating the 
relevant manufacturing defects. 
With cure-induced localized 
stress fields approaching the 
tensile strength, numerical 
analysis indicates increased 
damage due to intralaminar 
matrix cracking, leading to a 
reduced maximum load-carrying 
capacity. When stochastically 
tested under initial residual 
stresses corresponding to 
different thermal loading 
conditions, the three-dwell 
cure cycle emerged as the most 
effective solution. Overall, the 
findings offer valuable insights 
for enhancing CFRP part 
performance, streamlining defect 
mitigation strategies, and refining 
manufacturing processes for 
improved structural reliability.
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Global warming is an increasingly 
destructive phenomenon, 
whose effects are now clearly 
evident and prompt worldwide 
institutions to seek urgent 
solutions. In scenario, the 
automotive industry is undergoing 
a deep energy transition, moving 
away from internal combustion 
engines toward electric 
propulsion systems to reduce 
environmental impact. 
This doctoral thesis focuses on 
the optimization and design of 
electric motors, supported by 
artificial intelligence techniques. 
Emphasis is placed on addressing 
Noise, Vibration, and Harshness 
(NVH) issues, which emerge as 
critical challenges in electric 
vehicles, often leading to 
discomfort for passengers due 
to high-frequency tonal noise 
emissions.
Electric motor design requires 
the management of numerous 
design variables, constraints, 
and objective functions, such 
as maximizing efficiency, 
power while minimizing NVH 
emissions. Due to trade-offs 
among conflicting objectives, a 
single optimal solution is rarely 
achievable. Multi-objective 
optimization enables the 
simultaneous management of 
all relevant factors, providing 
a Pareto front from which the 
most suitable configuration can 

AI-BASED OPTIMIZATION AND NVH-ORIENTED DESIGN  
OF ELECTRIC MOTORS

be selected. Moreover, electric 
motor design is inherently 
multiphysical, involving 
the coupled interaction of 
electromagnetic, thermal, and 
structural domains. To enable 
computationally efficient 
optimization, surrogate models 
are leveraged to approximate 
the behavior of high-fidelity 
simulations. 
The accuracy of surrogate models 
largely depends on the training 
dataset distribution, which is 
determined by the Design of 
Experiments. Low-discrepancy 
sampling strategies effectively 
support the exploration of 
the design space, maximizing 
information content with a 
minimal number of simulations 
and enabling efficient model 
training. This thesis proposes 
the development of a novel 
optimization strategy based on 
the Adaptive Pareto Algorithm 

(APA), capable of producing 
well-distributed Pareto fronts 
with significantly reduced 
computational cost through 
the dynamic integration and 
iterative refinement of artificial 
neural network-based surrogate 
models. This adaptive process 
demonstrates that the final 
Pareto-optimal solutions are 
predominantly generated 
by the neural network itself, 
underlining the critical role of AI 
in accelerating the electric motor 
design process.
Since electric motors are subject 
to various uncertainties, such 
as dimensional tolerances, 
operational conditions, and 
material property variations, 
this thesis further incorporates 
Reliability-based Optimization 
(RBO) strategies into the design 
framework. Two complementary 
robust methods are investigated: 
the beta-efficient approach and 
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Fig. 1 - Surrogate based approximation flow chart

the direct minimization of the 
objective functions standard 
deviation. These methods prove 
capable of achieving designs 
that are not only optimal under 
nominal conditions but also 
highly reliable under real-
world variability, thus ensuring 
consistent performance across 
a wide range of operating 
scenarios.
A substantial part of the research 
effort is devoted to improving the 
prediction of NVH performance. 
The analysis of internal cooling 
systems is identified as a crucial 
factor, and a simplified prototype 
is developed to investigate the 
fluid-structure interaction. The 
results highlight that neglecting 
the dynamic effect of the 
coolant leads to significant 
underestimation of vibrational 
modes and radiated noise, 
emphasizing the necessity of 
including fluid-structure coupling 

in numerical simulations.
A complete case study is 
proposed, where a predictive 
NVH simulation framework is 
developed. Particular focus 
is placed on fully predictive 
structural modeling, eliminating 
the need for experimental modal 
testing.
The modeling chain incorporates 
the flow of electromagnetic 
forces, structural dynamics, 
and acoustic radiation. Since 
electromagnetic excitations 
serve as the initial input, accurate 
force modeling proves critical, as 
small variations can substantially 
affect the final NVH outputs.
Excellent correlation between 
numerical predictions and 
experimental results is achieved, 
validating the predictive capability 
of the developed framework. 
Furthermore, the acoustic 
analysis is conducted using a 
decoupled simulation strategy, 

where structural vibrations are 
first computed independently 
and subsequently serve as 
boundary conditions for the 
acoustic solver. This decoupled 
approach significantly reduces 
computational costs compared to 
fully coupled structural-acoustic 
simulations while maintaining 
high accuracy in the prediction of 
radiated noise.
The contributions of this work 
are validated through multiple 
case studies involving traction 
electric motors for automotive 
applications, demonstrating 
tangible improvements in 
performance, robustness, 
and acoustic comfort. The 
methods developed herein 
are readily applicable to 
industrial electric motor design 
processes, supporting the 
accelerated development of 
high-performance, reliable, and 
acoustically comfortable electric 
drive systems.
Overall, this thesis advances 
simulation-driven, multi-
objective, and reliability aware 
design methods for the design 
of electric motors, providing 
a strong foundation for the 
development of next-generation 
sustainable and acoustically 
optimized electric powertrains.

Fig. 1 - Comparison between two NVH evaluation workflows
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 Multi-purpose agricultural 
vehicles (MPAVs) represent 
a broad category within the 
market of work vehicles. These 
machines are highly versatile and 
designed to perform a wide range 
of tasks, making them essential 
tools in modern agriculture. They 
are commonly used in small-
scale farming, both in plains and 
mountainous regions, where 
adaptability is crucial. They 
can be equipped with various 
implements depending on the 
required function. This allows a 
single vehicle to be configured 
for different applications, such as 
fieldwork, vineyard maintenance, 
or as an all-purpose vehicle for 
small municipalities. They are 
built with a highly robust structure 
to ensure durability and withstand 
harsh operating conditions, 
minimizing the risk of mechanical 
failure. Load capacity is another 
crucial aspect, as these vehicles 
are often used for harvesting and 
must be able to carry heavy loads 
that may equal or even exceed 
their own weight. Maneuverability 
is also a fundamental feature, 
allowing them to be driven easily 
even in confined spaces. Given 
their frequent use in vineyards 
and orchards, they have a narrow 
track width (usually smaller than 
1600 mm) to navigate between 
rows of crops. Additionally, their 
design prioritizes stability, making 

DESIGN OF A MULTI-PURPOSE AGRICULTURAL VEHICLE 
PROTOTYPE WITH ACTIVE SUSPENSIONS AND FOUR-
WHEEL STEERING

them reliable even on uneven 
terrain and in mountainous 
regions where the risk of rollovers 
is significant. The objective of 
this thesis is to develop a new 
MPAV equipped with an active 
suspension system and four-
wheel steering (4WS). The project 
was carried out in collaboration 
with the company “F.lli Paoli S.r.l.”, 
which was supported during 
the design and construction 
of the vehicle. The proposed 
methodology was structured 
in a series of complementary 
steps: market analysis, literature 
review, vehicle characterization, 
development of a validated 
multibody (MB) simulation 
environment, optimization of 
the steering and suspension 
subsystems, and evaluation of 
both passive and active control 
configurations. One of the key 
contributions of this work is 
the development of a validated 
multiphysics (MP) simulation 
platform capable of accurately 
capturing the dynamic behavior 
of the vehicle under various 
operating conditions. This 
simulation environment allowed 
for the analysis of the influence 
of different system parameters—
such as suspension stiffness, 
damping, steering geometry, and 
actuator behavior—on critical 
performance metrics, including 
rollover stability and actuator 

saturation. The implementation of 
an active suspension system was 
found to significantly enhance the 
vehicle’s performance in terms 
of stability on sloped terrain. 
The control logic developed can 
compensate for roll angles up 
to 5.5° by shifting the vehicle’s 
center of mass toward the uphill 
side, which proved effective in 
reducing rollover risk during low-
speed operations in a constant 
slope profile field. Importantly, 
this functionality does not 
interfere with the vehicle’s 
passive dynamics or driver 
perception, as the control logic 
is deliberately limited to slow 
response times and can only be 
activated below 5 km/h. Similarly, 
the integration and optimization 
of a 4WS system allowed for 
improved maneuverability, 
especially in tight and constrained 
environments such as orchards 
or vineyard rows. The work 
started with an in-depth 
overview of commercial and 
academic advancements 
related to MPAVs, suspension 
systems, ride comfort, rollover 
stability, and steering system 
design. The characterization 
of a MPAV, the PAOLI FP85, 
validated the MB simulation 
environment developed for the 
study. Tests on the vehicle’s 
static and dynamic behavior 
highlighted important aspects 
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performance was improved, all 
while preserving the suspension 
hard points and spatial 
constraints. The results showed 
that the optimized steering 
geometries effectively reduced 
unwanted dynamic effects 
and enhanced the vehicle’s 
maneuverability. The resulting 
prototype has a minimum turning 
radius of 5.2 m in FWS mode and 
2.7 m in 4WS mode. This makes 
the vehicle suitable for operation 
in vineyards. In the suspension 
tuning process was considered 
the nonlinear behavior of the 
hydropneumatic actuator, and 
the suspension parameters 
were tuned based on vehicle 
load conditions and expected 
road profiles. The results 
highlight the behavior of the 
air springs, which can increase 
their stiffness as a function of 
the load, resulting in only slight 
variations of the vehicle’s natural 
frequencies under different 
loading conditions. The vehicle 
stability analysis during cornering 
shown that, for a steering wheel 
angle of 90°, the unloaded vehicle 
experiences first wheel lift-
off at 41.5~km/h and rollover 
at 44.0~km/h. Under full load 
conditions, the first wheel lift-off 
occurs at 32.5~km/h and rollover 
at 36.0~km/h. This makes the 
vehicle suitable for transporting 
goods on roads. The comparison 
between passive and active 
vehicle configurations, conducted 
through simulation scenarios that 
aim to reproduce some critical 
situations in working conditions, 
demonstrated advantages of 
the active system in scenarios 
with continuous slopes, 
concentrated irregularities (e.g., 

potholes), and steep gradient 
transitions. Despite some 
limitations, such as actuator 
saturation or control overshoot 
in extreme terrain conditions, the 
system shows rollover stability 
comparable to that of vehicles 
with a 15% wider track, under 
equivalent operating conditions. 
To conclude, this thesis has 
demonstrated the feasibility and 
effectiveness of incorporating 
active suspensions and 4WS into 
MPAVs. The combined use of 
advanced modeling, simulation, 
and control techniques can 
significantly enhance the safety 
and functionality of this class of 
vehicles. The methodologies and 
tools developed here are intended 
for academic advancement 
and for direct application in 
industry, contributing to the next 
generation of intelligent, versatile, 
and safe agricultural machinery.

such as chassis compliance and 
its effect on rollover stability. 
The MB model, once validated, 
provided a reliable tool for the 
subsequent design and tuning 
of the new prototype. Different 
suspension layouts for vehicle 
suspensions were evaluated. 
Both rigid axle and independent 
suspension solutions were 
discussed, evaluating their 
respective advantages in 
terms of space requirements, 
actuator integration, and self-
leveling capabilities. The results 
highlighted that the use of a 
rigid axle is unfavorable for this 
purpose, as during asymmetric 
displacement of the right and 
left suspensions, combined 
with a narrow track width, the 
axle becomes tilted by several 
degrees relative to the vehicle’s 
longitudinal axis, compromising 
vehicle’s maneuverability. On the 
contrary, the DWB suspension 
limits both longitudinal and lateral 
hub displacements, proving to 
be the most suitable solution 
for the objectives of this thesis. 
The innovative vehicle prototype 
design was implemented in the 
MB simulation environment 
previously developed. Special 
focus was given to the integration 
of a hydropneumatic actuator 
into the suspension system. A 
simplified model of the actuator 
was first developed to facilitate 
control system design and was 
later refined into a MP model to 
improve simulation accuracy. By 
developing a kinematic model 
of the steering geometry and 
implementing a multi-objective 
optimization routine based on a 
genetic algorithm, the bump steer 
effect was minimized and turning 
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661Context of the research and 
objectives
Bridges are critical components 
of the railway infrastructure. 
Increasing traffic, material 
deterioration and structural 
ageing call for enhanced 
monitoring systems to extend 
bridges service life, while 
continuously ensuring their 
operational safety. Despite 
direct structural health 
monitoring (SHM), that relies 
on sensors deployment over 
the bridge under analysis, is 
a well-established approach, 
it is still not scalable across 
the entire network due to 
associated costs. For small and 
medium span bridges, a cost-
effective solution is offered by 
indirect monitoring methods 
which require the adoption of 
instrumented vehicles rather 
than fixed sensing devices. 
These monitoring strategies, 
even called with the term 
drive-by approaches, have 
gained remarkable interest 
over the past two decades, as 
trains can serve both as bridge 
dynamic exciters and mobile 
response receivers. Therefore, 
a train can potentially monitor 
all the bridges encountered 
along its daily route, which 
represents a relevant advantage 
in terms of expenditures for 
the infrastructure manager. 
Despite their undoubtable 
potentials, a systematic on-
field implementation of indirect 
approaches for railway bridges 
condition monitoring is still 
hindered. This research aimed 
to enhance the use of drive-

INDIRECT STRUCTURAL HEALTH MONITORING APPLIED  
TO RAILWAY BRIDGES

by approaches, addressing 
a specific bridge archetype, 
consisting in a Warren truss 
railway bridge. The thesis 
mainly focused on the following 
aspects:

1)	 Enhancement of indirect 
frequency identification 
from on-board acceleration 
measurements addressing 
track irregularity disturbing 
effect;

2)	 Development of damage 
detection and localization 
algorithms based on data-
driven unsupervised 
approaches, exploiting the 
structural conformation 
which is typical of Warren 
truss bridges. This was done 
by carefully addressing main 
operational disturbing factors.

For the two research tracks, 
which are characterized by 
different signal processing 
algorithms and targets, the 
starting point was the same: in 
fact, bogie vertical accelerations 
were numerically analysed and 
processed. The case study is 
represented by a Warren truss 
bridge, designed in 1946, and 
still in service on the Italian 
railway line. Starting from its 
technical drawings and recent 
geometrical surveys, concerning 
the main span, a 3D FE model 
was realized. Subsequently, it 
was calibrated exploiting the 
experimental data collected by 
a direct SHM system installed on 
the actual structure. 

Indirect frequency identification 
through time-shifted 
accelerations subtraction 
(TSAS)
The first part of the research, 
as mentioned before, dealt 
with the topic related to drive-
by frequency identification, 
starting from bogie vertical 
accelerations. In this context, 
track irregularity represents a 
disturbing factor that must be 
carefully addressed. A solution 
to this issue consists of the use 
of multiple vehicle responses 
and the calculation of a residual 
response through time-shifted 
signals subtraction. Related 
literature already explored this 
methodology; however, past 
works mainly dealt with 2D 
vehicle-bridge-interaction (VBI) 
models and they did not treat 
steel truss bridges. Moreover, 
in literature, a general guideline 
for the use of time-shifted 
accelerations subtraction 
was still missing. In this part 
of the research, a general 
mathematical framework 
is provided to enhance and 
optimize the use of time-
shifted signals subtraction. 
Subsequently, this first finding 
was numerically tested through 
a 2D simplified rail vehicle 
model, confirming the outcomes 
provided by the mathematical 
framework. Finally, a 3D train-
track-bridge dynamic simulation 
tool allowed to simulate 
scenarios closer to real-working 
conditions. In this case, as 
previously mentioned, a 3D FE 
model of an actual Warren truss 
bridge was used, targeting its 
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first vertical bending frequency.

This part of the thesis led to the 
following main conclusions:
•	 The concept of time-shifted 

accelerations subtraction 
(TSAS) was generalized, 
offering the reader with helpful 
guidelines for its optimized use;

•	 Train speed and sensors 
positioning were found to be 
critical parameters for the 
success of the methodology;

•	 Instrumenting rear coaches 
rather than the leading one was 
shown to be more effective 
for the identification of the 
first bridge vertical bending 
frequency;

Damage detection and 
localisation through SAEs and 
CWT
A damage detection and 
localisation approach was 
proposed based on continuous 
wavelet transform and sparse 
autoencoders. The former 
represents a well-known and 
powerful tool for processing 
time signals, providing 
both frequency and time 
domains indications. Sparse 
autoencoders are unsupervised 
neural network typically used, 
according to recent literature, 
for drive-by damage detection. 
The approach exploits the 
modular conformation, typical 
of Warren truss bridges, to 
extract information regarding 
the condition of the bridge itself, 

starting from bogie vertical 
accelerations. Precisely, after 
processing vehicle responses 
with the continuous wavelet 
transform (CWT), a frequency 
range is identified according 
to vehicle forward speed and 
bridge module length. Once 
the absolute values of wavelet 
coefficients are re-sampled 
in space and averaged in the 
frequency interval of interest, 
the obtained curve is divided in 
a number of segments which 
is equal to the number of 
modules composing the bridge 
window of interest. A sparse 
autoencoder is trained for 
each of these modules, using 
a total ensemble of about 760 
simulations concerning the 
healthy structure. Variabilities in 
terms of train speeds, weights 
(experimentally calibrated) and 
track geometrical irregularity 
evolution were considered 
in the simulations set. Each 
sparse autoencoder (SAE) 
takes in input the respective 
portion of the averaged wavelet 
curve, once scaled through 
a z-score transformation. 
Different corrosion damage 
intensities and locations have 
been investigated in this work, 
to test the effectiveness of 
the methodology in different 
scenarios. The Hotelling’s 
distance, computed at the latent 
space of each SAE, is used as 
DI, once normalized through its 
respective upper control limit 
(UCL), where the latter is defined 
by the 95th percentile calculated 
on the training set (healthy 

bridge).
This part of the thesis led to the 
following main conclusions:

•	 The use of continuous wavelet 
transform (CWT), combined 
with sparse autoencoders 
(SAEs), turned out to be globally 
successful in identifying 
corrosion damage presence and 
indicative location, starting from 
bogie vertical accelerations;

•	 According to author’s best 
knowledge of the related 
literature, this work represents 
the first time in which sparse 
autoencoders are used for 
drive-by railway bridge condition 
monitoring, in terms of both 
damage detection and indicative 
localisation, accounting for 
operational travelling speeds. 
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Bioprinting is an emerging 
technology at the intersection 
of additive manufacturing and 
life sciences, with the potential 
to revolutionize medicine, tissue 
engineering, and alternative 
protein production. Despite its 
promise, it remains a complex 
and resource-intensive 
process due to the variability 
of biological materials and the 
need for extensive experimental 
calibration. Ensuring 
reproducibility, printability, and 
quality consistency is still a major 
challenge.
This research develops data-
driven methodologies for process 
optimization and resource-
efficient modeling in bioprinting, 
structured around two main 
contributions: In-situ Printability 
Maps (IPMs) and Transfer 
Learning (TL) for predictive 
modeling.
The first contribution introduces 
a probabilistic framework to 
generate printability maps, 
offering a systematic way to 
evaluate printing success across 
a range of process parameters. 
Derived from limited experimental 
data, these maps provide a 
quantitative, uncertainty-aware 
representation of process 
performance. By exploiting in-situ 
quality data, they guide parameter 
selection and improve both 
reliability and material efficiency. 

DATA-DRIVEN METHODOLOGIES FOR PROCESS 
OPTIMIZATION IN BIOPRINTING

Although developed for extrusion-
based bioprinting, the approach 
is designed to be generalizable 
across different printing 
techniques and quality criteria.
The second contribution 
investigates transfer learning 
as a strategy to enhance 
predictive modeling under 
limited data conditions. TL 
enables the reuse of knowledge 
from a well-characterized 
material or setup to a new one, 
reducing the need for extensive 
experimental campaigns, as 
show in Figure 1. Considering 
previous and established 
observations as a cheap source 
of knowledge, these can be used 
in order to minimize the need 
of new expensive experiments, 
allowing for resource-efficient 
process modelling. Several 

TL strategies—feature-based, 
instance-based, and model-
based—were designed and 
evaluated across complementary 
case studies: a real-world 
bioprinting application and a 
simulated regression scenario 
with varying complexity.
By combining probabilistic 
printability maps and TL, this 
work advances the efficiency, 
adaptability, and predictive 
power of bioprinting process 
modeling. These tools address 
core limitations of current 
biofabrication practices, 
enabling quantitative process 
understanding and scalable 
optimization.
The proposed framework 
demonstrates how robust data 
mining and knowledge-transfer 
strategies can overcome data 
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Fig. 1 -  A general overview of the Transfer Learning scenario in a manufacturing context. The learning 
performance of a target task (in this case exemplified by a single-input response model) is enhanced 
by incorporating knowledge from a similar but not identical source domain. This latter is considered as 
a cheap source of knowledge since it has been already established, while the target is represented by a 
dataset collected under new conditions. In this way, thanks to the transferred knowledge, the resulting 
target model, even when trained with limited experimental observations, features better prediction 
performance than a model trained from scratch, using only the target dataset.

scarcity, high variability, and 
experimental cost—issues 
common not only in bioprinting 
but across manufacturing. 
Applying TL within a probabilistic 
modeling context allows the 
relaxation of data homogeneity 
assumptions and reduces the 
number of required samples while 
preserving predictive accuracy.
Beyond bioprinting, the insights 
gained illustrate a broader 
evolution in manufacturing: from 
rigid, data-intensive workflows 
to adaptive, knowledge-driven 
systems capable of learning 
from prior experience. The ability 
to transfer information across 
domains, machines, or materials 
emerges as a key enabler for 
innovation, scalability, and 
process resilience.
Overall, this thesis shows that 
in-situ data mining and transfer 
learning can be leveraged to 
create adaptive and resource-
efficient solutions to the 
complex challenges of modern 
manufacturing. The proposed 
methods pave the way toward 
intelligent biofabrication 
systems integrating closed-
loop control, multi-sensor data 
fusion, and continuous self-
learning—cornerstones for the 
next generation of digital and 
autonomous manufacturing.
The research has been conducted 
at the DMECC department 

under the supervision of Prof. 
Bianca Maria Colosimo, with six 
months visiting period at Georgia 
Institute of Technology (Atlanta, 
GA – USA) in the Industrial and 
System Engineering under the 
supervision of Prof. Kamran 
Paynabar.
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The rapid global transition 
toward electrification across 
the automotive, aviation, and 
energy storage sectors has 
placed lithium-ion batteries 
at the center of safety-critical 
engineered systems. While 
these batteries offer high energy 
density and long cycle life, they 
are susceptible to complex failure 
modes—most notably internal 
short circuits (ISC)—that can lead 
to catastrophic thermal runaway 
(TR). Current battery management 
systems (BMS) are tasked with 
ensuring safety and performance 
by estimating internal states like 
state-of-charge (SOC). However, 
they operate under a fundamental 
limitation: most critical variables 
are latent and only partially 
observable through standard 
measurements of terminal 
voltage and surface temperature. 
This research addresses this 
bottleneck by proposing an 
“enhanced” health monitoring 
framework that treats efficiency 
and accuracy as co-equal design 
requirements, enabling high-
fidelity online inference under 
strict BMS runtime constraints.
The proposed methodology 
integrates three synergistic 
pillars: multiphysics modelling 
to establish truth-consistent 
numerical plants; efficient 
model-based observer design 
using Extended Kalman Filtering 

MULTIPHYSICS MODELLING AND PHYSICS-BASED 
ENHANCED HEALTH MONITORING OF ENERGY SYSTEMS

(EKF) and Unscented Kalman 
Filtering (UKF); and physics-
informed surrogation via operator 
learning to accelerate the use of 
electrochemical models.
The first major contribution 
focuses on early ISC detection 
and tracking. Unlike conventional 
methods that treat ISC as a 
post-hoc diagnostic indicator 
through residual thresholds, 
this work elevates ISC to an 
explicit latent state within a 
coupled electro-thermal EKF 
framework. By representing the 
fault as an equivalent resistance 
or conductance in parallel with 
the cell, the observer can track 
its evolution in real time. This is 
critical because spontaneous 
ISC typically involves a long 
incubation period where electrical 
signatures are weak and easily 
masked by operational noise. 
The research demonstrates that 
fusing voltage and temperature 
measurements significantly 
improves timeliness and 

accuracy, reducing detection 
times by up to 36% compared to 
uncoupled models. Furthermore, 
the framework was extended 
to cylindrical cells to account 
for geometry-dependent heat 
transfer pathways. This extension 
revealed how the spatial distance 
between a localized fault and 
the surface sensor creates 
systematic biases in estimation, 
providing a principled basis for 
sensor placement and diagnostic 
robustness in industrial form 
factors.
The second contribution 
addresses the central tension 
between electrochemical fidelity 
and real-time execution. While 
electrochemical models like the 
Single Particle Model (SPM) offer 
superior interpretability, their 
online use is hindered by the 
computational cost of repeated 
partial differential equation 
(PDE) solves. To overcome this, a 
physics-informed Multiple-Input 
Operator Network (MIONet) was 
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Fig. 1 - Conceptual map of the thesis contributions showing the synergy between multiphysics modelling, 
algorithm design, and high-fidelity surrogation

developed to learn the solution 
operator of the governing 
diffusion equations. Trained using 
a purely physics-informed loss 
that enforces mass conservation 
and boundary conditions, the 
MIONet functions as a high-
speed surrogate. Deployed 
recursively within a UKF, this 
learned operator replaces the 
online numerical solver, achieving 
bounded prediction error with 
near-constant computational 
cost. The approach also leverages 
transfer learning, allowing 
the model to be adapted to 
different battery chemistries 
(e.g., from NMC to LFP) with 
minimal additional training. 
Numerical tests indicate that 
this architecture can complete 
an hour of simulated operation 
in approximately six minutes on 
a single core, demonstrating its 
suitability for embedded BMS 
platforms.
The third contribution quantifies 
the demonstrable benefits of 

multi-sensor fusion. Recognizing 
that even the most advanced 
observer is constrained by the 
information content of its inputs, 
this work developed an electro-
thermo-mechanical digital twin 
to evaluate the impact of non-
electrical sensing. Specifically, 
it incorporates mechanical 
thickness deformation 
measurements—a physically 
distinct observable linked to 
electrode swelling and lithiation 
levels. By utilizing Fisher-
information-based analyses 
and the Coverage Width-
based Criterion (CWC), the 
research provides quantitative 
evidence that mechanical 
sensing increases observability 
and reduces SOC estimation 
uncertainty. In challenging 
operating conditions, such 
as low-temperature charging 
where voltage signals are less 
informative, the inclusion of 
displacement measurements 
resulted in RMSE reductions of 
up to 73%. This establishes a 
clear engineering justification 
for the added complexity of 
heterogeneous sensing in next-
generation battery architectures.
In conclusion, this thesis 
advances the field of battery 
prognostics and health 
management by transitioning 
from simple detection to real-
time latent state tracking. The 

results contribute a coherent 
blueprint for “enhanced” 
monitoring where multiphysics 
realism and operator learning 
converge to satisfy the 
rigorous demands of safety-
critical systems. By providing 
faster detection of dangerous 
internal faults and more precise 
estimation of internal states, this 
work supports the development 
of safer, more reliable, and 
longer-lived energy systems for a 
sustainable future.

Fig. 2 - Spontaneous ISC evolution process, 
highlighting the three stages of fault 
progression and the “Early Detection” window
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Ensuring excellent balance 
between performance and 
affordability, short fibre 
reinforced thermoplastic 
polymers are an attractive 
solution for countless 
applications in various industrial 
sectors. Particularly, they are 
increasingly be considered for 
metal replacement, leveraging on 
their top-rated performance to 
mass ratio. However, accomplish 
this task is challenging. Their 
mechanical behaviour strongly 
depends on multiple factors, 
including the environmental 
conditions, the inherent 
anisotropic nature, the sensitivity 
to the loading condition, such 
as multiaxial load (triaxiality) 
or stress ratio for a repetitive 
load, and numerous more. 
Furthermore, the manufacturing 
process designs their internal 
structure, at micro-level (in 
the order of µm) and at meso-
level (in the order of mm). The 
structural features at both 
scales predominantly drive the 
mechanical response of the 
composite at macro-level. 
Nowadays, injection moulding 
holds a dominant position as 
manufacturing technique for 
most of the components headed 
to industrial applications. On 
the other hand, fused filament 
fabrication technique, which 
collocates itself under the hat 

MODELLING AND TESTING OF SHORT FIBRE REINFORCED 
POLYMERS

of the additive manufacturing 
technique, is an emerging 
manufacturing process that, 
in principle, enables uniquely 
intricated shapes to be 
manufactured. However, initially 
able to process neat polymers of 
modest mechanical properties, 
it outbroke as rapid prototyping 
technology, to support design 
and development of components. 
Recent advancement allowed 
high performance thermoplastic 
polymers and polymer 
composites (short and continuous 
fibre reinforced) to be processed 
as well. This technological leap, 
therefore, may has the potential 
to revolutionize the paradigm of 
manufacturing thermoplastic 
polymeric composites. Since the 
structural features are legacy 
of the manufacturing process, 
depending on the deposition 
strategy, 3D structures may 
resemble either laminates, where 
subsequent layers consist of 
material beads are arranged 
parallel into well-organized raster, 
or lattice architectures, where the 
structure consist of a repetition 
of the unit cell in the space.
Advanced design tools enable 
accurate structural simulations 
of injection moulded short 
fibre reinforced polymers to 
be performed, integrating the 
outcomes of the manufacturing 
process. These tools are 

supported by sophisticated 
material models which adequately 
represent the material static 
and fatigue behaviour. Current 
modelling methodologies of the 
anisotropic material response rely 
on the concept of discretization 
of material volume in pseudo-
grains (auxiliary fictitious 
structures which feature 
unidirectional fibre orientation) 
and subsequent homogenization. 
Usually, the calibration of the 
parameters for modelling the 
pseudo-grain, depending on the 
fibre orientation, is performed 
through reverse engineering 
approach. This method is built 
on an often-overlooked physical 
limitations of obtaining such 
a structure straight from the 
manufacturing process.
The present research related to 
the injection moulded short fibre 
reinforced polymers investigates 
the limitations of this approach, 
proposing to integrate the current 
worldwide accepted workflow 
with a solution which aims to 
reproduce the pseudo-grain 
concept. To this end, coupons 
with almost homogeneous, well 
oriented fibre orientation were 
machine out from specimens 
with more complex, layered 
microstructure in terms of fibre 
orientation. Mechanical testing 
of such structures delivered 
additional significant information 
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that are, in general, overlooked 
by the standard procedure of 
material testing and modelling. It 
was observed that the endurance 
limits of such structures may 
raise concerns about the 
reliability of values obtained 
from standard specimen testing. 
Microstructural stratification of 
the fibre orientation may indeed 
undermine the accuracy of 
characterizations performed on 
specimens nominally oriented at 
90° to the fibre direction.
At present, the characterization 
aimed to support the modelling 
of the mechanical behaviour of 
short fibre reinforced polymers, 
obtained by fused filament 
fabrication, is a subject of 
research to leverage on this 
technology to produce functional 
components of unprecedent 
geometries. The research 
work presented in this thesis in 
regards of this subject aimed 
to investigate the relationship 
between the internal structure 
and the macro-scale mechanical 
properties of a short fibre 
reinforced polymeric material 
coupon. The ultimate purpose 
is to lay the foundation for 
developing a modelling workflow 
for this class of materials, 
which appropriately transfer 
the modelling strategies and 
tools available for their injection 
moulded counterpart. To this 

purpose the typical deposition 
strategies adopted by the 
printer, alternating layers of 
well-organized material beads 
oriented at 0°/90° and +45°/-
45°, have been tested statically 
and dynamically. Along with that, 
the anisotropy properties of 
the material were investigated 
within the boundaries of the 
technological limitations 
offered by the printer, in terms 
of deposition freedom of the 
material beads. A marked 
anisotropy and a distinctive 
response of the material, also in 
terms of failure behaviour, were 
observed depending on the meso-
structural morphologies. These 
aspects were then related to the 
distinctive features of the internal 
structures investigated. 
This research seeks to bridge 
gaps in the literature concerning 
the relationship between 
manufacturing-induced 
micro- and meso-structural 
features and the mechanical 
performance of SFRPs, providing 
experimental evidence and 
modelling frameworks relevant 
to both traditional and additive 
manufacturing processes. The 
findings underline the need 
for process-aware design and 
simulation strategies to enable 
more reliable and efficient 
use of short fibre reinforced 
composites, especially in 

fatigue-critical applications. 
Future developments will 
increasingly involve the 
integration of microstructural 
characterisation techniques 
with advanced simulation 
tools (e.g., multi-scale fatigue 
models), aiming to enhance the 
robustness and transferability of 
the proposed approach across 
different material systems.
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Recent advances in additive 
manufacturing have enabled 
engineers to design and 
produce extremely complex 
cellular structures, with feature 
sizes reduced to fractions of a 
millimeter. This technological 
progress is driving many 
industries to reconsider 
traditional processes and 
re-engineer key components 
by exploiting lightweight and 
optimized cellular materials. The 
sector of personal protection, 
however, has been slower to 
adopt these innovations, largely 
because of the difficulties in 
analyzing the impact behavior 
of three-dimensional lattices, 
which require complex meshing, 
reliable constitutive models for 
3D-printed polymers, and costly 
experimental campaigns.
The present thesis aimed to 
overcome these barriers by 
developing effective tools for the 
design and assessment of cellular 
structures in impact protection. 
Numerical and experimental 
methods were created to 
enable rapid evaluation of 
candidate geometries, predictive 
micromechanical models 
based on limited testing, and 
optimization strategies targeted 
to maximize energy absorption. 
This effort led to the filing of 
two patents: one describing an 
efficient design methodology for 

DESIGN OF AN ADDITIVELY MANUFACTURED CELLULAR 
CRASH HELMET

cellular protective systems, and 
another protecting a novel auxetic 
planar anti-chiral topology, 
which showed benefits in angled 
impacts (Figure 1).
These tools were then applied 
to one of the most pressing 
issues in head protection: the 
absorption of rotational energy. 
Unlike linear impacts, rotational 
accelerations are the main 
cause of concussion in real-
world accidents, yet they remain 
poorly addressed by current 
standards and conventional 
expanded polystyrene (EPS) 
liners. Four helmet prototypes 
were designed, manufactured, 
and tested, combining optimized 
lattices with flax-fiber composite 
sandwich panels (Figure 2). 
Results confirmed a clear 
improvement compared to 
commercial helmets, especially 
for linear impact performance 
(56% decrease in linear head 
injury risk), while gains in 
rotational protection were more 
limited, highlighting the need 
for continued research in this 
direction.
The key outcome of this work is 
the demonstration that complex 
3D-printed lattices are not only 
technically feasible but also 
advantageous alternatives to 
EPS in helmet liners. While EPS is 
effective in compressive loading, 
cellular structures allow tailoring 

of the mechanical response 
across different impact modes, 
offering greater potential for 
protection without necessarily 
increasing costs. Additive 
manufacturing thus opens the 
possibility for a new generation 
of helmets with improved energy 
absorption and adaptability to 
realistic accident conditions.
In its final stage, the thesis also 
explored the entrepreneurial 
potential of the technology, 
drafting the foundations of 
CELLMETS, a startup concept 
aimed at supplying optimized 
cellular liners for helmets and 
PPE in a B2B framework. The 
business model focused on the 
technological advantage, market 
opportunity, and scalability, 
supported by the patent 
portfolio. Multi-Jet Fusion was 
identified as the most promising 
manufacturing route, though 
further work is required to 
evaluate cost efficiency and 
productivity for industrial-scale 
adoption.
Future developments should 
continue along scientific and 
business paths in parallel. On 
the research side, work should 
expand experimental databases 
on helmet performance, 
particularly for rotational 
impacts, and integrate 
advanced biomechanical head 
models derived from accident 
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reconstructions, moving 
toward more individual-specific 
protection. On the business 
side, efforts should target 
streamlining numerical and 
prototyping workflows, validating 
the patented cellular geometry, 
and consolidating market analysis 
with reliable data on production 
volumes and pricing.
In conclusion, the thesis 
demonstrates that additive 
manufacturing has reached 
the maturity needed to address 
one of the most urgent issues 
in passive safety: protection 
against concussion and rotational 
brain injuries. Its success, both 
scientifically and commercially, 
will depend on achieving the 
right balance between enhanced 
performance, cost-effectiveness, 
and industrial scalability, paving 
the way for the next generation of 
protective equipment.
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Modern power-generation 
systems increasingly rely on 
rotating machinery operating at 
high speed, high load, and under 
wide operating envelopes. These 
demands arise from the need for 
higher efficiency, compactness, 
and operational flexibility in 
energy conversion systems 
such as gas and steam turbines, 
Organic Rankine Cycle (ORC) 
units, compressors, and energy 
storage devices. Under these 
conditions, traditional design 
approaches based on linear 
rotordynamic models often 
struggle to accurately predict 
machine behaviour, especially 
in the presence of strong fluid-
structure interaction, nonlinear 
effects, and transient operating 
regimes. Unexpected vibration 
phenomena and thermal 
limitations may therefore 
emerge, directly affecting 
reliability, availability, and 

DYNAMIC BEHAVIOUR OF THE ROTATING MACHINERY FOR 
POWER GENERATION IN STEADY-STATE AND TRANSIENT 
CONDITIONS

lifetime of industrial machinery.
The main goal of this PhD 
research is to improve the 
prediction, understanding, and 
mitigation of critical dynamic 
and thermal phenomena in 
power-generation rotating 
machinery. The work 
combines advanced numerical 
modelling, nonlinear dynamics, 
experimental validation, and 
innovative design concepts, 
with the common objective of 
enhancing machine stability, 
reliability, and compactness. 
The research focuses on 
three main topics: axial sub-
synchronous vibrations in thrust 
bearings, rotordynamic stability 
of a high-speed ORC micro-
turbine, and advanced cooling 
solutions for tilting pad journal 
bearings enabled by additive 
manufacturing.
The first research topic 
addresses axial sub-synchronous 

vibrations (SSV) in machines 
equipped with double-sided, 
oil-lubricated tilting pad thrust 
bearings. Although relatively 
rare, axial SSV severely limits 
safe operation, as it manifests 
through sudden, large-
amplitude, low-frequency axial 
oscillations that may span the 
full axial clearance, leading 
to wear, damage, and forced 
shutdowns. While widely 
reported, its root cause remains 
debated.
In this work, axial SSV is 
investigated from a nonlinear 
dynamics perspective 
and interpreted primarily 
as a nonlinear resonance 
phenomenon. A reduced-
order nonlinear model of the 
axial rotor dynamics was 
developed, including thrust 
bearing oil-film forces and axial-
lateral coupling effects. The 
model was calibrated using 
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Fig. 1 - Illustration of a land-based H-class gas 
turbine

Fig. 2 - Waterfall diagram of axial sub-
synchronous vibrations, highlighting all key 
features

Fig. 3 - Prototype of an internally cooled tilting 
pad journal bearing for improved thermal 
management

experimental data and analysed 
in both frequency and time 
domains, reproducing steady-
state responses, bifurcations, 
amplitude jumps, and transient 
hysteresis. Key operating 
parameters, such as axial load, 
clearance, oil temperature, and 
rotational speed, were shown to 
strongly influence the system 
response through changes in oil-
film stiffness and damping.
The second research topic 
focuses on radial rotordynamic 
stability in a compact, high-
speed ORC micro-turbine for 
small-scale power generation. 
Due to miniaturization and 
high rotational speeds, ORC 
turbines are particularly 
sensitive to destabilizing 
forces generated by seals, 
bearings, and aerodynamic 
interactions. A comprehensive 
finite-element rotordynamic 
model was developed, including 
rolling bearings, a squeeze 
film damper, a pocket gas seal 
with swirl-control features, 
and aerodynamic cross-
coupled forces at the impeller. 
Seal dynamic coefficients 
were obtained from CFD 
analyses and integrated into 
the model. Stability maps and 
Campbell diagrams showed 
stable operation over the full 
speed range, demonstrating 
the effectiveness of a 

multidisciplinary modelling 
approach for robust turbine 
design.
The third research topic 
addresses thermal limitations 
in tilting pad journal bearings 
(TPJBs), which are critical 
for stable operation of 
high-performance rotating 
machinery. In high power-
density applications, frictional 
heat generation increases pad 
temperatures, reducing lubricant 
viscosity and limiting load 
capacity. To overcome these 
issues, an innovative bearing 
pad design with internal cooling 
channels filled with bioinspired 
gyroid lattice structures and 
printed by metal additive 
manufacturing is proposed.
Different gyroid lattice 
configurations were 
benchmarked through CFD 
simulations and experimental 
tests, and the selected geometry 
was integrated into a full TPJB 
prototype. Numerical and 
experimental results confirmed 
enhanced heat extraction while 
preserving mechanical integrity. 
When integrated into a simplified 
thermo-elasto-hydrodynamic 
model, the internally cooled 
pad showed a potential oil-
film temperature reduction of 
about 30%, enabling higher load 
capacity or reduced lubricant 
flow. This solution supports 

more compact, efficient, and 
sustainable bearing designs.
In conclusion, this PhD 
research contributes to 
advancing the state of the art 
in rotordynamics and bearing 
technology by addressing both 
dynamic stability and thermal 
management challenges. By 
combining nonlinear modelling, 
experimental validation, and 
innovative design solutions, 
the work provides practical 
methodologies for predicting 
complex vibration phenomena 
and enhancing bearing 
performance. These results 
support the development of 
more reliable, compact, and 
efficient rotating machinery, 
aligned with the evolving 
demands of modern power-
generation systems.
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This PhD thesis investigates the 
modeling and control of floating 
offshore wind turbines within a 
coherent multi-scale framework 
that connects turbine dynamics, 
wake formation, and wind farm 
interactions. Rather than treating 
these aspects separately, the 
work identifies a unifying physical 
mechanism that links them: the 
motion of the floating platform, 
and in particular the pitch degree 
of freedom. 
Platform pitch plays a central 
role because it directly couples 
aerodynamics and control. At the 
single-turbine level, pitch motion 
affects closed-loop stability, 
power regulation, and structural 
loading. Floating turbines are 
characterized by non-minimum 
phase zeros that limit achievable 
bandwidth and complicate 
controller design. In this context, 
a gain-scheduled control strategy 
is developed to improve stability 
margins and mitigate platform 
motion without departing from 
standard industrial architectures. 
The proposed approach ensures 
smoother power tracking and 
reduced fatigue-relevant loads, 
while maintaining robustness 
under turbulent, vertically 
sheared inflow and wave 
excitation. 

 The same platform pitch 
motion propagates its effects 

ADVANCED CONTROL AND WAKE MODELING TO IMPROVE 
FLOATING OFFSHORE WIND TURBINES PERFORMANCE

to the wake scale. A mean 
pitch offset, combined with 
shaft tilt and possible yaw 
misalignment, generates 
an effective rotor–inflow 
misalignment. This modifies 
the fluid–structure interaction 
at the rotor, changing both 
axial induction and transverse 
loading distributions. As a result, 
the emitted wake becomes 
deflected and asymmetric, and 
for sufficiently large angles 
may exhibit curled structures. 
To capture these macroscopic 
features with engineering-level 
efficiency, an analytical wake 
model is developed. The model 
incorporates misalignment-aware 
induction, an elliptical velocity-
deficit formulation, and vortex-
based wake morphing, providing 

physical consistency while 
retaining low computational cost 
suitable for control and layout 
studies. 
At the wind farm level, the 
coupling becomes even 
more pronounced. In floating 
configurations, wake 
properties depend strongly on 
the instantaneous operating 
condition. Variations in 
thrust excite platform pitch, 
which in turn modifies wake 
deflection, recovery rate, and 
turbulence characteristics. 
Consequently, changes in control 
setpoints or environmental 
loading simultaneously affect 
aerodynamic extraction, 
structural response, and 
downstream inflow conditions. 
This state-dependent interaction 
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Fig. 1 - Multi-scale coupling in floating wind turbines. The upstream turbine operates under turbulent, 
sheared inflow and wave forcing. The proposed controller (red) provides improved regulation compared 
to a detuned baseline (blue), stabilizing platform pitch around 4°. The resulting effective rotor 
misalignment generates deflected and asymmetric wakes (central planes), which determine the inflow 
conditions and power response of the downstream turbine.

introduces additional trade-
offs between energy capture 
and fatigue loading that are not 
present, or are significantly 
weaker, in bottom-fixed turbines. 
The thesis contributions reflect 
this progressive scaling. First, 
a systematic control-design 
methodology tailored to floating 
turbines is proposed, improving 
stability and reducing fatigue-
critical loads. Second, an 
analytical engineering wake 
model is introduced to represent 
the effects of rotor misalignment 
on wake morphology with 
minimal computational burden. 
Third, multi-turbine simulations 
performed with a mid-fidelity 
framework demonstrate how 
platform-induced wake deflection 
and added turbulence influence 
downstream performance and 
fatigue behavior, particularly in 
partial-load operation. 
Overall, the thesis provides a 
consistent set of models and 
methods that describe floating 
wind turbine behavior across 
scales. By linking turbine control, 
wake physics, and farm-level 
interactions through the common 
mechanism of platform pitch, the 
work contributes to more reliable 
prediction, improved controller 
design, and more efficient 
operation of floating offshore 
wind farms.
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The real need for safeguarding 
the planet, and the consequent 
increasing global demand for 
sustainable development has 
driven industries to reconsider 
traditional (fossil origin) 
material usage in favour of 
environmentally responsible 
alternatives. This doctoral 
research, in collaboration with 
RadiciGroup High Performance 
Polymers, investigates the 
mechanical and vibroacoustic 
performance of recycled 
polymer composites, with a 
specific focus on Polyamide 
6 (PA6) and one of its glass 
fibre-reinforced grades which 
is widely employed in many 
industrial sectors (PA6-GF30). 
Emphasis is placed on assessing 
Post-Industrial Recycled (PIR) 
and Post-Consumer Recycled 
(PCR) materials in comparison to 
their virgin counterpart, aiming 
to validate their suitability for 
high-performance industrial 
applications. Meanwhile, to 
improve the scientific knowledge 
of these materials, models has 
been developed considering 
frequency and fibre orientation 
dependency on the mechanical 
properties of those.
The study begins with a 
comprehensive Life Cycle 
Assessment (LCA), comparing 
the ecological footprint of virgin 
PA6 and PA6-GF30 against their 

GREEN AND RECYCLED POLYMER COMPOSITES: 
MECHANICAL PERFORMANCE ASSESSMENT, TO EXTEND 
THEIR INDUSTRIAL APPLICATIONS

post-industrial recycled (PIR) 
and post-consumer recycled 
(PCR) counterparts, highlighting 
the energy savings, emissions 
reduction, and resource 
efficiency achieved through 
recycling. The LCA aims to 
identify environmental hotspots 
across the materials’ lifecycles, 
guiding informed decisions 
towards more sustainable 
material sourcing and 
processing strategies. Through 
it, it is demonstrated that 
recycled materials significantly 
reduce environmental impacts 
such as energy consumption, 
greenhouse gas emissions, and 
resource depletion. 
Then, the mechanical 
behaviour of the materials was 
experimentally analysed. Quasi-
static tensile and bending tests 
are performed under varying 
temperature and humidity 
conditions, to characterize 
the stress-strain response 
and failure behaviour of virgin 
and recycled materials on 
unreinforced and reinforced 
samples. To further understand 
the internal structure of these 
materials, micro-computed 
tomography (micro-CT) is 
employed to analyse fibre 
alignment. These tests provide 
crucial data on the mechanical 
performance of recycled 
materials, revealing that while 

some performance loss is 
present, recycled materials 
remain valid alternatives in 
high-demanding applications. 
Moreover, it established a 
baseline for the subsequent 
dynamic and acoustic analyses. 
Experimental Modal Analysis 
(EMA) was employed to 
characterize the dynamic 
behaviour of polymers and 
composites. The study examines 
the natural frequencies and 
mode shapes of virgin and 
recycled polyamides. These 
parameters are used not only to 
compare materials among them, 
but also to validate and refine 
a Finite Element Models (FEM), 
which incorporates frequency-
dependent material properties 
obtained from Dynamic 
Mechanical Thermal Analysis 
(DMTA). Moreover, through a 
proper simulation, also the local 
fibre orientation is accounted for 
in the FEM of virgin PA6-GF30, 
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Fig. 1 - Recycling loop for PIR and PCR 
compounds performed by RadiciGroup High 
Performance Polymers

which is further validated 
against experimental results, 
improving the simulations’ 
accuracy.
Finally, acoustic properties 
are investigated, analysing the 
ability of virgin and recycled 
materials to isolate from noise. 
Acoustic experiments assess 
the sound transmission loss 
(STL) with measurements in a 
double reverberation chamber. 
Numerical models are developed 
to simulate the STL starting 

from the dynamic results which 
are adopted so as to consider 
the proper material properties. 
In the end, the study examines 
how recycling influences the 
acoustic performance of PA6 
and PA6-GF30 to understand the 
potential for recycled materials 
in engineering applications 
where sound control is a critical 
factor.
Results show that recycled 
composites can meet industrial 
mechanical requirements not 

only for usual applications 
but also in new fields where 
vibration and noise controls 
are fundamental, ultimately 
supporting the transition 
towards a more sustainable and 
circular economy.

Fig. 3 - Numerical computed STL comparison between virgin and recycled PA6 (a) and between virgin 
PA6 and PA6-GF30 (b)

Fig. 2 - Comparison between virgin PA6 experimental and numerical results, before (a) and after (b) 
incorporating frequency dependence material properties in the FEM
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This research addresses the 
digital management of product 
information in globally distributed 
collaborative environments, 
as found in large industrial 
organizations. In such contexts, 
vast volumes of heterogeneous 
information must be efficiently 
shared, accessed, and reused 
throughout the product lifecycle. 
Traditional, department-based 
approaches have become 
insufficient, leading to the 
emergence of the Product 
Lifecycle Management (PLM) 
paradigm in the early 2000s, 
which integrates digital 
technologies to manage product 
data across systems and 
processes.
Despite PLM’s promise, effective 
implementation remains 
challenging. Many companies 
adopt PLM initiatives without 
fully aligning them with user, 
process, and product needs. 
Studies show engineers spend 
up to 60% of their time searching 
for the right information, and only 
4% of organizational knowledge 
is structured and reusable. This 
inefficiency often stems from 
fragmented knowledge storage, 
with valuable data locked in silos 
or individual expertise.
Modern PLM systems struggle to 
manage product knowledge in 
a structured and interoperable 
way. The Semantic Web, with its 

KNOWLEDGE AND INFORMATION MODELING TO SUPPORT 
ENGINEER-TO-ORDER PRODUCTS DEVELOPMENT

foundation in ontologies, offers a 
promising approach. Ontologies 
formalize domain knowledge 
using first-order logic and 
standardized representations, 
allowing machines and humans 
to interpret and share complex 
information seamlessly. Over 
the past two decades, ontology-
based frameworks have gained 
traction as potential solutions to 
PLM’s limitations.
The work presents an ontology-
based proof of concept designed 
to enhance PLM systems by 
enabling formal knowledge 
representation and data 
interoperability. Focusing on the 
complex Engineer-to-Order (EtO) 
domain, the research explores 
how ontologies can model and 
manage highly customized 
products.
A general-purpose ontology 
framework was developed, 

including classes, properties, 
logic-based constraints, and 
inference rules (fig. 1). Products 
are described as interrelated 
parts characterized by features 
and data. The ontology supports 
the creation of configuration 
templates that capture product 
knowledge holistically—including 
structural, functional, and 
behavioral aspects—from which 
individual project instances can 
be derived and managed.
Two industrial case studies 
were validated: one modeling 
shaft-line configurations of a 
compressor train, the other 
focusing on its seal gas system. 
These demonstrated the 
ontology’s capability to handle 
configuration variation, manage 
change dependencies, and enable 
knowledge reuse. The framework 
supports lifecycle management, 
product evolution, and data 
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Fig. 1 - A schematic representation of the realized general-purpose and agnostic base ontology to derive 
the formalization of product/domain knowledge

Fig. 2 - A representation of the obtainable level of knowledge for an instance of the modeled case study 
product

orchestration in a distributed 
environment.
Notably, the ontology approach 
allows dependencies between 
product elements to be defined 
and reasoned over, helping 
organizations manage changes 
and coordinate data. Project-
specific knowledge is derived 
from general templates (fig. 
2), ensuring consistency and 
reusability across product 
variants.
The proof of concept also 
showed that ontologies can 
function as a central, trusted 
knowledge hub, interoperating 
with different digital agents in a 
PLM ecosystem (e.g., PLM, ERP, 
MES, CAx, KBE). Integration with a 

real PLM platform confirmed this 
interoperability.
Three research questions guided 
the work:
1)	 What is the state of the art in 

digital product information 
management and knowledge 
reuse?

2)	 How can ontologies support 
the PLM paradigm?

3)	 Is current technology ready to 
support ontology-based PLM 
implementations? What are 
the limitations?

The study found a lack of clear, 
practical implementations of the 
PLM paradigm in industry, with 
existing software largely based 
on legacy systems requiring 
extensive customization. Data 

remains fragmented and hard 
to access, and there is no widely 
adopted knowledge backbone.
The developed ontology 
effectively models and 
interconnects structural, 
functional, and behavioral product 
aspects in a neutral, human- 
and machine-readable format. 
This supports integration with 
digital tools and fosters a holistic 
product understanding.
Basic technological components 
like RDF frameworks are available 
with acceptable maturity, but 
ontology editors and reasoning 
engines present limitations 
in scalability, usability, and 
integration. Customized 
solutions and inference tools 
were necessary. A key barrier 
is the lack of a standardized, 
widely accepted ontology for 
PLM, limiting adoption and 
interoperability. 
The research highlights the need 
for such a standard to support 
multi-domain modeling and 
rule-based reasoning. While the 
foundation exists, it is still and 
largely academic, and industrial 
adoption remains limited.
This work provides a robust, 
scalable proof-of-concept 
aimed at encouraging further 
collaboration between academia, 
software vendors, standards 
bodies, and industry to establish 
shared standards and improve 
ontology-based technologies 
as essential steps toward PLM 
systems suited for modern EtO 
industrial settings.
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Lightweight design has 
become a central objective in 
modern vehicle engineering. To 
reduce emissions and energy 
consumption, metal components 
are increasingly replaced by 
fibre-reinforced plastics. 
These materials combine low 
weight, design flexibility and 
cost-efficient manufacturing 
through injection moulding. As 
a result, they are now widely 
used in structural automotive 
components.
However, unlike metals, 
fibre-reinforced polymers do 
not behave uniformly. Their 
mechanical properties depend 
strongly on the orientation 
of the fibres created during 
manufacturing. Within a single 
component the material can 
locally exhibit different stiffness 
and strength. When such parts 
contain notches or holes and are 
subjected to repeated loading, 
failures may occur unexpectedly 
even when conventional design 
rules are satisfied.
Because of this uncertainty, 
engineers often rely on extensive 
testing rather than calculation. 
This limits the efficient use of 
these materials, especially in 
safety-relevant applications 
where reliability is essential.
This dissertation develops 
a predictive framework for 
both static failure and fatigue 

life of short fibre-reinforced 
polymers. Experimental testing 
and numerical simulations 
were combined to understand 
how local stresses and strains 
evolve inside the material. Fibre 
orientation was characterised 
using micro-computed 
tomography, and finite-element 
simulations were validated using 
full-field strain measurements.
The first part of the research 
demonstrates that classical 
failure criteria are insufficient 
for anisotropic polymers. A new 
method based on local stress 
triaxiality and plastic strain was 
introduced, allowing failure 
prediction independent of 
geometry and loading condition.
The second part proposes an 
energy-based fatigue parameter, 
the Alternating Energy Density, 
which enables fatigue life 

prediction independent of 
thickness, load ratio and fibre 
orientation. Instead of treating 
each configuration separately, 
a unified description of material 
behaviour becomes possible.
Finally, a practical design 
approach for notched 
components was established by 
combining anisotropic material 
modelling with the Theory 
of Critical Distances. This 
allows engineers to predict the 
durability of real components 
using finite-element analysis and 
significantly reduces the need 
for experimental testing.
The developed methodology 
was validated on a glass fibre-
reinforced polyphthalamide 
but is transferable to a broad 
class of reinforced polymers. 
The results support the reliable 
application of lightweight 

WHY PLASTIC CAR COMPONENTS FAIL — AND HOW 
ENGINEERS CAN PREDICT IT

Francesco Emanuele Fiorini
Supervisors: Andrea Bernasconi, Gianpiero Mastinu, Luca Michele Martulli

Fig. 1 - fatigue life prediction methodology for Short Fibre-Reinforced Polymers (SFRPs). Bridging 
experimental characterisation with transferable predictive models

polymer components in safety-
critical engineering systems and 
contribute to more efficient and 
sustainable vehicle design.
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Single-axis photovoltaic (PV) 
trackers are utility-scale support 
structures that rotate a stack 
of PV modules arranged in rows 
about a horizontal axis to follow 
the Sun. In typical configurations, 
the rotation axis is oriented 
North–South and the modules 
track the Sun from East to West 
by adjusting their pitch angle. The 
widespread deployment of these 
systems has increased energy 
yield compared to fixed-pitch 
systems but has also promoted 
structural configurations that 
are increasingly slender, lightly 
damped, and weakly constrained, 
with large exposed surfaces 
operating in the near-ground 
atmospheric boundary layer. For 
these systems, environmental 
loads, and especially wind-
induced actions, frequently 
govern ultimate and serviceability 
design and may also control 
fatigue-related performance. 
In current engineering practice, 
aerodynamic loading is commonly 
characterized through rigid 
model wind tunnel experiments 
and applied to structural design 
via Equivalent Static Wind Load 
(ESWL) formulations. Approaches 
based on ESWL rely on simplifying 
assumptions regarding the 
correlation of pressure-driven 
resultants, the representation 
of the dynamic amplification 
(including resonant contributions) 

through Dynamic Amplification 
Factors (DAFs), and the role of 
aeroelastic effects (such as 
torsional instabilities and self-
excited loads). The validity and 
degree of conservativeness 
associated with these 
assumptions are only partially 
quantified for single-axis trackers 
operating over a broad range 
of pitch angles under realistic 
turbulent inflow. 
This thesis develops an integrated 
experimental-numerical 
framework to understand and 
strengthen the physical basis 
of ESWL-based design while 
remaining usable in engineering 
practice. The framework 
combines three components: 
(1) rigid park wind tunnel testing 
in atmospheric boundary layer 
(ABL) flow to obtain time-
resolved pressure fields and load 
resultants representative of PV 
plants; (2) sectional wind tunnel 
testing, in both suspended (free-
vibration) and forced-motion 
configurations, to characterize 
aerodynamic coefficients and 
unsteady behavior through the 
identification of aerodynamic 
derivatives governing torsional 
response and stability; and 
(3) structural time-domain 
simulations based on finite 
element (FE) representations of 
the tracker system. The time-
domain simulations introduced 

in the latter point compare the 
reference dynamic response 
with the response reconstructed 
through simplified ESWL 
strategies. The framework 
condenses datasets into design 
load cases and quantifies the 
conservativeness associated with 
standard ESWL load application. 
Rigid park experiments are 
performed on a 1:15 geometrically 
scaled photovoltaic tracker array 
tested in an ABL wind tunnel 
facility with a turntable enabling 
variation of yaw (exposure) 
angle. An atmospheric boundary 
layer profile representative of 
open-terrain exposure at the 
tracker elevation is adopted and 
characterized through mean 
velocity profile, turbulence 
intensity profile, integral length 
scales, and spectral content. In 
addition to the reference inflow 
used for the main campaigns, an 
alternative condition with reduced 
turbulence intensity is considered 
to evaluate how aerodynamic 
coefficients and peak loads vary 
with inflow spectral content and 
the chosen normalization. 
Pressure time histories measured 
over the rigid model surfaces allow 
reconstruction of net pressure 
fields and aerodynamic resultants 
in the form of normal-force and 
torsional-moment coefficients 
about the torque-tube axis. 
These time histories support 

DEVELOPMENT OF A FRAMEWORK FOR THE ANALYSIS OF 
DYNAMIC WIND EFFECTS ON PHOTOVOLTAIC TRACKERS

Giorgio Frontini - Supervisors: Marco Belloli, Sara Muggiasca

DAF-type decomposition, quantify 
spatial-averaging effects on peak 
coefficients, and enable practical 
dataset reduction. Two design-
oriented reductions are 
presented: yaw (exposure) angles 
are grouped into two clusters 
to distinguish configurations 
associated with positive and 
negative pitch angles, and plant-
scale spatial zoning is introduced 
to approximate peak coefficient 
distributions along tracker rows 
through a discrete set of macro-
areas (zones). 
A central contribution addresses 
the common ESWL assumption 
of full simultaneity between peak 
aerodynamic force and peak 
torsional moment. The force is 
obtained from the area integral of 
the net pressure field, whereas the 
torsional moment corresponds to 
the same pressure field weighted 
by its lever arm about the torque-
tube axis; consequently their 
temporal correlation is not 
guaranteed, and enforcing full 
simultaneity may overestimate 
combined demand. Using the 
rigid park measurements, the 
temporal relationship between 
force and moment is investigated, 
and a load-combination strategy 
is proposed based on statistically 
consistent force–moment pairs 
extracted at the same instant. 
This formulation yields reduced 
combinations that are physically 
consistent with the measured 
time histories and can be 
implemented in an ESWL-based 
design through discrete load 
cases or combination factors. 
In parallel, sectional wind tunnel 
tests are conducted to investigate 
unsteady aerodynamic effects 
governing torsional response and 

aeroelastic stability. Suspended 
and forced-motion configurations 
are used to identify aerodynamic 
derivatives over ranges of reduced 
velocity and pitch angle relevant 
to tracker operation, thereby 
enabling the characterization of 
stiffness-related and damping-
related aeroelastic effects. Static 
and quasi-steady measurements 
are also performed to evaluate 
aerodynamic coefficient curves. 
Comparison with classical flat-
plate theory is used to interpret 
similarities and deviations in 
torsional aeroelastic trends 
across the operating envelope. 
The experimentally derived 
aerodynamic data are integrated 
within a structural analysis 
framework based on finite 
element modelling of the 
tracker system. Wind-induced 
loading provided by rigid park 
measurements is decomposed 
into mean/static components 
and turbulence induced 
buffeting components. Self-
excited aeroelastic components 
are represented through 
the identified aerodynamic 
derivatives. The time-domain 
approach enables computation of 
response time histories, including 
displacements and internal 
stresses, and supports stability-
oriented analyses by examining 
effective aeroelastic stiffness 
and damping contributions as 
functions of wind velocity and 
pitch angle. 
A key objective of the numerical 
component is to assess the 
assumptions underlying 
conventional design based on the 
application of ESWL. Structural 
response obtained from reference 
time-domain simulations is 

compared against response 
reconstructed using simplified 
ESWL patterns derived from 
rigid model testing and DAF-
type formulations. Conventional 
full-simultaneity combinations 
are evaluated against reduced 
simultaneity combinations 
based on the proposed time 
consistent force–moment pairs. 
The comparison quantifies the 
conservativeness associated 
with full simultaneity and shows 
that simultaneity-reduced 
combinations can preserve a 
closer agreement with reference 
dynamic structural demand 
while reducing unnecessary 
conservativeness. 
In conclusion, the thesis 
provides an experimentally 
supported assessment of wind–
structure interaction in single-
axis photovoltaic trackers 
and proposes a practical 
methodology for ESWL based 
design. The method improves 
the representativeness of 
simplified wind-load formulations, 
introduces a force–moment 
combination approach consistent 
with measured simultaneity, and 
accounts for aeroelastic effects 
through aerodynamic derivatives 
when required. By combining 
rigid park load characterization, 
sectional aeroelastic 
identification, and structural time-
domain response, the framework 
clarifies the conservativeness 
of standard ESWL assumptions 
while remaining compatible with 
routine engineering verification. 
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Lubricated components are 
widely used in turbomachinery 
for different purposes. Fluid film 
bearings are among the most 
common. These components 
support the spinning shaft 
thanks to the wedge effect in 
the oil film fulfilling a crucial 
role. The energy transition and 
decarbonization is pushing the 
optimization of turbomachines 
towards more demanding 
operating conditions. As a result, 
fluid film bearings are required 
to operate at larger peripheral 
speeds and specific load. Bearing 
thermal management starts to 
play a major role in extending the 
machine operability and reducing 
the maintenance frequency. 
Therefore, it is relevant to build 
reliable models that can predict 
the behavior of such critical 
components in such demanding 
operating conditions. 
The more demanding operating 
conditions make it necessary 
to develop innovative solutions 
and improvements of fluid film 
bearings. One of the current 
trends in bearing development 
sees the adoption of innovative 
materials for the pads to obtain 
higher load capacity, higher 
temperature capability and 
greater fatigue resistance. 
The static characteristics of 
bearings lined with different 
materials are investigated. The 

MODELING AND OPTIMIZATION OF LUBRICATED 
COMPONENTS FOR TURBOMACHINERY

temperature distribution in the 
bearing will be evaluated by 
means of a full 3D thermal model 
whereas the deformation of the 
pads will be evaluated by means 
of a finite element model. The 
generalized Reynolds equation 
is used to calculate the pressure 
distribution in the bearing. At the 
end, the permissible operating 
range in terms of load and speed 
will be defined for each material 
by considering the limits on 
the maximum temperature, 
permissible mechanical stress 
and minimum oil-film thickness. 
Both CFD models and Reynolds 
equation models can be 
computationally expensive for 
the estimation of the static and 
dynamic properties of fluid film 
bearings. Artificial Intelligence 
(AI) is assuming a key role in 
engineering but is rarely applied 
in fluid film bearing analysis. A 

properly trained Deep Learning 
(DL) model can perform very fast 
predictions of TPJB behavior 
with accuracy comparable to 
more time-consuming models. 
An Artificial Neural Network 
(ANN) is trained to predict 
dynamic stiffness and damping 
coefficients, along with the main 
static quantities of TPJBs, such 
as minimum oil-film thickness 
and inlet flowrate. The calculation 
performances offered by the 
ANN model make it suitable 
as engine of an optimization 
tool. Oil flowrate reduction is 
of great interest to reduce the 
environmental impact of fluid 
film bearings. However, the 
reduction of the inlet flowrate 
of oil affects the whole bearing 
performance. Therefore, the 
flowrate optimization should be 
constrained so that the static 
and dynamic properties of 

Edoardo Gheller - Supervisor: Paolo Pennacchi, Seven Chatterton

Fig. 1 - Optimization results on 80mm 5 pads TPJB. Minimized flowrate results from constraint on probe 
temperature and minimum film thickness. Evolution of dynamic stiffness and damping coefficients 
during the optimization

the bearings remain within an 
acceptable range. An optimization 
strategy for reducing the flowrate 
fed to TPJBs is proposed. 
The trained ANN is used in a 
constrained optimization that 
has the goal of minimizing the 
oil flowrate while ensuring safe 
bearing operation. The proposed 
model is an effective tool that can 
help industry achieve the goals 
required by the energy transition 
and can help in the development 
of optimized fluid film bearings. 
Figure 1 shows the result of the 
optimization process on a 80mm 
five pads TPJB.
Squeeze film dampers (SFDs) 
are components used in many 
industrial applications, ranging 
from turbochargers to jet engines. 
SFDs are generally applied on 
lightly damped machines that 
are required to cross a natural 
frequency. SFDs can also be used 

to reduce the instability risk. 
The SFD performance depends 
on the geometrical features like 
the clearance, diameter, length, 
feeding, and sealing mechanisms. 
Depending on the operating 
conditions, mainly excitation 
frequency and amplitude, vapor 
cavitation and air ingestion can 
affect the damping performance 
of SFDs. A numerical model 
based on the Reynolds equation 
was developed to estimate the 
dynamic force coefficients 
of SFDs. Different boundary 
conditions for oil feeding and 
discharging are implemented 
and investigated. The reduction 
of damping is detrimental 
for SFDs. With low supply 
pressures and non-tightly sealed 
configurations, air ingestion is 
one phenomenon responsible 
for damping reduction. Due to 
the pressure gradients at the 
axial ends of the SFD, air enters 
the SFD lands during operation, 
forming a bubbly oil mixture and 
reducing damping coefficients. 
Damping reduction can be 
critical at operating condition if 
unstable sub-synchronous modes 
are present. An experimental 
campaign is performed on a large-
clearance SFD to measure the 
damping coefficients related 
to a lower frequency excitation 
coupled with a larger frequency 
excitation. The low frequency 

excitation is superimposed to a 
larger frequency excitations in 
order to replicate the effect of a 
subsynchronous excitation. The 
results show that the damping 
coefficients extracted from 
the low frequency excitation 
increase significantly as the 
amplitudes of the large frequency 
excitation increase from 5% to 
60% of the radial clearance even 
though incipient air ingestion is 
present. These results indicate 
that the damping coefficients 
extracted from the low frequency 
excitation are primarily influenced 
by the large squeeze velocities 
resulting from the sum of the 
two excitations rather than air 
ingestion induced by the main 
frequency. Shows the comparison 
between the measured damping 
coefficients for single frequency 
excitation and dual frequency 
excitations.

Fig. 2 - Comparison of damping coefficients 
measured with single frequency excitation and 
dual frequency excitation
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3D bioprinting is an innovative 
manufacturing technology that has 
gained significant attention over the 
last few decades for the fabrication 
of functional biological tissues 
and biology-related applications. 
Compared to traditional regenerative 
medicine techniques, it offers 
numerous advantages including 
process automation, reduced inter-
operator variability and manual 
errors, increased throughput, 
higher cell concentrations, and 
enhanced spatial precision in cell 
deposition. Among the different 
3D bioprinting technologies, two-
photon polymerization (2PP) 
provides remarkable advantages 
in terms of printing precision and 
spatial resolution, enabling the 
fabrication of micro- and nano-scale 
structures that can interact with 
cells and their components. Such 
structures can deliver geometrical, 
mechanical, and topological 
cues, thereby influencing cellular 
behavior in a controlled manner. 
This doctoral thesis investigates 
the opportunities offered by 2PP 
technology, taking advantage of its 
peculiar characteristics in terms of 
high resolution, precision and fast 
prototyping possibilities, focusing on 
two main application domains: the 
fabrication of microstructures and 
microdevices for cell entrapment, 
contributing to the development 
of a biosensing chip where cells 
act as sensing elements in line 

with the biointelligence paradigm, 
and the fabrication of biological 
tissues within the broader field of 
regenerative medicine. 
i)	 The capabilities of 2PP 

technology for the fabrication 
of microstructures were 
explored and the effects of 
microgeometrical patterns on 
cell proliferation and spatial 
distribution were studied. 
Matrices of pillar-shaped 
elements with diameter 15 𝜇m 
fabricated via 2PP varying the 
interpillar distance to 10-15-30 
𝜇m were seeded with neonatal 
human dermal fibroblasts 
(N-HDF) and cultured for 8 days. 
A method based on a TILT-
decomposition (Transform- 
Invariant Low-rank Textures) was 
developed to separates the low-
rank component given by the 
regular pillars from the sparse 
component given by cells and 
enable cell count in fluorescence 
images. To study the distribution 
of cells in the different 
geometrical configurations, 
an extension of Ripley’s 
K-functions was implemented, 
which describes the spatial 
organization quantitatively at 
several distance scales. The 
functional analysis provided 
similar patterns at the global 
level, while some differences in 
the local behaviors were found. 
The peaks of the K-functions are 

linked to the interpillar distance 
of the geometries, which 
therefore seems to influence cell 
distribution. The obtained results 
prove the use of 2PP for the 
fabrication of microgeometries 
as a promising technique 
to enhance cell orientation 
in specific directions, while 
innovative methods to study 
these effects were successfully 
implemented. 

ii)	 We addressed the challenges 
of printing with a low 
autofluorescence resin, suitable 
for cell studies with advanced 
microscopy imaging and light-
based measurements but 
challenging to print and prone 
to instabilities. Laser power 
and scan speed were found to 
be the parameters affecting 
printability the most and were 
optimized through full factorial 
experiments. To enable real-time 
process optimization, different 
approaches for in situ image 
analysis were investigated: 
adaptive thresholding, active 
contouring and a deep learning 
approach based on the U-NET 
algorithm trained on annotated 
images of the nominal shape. 
The printed constructs consist 
of matrices with elements 
having triangles, semi-circular, 
circular and squared cross-
sections, diameter 15 𝜇m and 
height 50 𝜇m. Images of the 2PP 
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OPPORTUNITIES AND CHALLENGES OF HIGH RESOLUTION 
BIOPRINTING VIA TWO-PHOTON POLYMERIZATION

Co-Supervisor: Luca Dedé

process were taken through 
the digital microscope camera 
of the printer, coaxial with the 
objective lens at each print layer. 
The U-NET algorithm resulted in 
a sharp segmentation between 
the printed structures and the 
background, with well-defined 
boundaries, and provided the 
highest similarity coefficient 
between the segmented and 
the nominal shape, with the 
lowest interlayer variation. Thus, 
it proved as a suitable method 
in the framework of in-situ 
monitoring for the early detection 
of deviations from the nominal 
shape. The prompt identification 
of defects and process 
instabilities allows immediate 
abortion of the print job, thus 
preventing waste of resources, 
and enhancing overall printing 
quality. 

iii)	 2PP was exploited for the 
creation of a microfluidic device 
intended to enable dynamic 
seeding of cells into the chamber 
with proper positioning in 
space. A microfluidic device 
was designed and developed 
through 2PP upon optimization 
of geometry and process 
parameters to enhance structural 
stability. Micropillar elements 
with random, regular and 
sinusoidal patterns were printed. 
The fabricated microstructures 
were successfully integrated 
with the microfluidic device 
using a case fabricated via 
stereolithography. The integrated 
system was functionally tested 
for dynamic cell seeding 
through injection of Vero cells 
suspension via a pumping system 
and evaluation of structural 
stability and cell retaining 

capabilities. The microfluidic 
device constitutes a proof-of-
concept for cell-encapsulating 
microstructures entirely 
fabricated via 2PP, enabling an 
agile modulation of geometrical 
and process parameters for the 
microstructures, in the setting of 
design optimization. 

iv)	 A computational model 
of nutrient diffusion and 
consumption was proposed 
to estimate the impact of the 
3D-printed geometry on cell 
proliferation and necrosis. 
Several phenomena were 
combined to analyze the 
complex interplay among 
nutrient diffusion, consumption, 
and cell response to nutrient 
availability. The model 
was calibrated through an 
experimental campaign of 
extrusion bioprinting, by 
assessing cell viability as the 
number of vital cells within the 
bioprinted samples over time. 
The experimental conditions 
were replicated in the model 
through input parameters. For 
the validation phase, the model 
was simplified by integrating the 
variables at each time step over 
the spatial domain. The outcomes 
of model and experiment were 
compared by computing the 
mean square error between the 
model prediction and the average 
value of cell concentration 
observed in the experiments. 
Input parameters taken from the 
literature were found within wide 
ranges and display uncertainty 
in their measurement, thus an 
optimization step was carried 
out to identify optimal values 
of the model parameters that 
minimize the mean square error 

between experimental and model 
data. The growth rate, the death 
rate, and the maximum number 
of cells turned out to be lower 
than were assumed. Based on a 
sensitivity analysis, the growth 
rate and the maximum cell 
density were observed as the 
most influential parameters. 
When correctly calibrated, the 
model outcome is close to the 
experimental one. Finally, the 
PDE model was used to assess 
cell viability in constructs with 
different dimensions and in 
constructs with inner channels, 
to simulate nutrient delivery by 
vascular networks. The system of 
equation was solved numerically 
by means of the Galerkin finite 
element method, based on the 
reformulation of the strong PDE 
into its weak formulation and 
on the construction of a finite- 
dimensional subspace where the 
approximate solution is looked 
for, and on the discretization of 
the spatial 3D domain in finite 
elements. The simulations 
forecast a spatial gradient of cell 
density within the constructs, 
and a clear presence of a necrotic 
core the largest construct. When 
vascular channels are introduced, 
the availability of nutrients is 
redistributed, leading to a more 
uniform cell density within the 
construct. The model represents 
a promising tool for the rational 
design of vascularization 
networks in 3D bioprinted tissues, 
especially with large dimensions 
and high cell concentration.
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The Thesis presents a major 
paradigm shift in the acquisition, 
management, and delivery of 
industrial knowledge. In the 
context of the Industry 5.0 
framework, which emphasizes 
a human-centric approach 
to technology and prioritizes 
operator well-being, industries 
currently face a critical skills 
mismatch. Over 30% of 
companies report skill shortages 
caused by rapid technological 
evolution, an aging workforce, 
and the significant loss of tacit 
knowledge when experienced 
professionals retire. Although 
XR is widely recognized as a 
scalable, safe, and powerful 
tool for advanced industrial 
training, its adoption has been 
hindered by high costs, the need 
for specialized software coding 
expertise, and the immense 
complexity of creating and 

maintaining virtual training 
content. This research’s most 
significant contribution is 
its proposal of an innovative, 
AI-assisted architecture that 
makes the creation of immersive 
training materials more 
accessible. This architecture 
allows domain experts to 
generate XR content intuitively 
without needing programming 
skills. 	  
A key aspect of the thesis is its 
rigorous pedagogical foundation, 
which addresses the inconsistent 
scientific literature on XR’s 
learning efficacy. This research 
evaluates XR against traditional 
training methods by grounding 
the study in established 
educational frameworks such 
as Bloom’s Taxonomy and the 
ICAP framework. A large-scale 
experimental study involving 184 
mechanical engineering students 

(Figure 1) who were tasked with 
disassembling a virtual gearbox 
empirically showed that XR 
yields learning outcomes that 
are comparable to traditional 
slide-based and physical, 
hands-on methodologies, as 
long as cognitive engagement 
remains consistent. Significantly, 
XR environments were found 
to substantially reduce users’ 
perceived cognitive workload and 
increase system usability. These 
findings validate XR as not merely 
a technological novelty but also 
a robust pedagogical tool that 
lowers the psychological barrier 
to acquiring complex skills.	  
Building on this foundation, the 
thesis attempts to mitigate the 
traditional bottlenecks of XR 
authoring by integrating Artificial 
Intelligence (AI), specifically Large 
Language Models. Typically, 
developing an XR system 
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TOWARDS TRAINING 5.0: AN AI-ASSISTED EXTENDED 
REALITY APPROACH TO INDUSTRIAL TRAINING

Fig. 1 - User testing involving N=184 BSc 
students

Fig. 2. - Integration of an AI assistant to support 
trainees. Fig. 3 - Testing of AURA with expert users.

necessitates extensive “per-
task” programming for graphical 
user interfaces, informational 
panels, and step-by-step visual 
cues. This research introduces an 
architecture in which a generative 
AI assistant powered by Retrieval-
Augmented Generation (RAG) 
replaces these rigid, hard-
coded elements. In a real-world 
industrial case study involving 
the installation of Electric 
Vehicle Supply Equipment 
with Free2Move eSolutions, 
the AI-assisted XR system 
provided real-time, context-
aware guidance via natural 
voice interaction (Figure 2). This 
integration can reduce the time 
and cost required to develop XR 
training programs. In the study, 
trainees using the AI-assisted XR 
system felt improved perceived 
performance, while usability and 
workload remained comparable 
to the control condition. This 
suggests that AI can effectively 
handle information delivery 
without overwhelming the user.	
 
The Thesis most significant 
contribution is its inversion of 
the traditional XR development 
pipeline through an authoring-
by-doing paradigm. Rather than 
employing software developers 
to translate technical manuals 
into virtual environments, we 
introduce an Adaptive User 
Representation Agent (AURA).  
AURA acts as an AI trainee that 
learns directly from human 
experts. Technicians simply 
enter the XR environment 
and perform their standard 
maintenance procedures, 
naturally explaining their actions 
as they work. The system tracks 

their full-body movements, 
environmental interactions, 
and verbal explanations. It then 
automatically processes and 
structures this multimodal data 
into a reusable knowledge base.	
 
This approach democratizes 
content creation by enabling the 
industrial workforce to convert 
their practical, theoretical, 
and tacit knowledge (know-
how, know-what, and know-
why) into scalable training 
modules. This methodology was 
rigorously validated through two 
industrial case studies, such 
as a maintenance operation of 
the Extremely Large Telescope, 
which involved 16 experts from 
the Italian National Institute for 
Astrophysics  
(Figure 3), as well as a locomotive 
inspection procedure involving 
20 participants. The results 
demonstrated excellent usability 
and a low workload. This confirms 
that the system successfully 
mitigates the loss of corporate 
knowledge due to workforce 
turnover. Eliminating intermediary 
software development steps 
minimizes the risk of information 
loss and drastically reduces the 
cost of maintaining technical 
documentation. 
Beyond operational training, 
we investigated the potential of 
these technologies in the context 
of decision-making in the field of 
construction machinery. Through 
a focus group study of Volvo 
Construction Equipment experts, 
we explored the integration of 
XR and AI into advanced Decision 
Support System. Through it, 
we outline value-driven design 
guidelines and showcase how 

AI-enhanced XR can function as 
a collaborative boundary object, 
fostering communication among 
diverse stakeholders, including 
on-site operators and remote 
executives. The system uses AI 
to filter complex, agent-based 
simulation data and project it into 
immersive, XR environments. 
This enhances environmental 
awareness and facilitates rapid 
“what if” scenario testing.	  
In summary, this thesis 
contributes to the literature 
by providing methodologies to 
mitigate common barriers to 
XR adoption, such as authoring 
complexity, cost, and pedagogical 
validation. By integrating 
immersive environments with 
Large Language Models, the 
research positions technology 
as a functional collaborator 
rather than a technical hurdle. 
This “Training 5.0” approach 
offers a structured framework 
for organizations to capture and 
transfer expertise, providing 
a practical model for human-
machine interaction within 
industrial settings.
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Energy storage systems are 
essential for the transition toward 
electrification. Lithium-ion 
batteries (LIBs) are the promising 
technology for storing electrical 
energy. However, due to their 
higher energy density, solid-state 
batteries (SSBs) are considered 
the future of electric mobility. 
The large-scale adoption of both 
LIBs and SSBs requires flexible, 
high-quality, and productive 
manufacturing processes where 
conventional methods face 
limitations.
This dissertation investigates 
remote laser cutting as a non-
contact manufacturing for battery 
components and aims to identify 
a flexible laser system capable 
of processing a wide range 
of materials used in LIBs and 
SSBs. The research focuses on 
nanosecond (ns)- and picosecond 
(ps)-pulsed laser systems and 
covers aluminum and copper 
foil, cathode and anode, polymer 
separator, and lithium metal 
anode. A systematic experimental 
approach is adopted to analyze 
laser–matter interaction, cutting 
quality, and productivity.
The first part of the work 
examines burst-mode ps laser 
cutting of conventional LIB 
electrodes, demonstrating 
that increased pulse repetition 
rates and optimized burst 
configurations enhance 

REMOTE LASER CUTTING OF LITHIUM-ION AND SOLID-
STATE BATTERY COMPONENTS

productivity and cut quality, 
particularly for metallic foils. The 
second part addresses the laser 
cutting of polymer separators, 
showing that ps-pulsed 
processing enables clean, melt-
free cuts at high speeds due to 
enhanced effective absorption. 
The final part focuses on lithium 
metal anodes with copper current 
collectors, comparing ns- and 
ps-pulsed processing strategies 
and revealing the strong influence 
of pulse duration and layer 
sequence on cutting performance 
and thermal damage.
Overall, the findings provide 
comprehensive guidelines 
for selecting laser sources 
and process strategies for 
next-generation battery 
manufacturing.

Keywords: Laser cutting, 
Lithium-ion battery, Solid-state 
battery

Pourya Heidari Orojloo - Supervisor: Ali Gökhan Demir
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Eurostat reports that household 
appliances accounted for 14.5% 
of final energy consumption 
in the EU in 2023. Different 
sources estimate the household 
refrigerator’s contribution to 
household share at 9-30%. This 
wide share mainly varies due to 
three categories of factors: (i) the 
ambient conditions, such as the 
room temperature and humidity, 
(ii) the refrigerator components 
in terms of design and ageing 
and (iii) the user behaviour, such 
as the length and frequency of 
door opening or the load position 
strategies. 
Information about users’ 
influence on energy consumption 
helps reduce their impact. The 
possibility of exploiting existing 
data in a refrigerator appears to 
be a valuable option. The thesis 
proposes a methodological 
approach that collects data from 
refrigerators with a defined 
level of complexity to enhance 
refrigerators with a similar 
architecture. We called this 
approach “SysAS for SiSys”, an 
acronym for “System As Support 
for Simpler Systems”. The idea, 
in Figure 1, is to create models 
based on data collected in the 
field, thanks to high-complexity 
refrigerators (i.e., with a high 
number of sensors to detect 
different situations and user 
actions). These models also 

LEVERAGING MACHINE LEARNING AND DATA FUSION TO 
ENHANCE ENERGY EFFICIENCY OF LOW COMPLEXITY 
SYSTEMS: APPLICATION ON HOUSEHOLD APPLIANCES

consider the presence of the 
user and can be transferred to a 
low-complexity refrigerator (i.e., 
with the essential sensors). This 
procedure could be effective for 
enhancing information on low-
complexity refrigerators without 
adding hardware or sensors, 
including user behaviour in 
the loop, keeping the product 
affordable to a large part of 
the population. The method is 
grounded on the concepts of 
Virtual Sensors and Data Fusion. 
The thesis presents three case 
studies in increasing complexity: 
(i) the prediction of the 
temperature stratification inside 
a closed fridge compartment, (ii) 
the prediction of frost formation 
on the evaporator and (iii) the 
detection of the presence 
of a load inside the fridge 

compartment. 
The prediction of the temperature 
stratification has been conducted 
in a laboratory, with limited user 
interaction. The prediction is 
done using the data already 
available on the refrigerator, with 
just the addition of a temperature 
sensor. The refrigerator door 
is left closed for long periods, 
leading to a quasi-stable state. 
These conditions have been 
selected to gain confidence in the 
problem, reducing the complexity 
of a real working refrigerator. 
The creation of multiple Virtual 
Sensors to predict different shelf 
temperatures is a good starting 
point for the research, even with 
limited user interaction. 
The prediction of the frost 
formation involves the user’s 
interaction with the freezer 

Dennis Ilare - Supervisors: Gaetano Cascini, Stefano Manzoni

Fig. 1 - Schematic representation of the methodological approach. The High-Complexity refrigerator 
collects data from a real operating environment. These data are used to create a SysAS for SiSys model, 
which can predict the user behaviour using low- and middle-detail data in Low-Complexity refrigerators

compartment. Frost formation is 
mainly due to the entry of humid 
air through the door. In this case 
study, the user can interact with 
the refrigerator by opening and 
closing the freezer compartment. 
Frost level prediction is based 
solely on sensors already available 
on the refrigerator. It is an 
example of implementing a Virtual 
Sensor that exploits existing data 
from a refrigerator to derive new 
information. 
The detection of the presence of a 
load is the most complex and the 
closest to a real environment. The 
model predicts whether the user, 
after a door opening, inserted a 
load (i.e., food or liquids) into the 
refrigerator. This information 
could help users reduce 
unnecessary openings. The 
prediction relies on an additional 
temperature sensor. The data are 
collected in a real environment, 
on an office refrigerator used 
daily by 8 people. The set of user 
behavioural patterns that can be 
recognised is pre-determined to 
adapt to the amount of available 
data. 
The thesis does not present a 
complete prototype of a high-
complexity refrigerator that 
feeds a low-complexity one. 
Combining the three case studies 
with some literature results, it is 
possible to estimate a potential 
energy saving that spans from 

2 to 10% in the first case study 
(combining the information of 
the stratification with a hardware 
solution), from 10% to 25% of the 
defrost energy for the second 
case study (implementing an 
improved control logic thanks to 
the information of the frost level) 
and from 1 to 2% in the third case 
study (assuming to reduce the 
unnecessary opening by one per 
day).  
The method can be further 
extended to obtain additional 
information from a household 
refrigerator, such as the 
position of an additional or 
removed load. The thesis 
presents considerations on the 
application of the SysAS for SiSys 
concept to a washing machine, 
a dishwasher, an oven, and an 
air conditioning split, discussing 
the potential information that 
can be transferred from a 
high-complexity system to a 
low-complexity one. A similar 
reasoning is done on a broader 
level on other systems, such as 
(i) a household kitchen, where 
the scale of the involved systems 
is larger compared to the 
application on a single appliance, 
(ii) an automotive application, 
where the context is different 
from the one analysed in the 
thesis, both for the opportunities 
and the limitations, but the scale 
is similar, and (iii) a machine in 

production workshops, where 
both the scale and the context are 
different from the refrigerator.  
The main contributions of the 
thesis are a (i) methodological 
transfer of the combination of 
Data Fusion and Virtual Sensors 
on a non-trivial field, which highly 
involves human interaction, and 
(ii) the experimental validation of 
part of the method, in particular 
with the third case study that 
involved real users. 
The main limitation of the 
research lies in the validation of 
just a part of the method, without 
a complete prototype of high- and 
low-complexity refrigerators. 
Several future directions emerge 
from the research: from the 
creation of prototypes to validate 
the entire method, to wider data 
collection, to the application of 
the concept to other systems, as 
suggested in the discussion.
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Lithium-ion batteries (LIBs) 
are essential to electric 
vehicles and large-scale energy 
storage. Battery management 
systems (BMS) play a critical 
role in ensuring their safety, 
performance, and longevity. 
To enhance BMS functionality, 
Prognostics and Health 
Management (PHM) techniques 
are increasingly employed, 
using real-time data to monitor 
degradation, enable early fault 
detection, and support proactive 
maintenance. However, many 
current PHM methods remain 
computationally intensive, 
difficult to generalize across 
varying conditions, and limited 
in modeling the coupled 
electrothermal dynamics of 
batteries.
To address these challenges, 
this dissertation proposes a 
novel PHM framework that 
integrates electrothermal 
coupling with model-based state 
estimation, targeting two key 
goals: early failure detection and 
accurate state estimation. The 
method employs an enhanced 
equivalent circuit model (ECM) 
with electrothermal dynamics, 
ensuring physical interpretability 
and efficient computation. 
This framework improves the 
accuracy, robustness, and real-
time applicability of battery health 
management under complex, 

ADVANCED PROGNOSTICS AND HEALTH MANAGEMENT 
OF LITHIUM-ION BATTERIES USING ELECTROTHERMAL 
COUPLING AND MODEL-BASED ALGORITHMS

dynamic conditions.
Objectives 
This dissertation aims to develop 
a fast and relatively accurate 
PHM framework suitable for 
practical BMS applications. 
The approach leverages multi-
source measurements within the 
framework of battery digital twin 
for thermal and electrical signals. 

The research focuses on three 
key objectives:
•	 Develop a multi-physics 

digital twin model that 
integrates electrical, thermal, 
and degradation behaviors 
to comprehensively simulate 
battery performance over time 
under dynamic operational 
conditions.

Yiqi Jia - Supervisor: Francesco Cadini

Fig. 1 - ISC quantification results: settling time comparison between EKF with and without surface 
temperature measurements

•	 Propose fast, filtering-based 
algorithms to enable real-time 
fault detection and critical 
states estimation, thereby 
optimizing BMS implementation.

•	 Enhance the states 
estimation and fault detection 
performance by utilizing multi 
signals and electrothermal 
coupling.

Results
Battery fault detection: An 
early online internal short 
circuit (ISC) detection method 
was first developed using an 
augmented ECM with Extended 
Kalman Filter (EKF), integrating 
voltage, surface temperature, 
hysteresis modeling, and ISC 
resistance estimation. This 

method outperforms traditional 
electrical-based approaches 
in both speed and accuracy. 
Further validation was conducted 
using a coupled electro-thermal 
cell model, demonstrating 
robustness under varying 
conditions. Threshold-setting 
strategies were also proposed to 
support early thermal runaway 
(TR) prevention. Building upon 
this, a physics-based P2D–3D 
thermal model was developed 
to simulate ISC scenarios with 
different severities and locations. 
An improved detection algorithm, 
incorporating electro-thermal 
dynamics in a lumped model, 
achieved higher accuracy in high-
fidelity simulations.
Battery states estimation: 
this research presents 
advancements in battery state 
estimation, with a focus on 
core temperature monitoring 
and multi-state tracking. The 
proposed framework estimates 
core temperature (SOT), SOC, 
and SOH in real time using 
only surface temperature and 
voltage measurements. By 
capturing electro-thermal-
aging interactions, it improves 
robustness and accuracy under 
aging and dynamic conditions 
while maintaining high 
computational efficiency.
Conclusion
•	 Development of an 

electrochemical-3D thermal-
ISC coupled model to simulate 
battery performance across 
various ISC severities and 
locations.

•	 Development of a simplified 
electro-thermal-ISC model 
for model-based algorithm 
application.

•	 Proposed and validated a 
computationally efficient 
approach for the online and 
onboard detection ISC.

•	 Proposed and validated a 
more accurate and consistent 
prognosis ML approach for 
battery RUL.

•	 Proposed a robust online 
core temperature estimation 
approach and validated it 
under various extreme working 
conditions.

•	 Considering the aging-induced 
variations and electro-thermal 
dynamic responses under 
core temperature estimation 
to improve the overall 
performance.

•	 Joint estimation of the critical 
states real-time by model-based 
algorithm.

Fig. 2 - Online state estimation performance 
during accelerated aging tests demonstrating: 
(a) core temperature estimation, (b) Core 
temperature estimation error, (c) SOC 
estimation, and (d) capacity estimation
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This PhD thesis presents the 
development of advanced data-
driven methods for Structural 
Health Monitoring (SHM) of thin-
walled composite structures. 
The research addresses the 
critical challenges hindering the 
widespread industrial adoption 
of ultrasonic guided wave-based 
SHM: the subjectivity of manual 
feature extraction, data scarcity, 
computational inefficiency, 
and environmental variability. 
The research trajectory moves 
from supervised learning to 
unsupervised learning and 
finally to Generative Artificial 
Intelligence (GenAI). Initially, 
a supervised convolutional 
neural network framework is 
proposed for processing the 
full wave signals, concurrently 
leveraging a pseudo-damage 
approach to overcome 
the lack of experimental 
data for training (Figure 1). 
Subsequently, the research 
progresses into unsupervised 
learning to eliminate the 
dependence on labeled damage 
data. A framework based on 
Convolutional Autoencoders 
(CAEs) is developed to localize 
damage using only healthy 
baseline data. To improve 
computational scalability, this 
approach is further expanded 
by comparing CAEs with 
conditional generative adversarial 

TOWARDS AUTONOMOUS STRUCTURAL HEALTH 
MONITORING: FROM SUPERVISED LEARNING TO 
GENERATIVE ARTIFICIAL INTELLIGENCE

networks. Finally, the issue of 
environmental confounding 
factors is addressed by employing 
variational autoencoders to 
compensate for the effects 
of temperature variations on 
diagnostic signals (Figure 2). The 
proposed methods are validated 
on extensive experimental data 
involving composite plates and 
full-scale aerospace components, 
demonstrating that GenAI and 
unsupervised learning can 
provide robust, accurate, and 
efficient damage localization 
tools. 

Rafael Junges - Supervisors: Francesco Cadini, Marco Giglio

Fig. 1 - Damage localization framework base on CAE reconstruction error

Fig. 2 - Latent-space distribution and RMSE for forced-Variational Autoencoder wave prediction
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Laser Powder Bed Fusion 
(L-PBF) currently represents 
one of the most mature and 
promising processes in the field 
of metal additive manufacturing, 
due to its ability to produce 
complex, lightweight, and 
highly customized components 
with high geometric accuracy, 
reduced material waste, and 
remarkable design freedom. 
These features make L-PBF 
particularly attractive for high-
technology industrial sectors 
such as aerospace, automotive, 
energy, and motorsport, where 
weight reduction and the 
optimization of mechanical 
performance play a strategic 
role. However, despite the rapid 
development of machines, 
in-situ monitoring systems, and 
process control strategies, the 
large-scale adoption of this 
technology is still strongly limited 
by the restricted availability of 
materials specifically designed 
for the extreme solidification 
conditions imposed by the 
process. This limitation is 
particularly critical in the case of 
aluminum alloys, which, although 
representing a class of materials 
of great interest for lightweight 
structural applications, are 
notoriously prone to hot cracking 
during rapid solidification. This 
phenomenon is associated 
with the wide solidification 

DEVELOPMENT OF HIGH-STRENGTH ALUMINIUM ALLOYS 
AND INNOVATIVE MANUFACTURING PROCESSES

range, the presence of steep 
thermal gradients, and the high 
residual stresses generated 
during the process, which hinder 
grain coalescence in the final 
stages of solidification. As a 
result, many high-performance 
aluminum alloys, despite being 
widely used in conventional 
manufacturing routes, exhibit 
poor processability by L-PBF, 
thereby limiting their industrial 
exploitation in spite of their high 
potential in terms of mechanical 
strength. Within this framework, 
the research activity carried 
out during the doctoral program 
focused on the development 
and design of high-strength 
aluminum alloys specifically 
tailored for L-PBF applications, 
with the aim of controlling the 
solidification microstructure, 
reducing the susceptibility to 

cracking, and simultaneously 
achieving enhanced mechanical 
performance. The work included 
process parameter optimization, 
the study of solidification 
metallurgical behavior, and the 
microstructural and mechanical 
characterization of six different 
alloy formulations, produced 
both from pre-alloyed powders 
and through powder blending 
approaches, in order to compare 
chemical homogeneity, 
nucleation mechanisms, and 
response to post-processing 
heat treatments. A central role 
was played by the introduction 
of inoculant elements as 
alternatives to scandium, which 
is considered a critical raw 
material from both economic 
and strategic perspectives. In 
particular, zirconium, titanium, 
and boron were investigated, as 

Federico Larini - Supervisor: Maurizio Vedani

Fig. 1 - Microhardness and representative SEM and EDS maps of the Zr-Ti-modified 2139 aluminum alloy 
in five different conditions: as built, T4 state, and T4 state overaged for 50 h at temperatures of 150, 
250, and 300 °C

machine, it was possible to print, 
within a single production job, 
dissimilar alloys such as CuNiSiCr 
and Inconel-625. This approach 
allowed a systematic investigation 
of the interfaces between 
materials with markedly different 
thermophysical and metallurgical 
properties, focusing on chemical 
diffusion mechanisms, transition 
zone formation, crystallographic 
compatibility, and the role of 
process parameters in preventing 
localized defects. Overall, the 
results of this work contribute 
to broadening the portfolio of 
materials available for L-PBF 
technology, proposing new alloy 
design strategies and innovative 
approaches to multi-material 
printing. These developments 
offer concrete perspectives for 
overcoming current limitations 
in metal additive manufacturing 
and pave the way toward the 
production of lightweight, high-
performance, and sustainable 
structural components, with a 
potentially significant impact 
across several high-technology 
industrial sectors.

they are able to form ceramic 
particles (such as TiB₂) or stable 
intermetallic phases (such as 
Al₃(Zr,Ti)) directly within the 
molten pool. These particles act 
as heterogeneous nucleation sites 
for the α-Al phase, promoting 
the columnar-to-equiaxed 
transition, grain refinement, and 
the reduction of microstructural 
anisotropy. Experimental results 
demonstrated that the weight 
fraction, distribution, and 
nature of the inoculants strongly 
influence the effectiveness of 
the refinement mechanisms, 
the microstructural stability, and 

the response to post-process 
heat treatments, in several 
cases enabling the production 
of crack-free components 
with mechanical properties 
comparable or superior to those 
of conventionally processed 
alloys. In parallel with the 
development of single-material 
alloys, the research addressed 
the emerging topic of multi-
material additive manufacturing, 
exploring the potential of L-PBF 
for the fabrication of functionally 
graded components. Through 
a modification of the powder 
dosing system of a commercial 

Fig. 3 - Schematic of the manufacturing process for multi-material samples made of CuNiSiCr and 
Inconel-625, and SEM and EBSD investigations of the interfacial transition regions in the as-built 
condition

Fig. 2 - SEM and EBSD microstructural characterization of an Al–Mg–Zr–Sc alloy and two modified 
variants with combined Zr and Ti additions, and corresponding microhardness evolution during direct 
aging
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Industrial Engineering 
education is undergoing a 
radical transformation driven 
by the rapid evolution of digital 
technologies and the increasing 
demand for multidisciplinary, 
practice-oriented training. This 
doctoral research explores 
the integration of Virtual 
Reality (VR) and Gamification 
as enabling technologies to 
modernize traditional educational 
approaches, making them more 
immersive, engaging, and aligned 
with Industry 4.0 requirements. 
The study proposes a structured 
learning model designed to bridge 
the gap between theoretical 
knowledge and practical, 
hands-on skills through the 
development and application of 
interactive digital environments.
At the heart of the research is 
the concept of Gamification, 
understood as the incorporation 
of game elements into 

VIRTUAL REALITY FOR SMART-LEARNING: EDUCATIONAL 
AND TRAINING APPLICATIONS

non-game contexts to foster 
motivation, participation, and 
cognitive development. Unlike 
traditional lecture-based 
methods, this approach aims to 
transform learners from passive 
recipients of information into 
active participants capable 
of exploring, simulating, and 
solving real industrial problems 
in controlled virtual settings. The 
thesis introduces a three-level 
methodological framework, 
where each level adds increasing 
complexity and interactivity to the 
learning experience, progressively 
guiding students through digital 
simulations of manufacturing 
systems and hybrid production 
environments.

The first level centers on the 
implementation of a Virtual 
Learning Factory, an interactive 
digital environment in which users 
can explore the layout, assets, 

and processes of a manufacturing 
system. This environment is 
developed using integrated digital 
tools such as ontologies for 
system modeling, 3D CAD assets, 
and the ApertusVR visualization 
engine. Students can navigate 
the scene in first person and 
retrieve contextual information 
by interacting with specific 
elements, allowing them to build 
mental models of the production 
system and understand how 
its components relate and 
function. This level emphasizes 
visualization and conceptual 
understanding.

The second level builds on 
the virtual factory model 
by introducing manual 
manufacturing processes, 
structured as a Serious Game. In 
this gamified simulation, learners 
are given specific tasks and 
challenges, such as performing 

Marcello Lorusso - Supervisor: Giorgio Colombo

Fig. 1 - Level 1 Application Fig. 2. - Level 2 Application Fig. 3 - Level 3 Application

education by demonstrating how 
immersive digital experiences 
can be employed to develop skills 
traditionally acquired through 
physical lab work. It offers an 
alternative or complementary 
path for institutions facing 
constraints in infrastructure 
or access, and responds to the 
increasing need for flexible, 
remote, and high-impact learning 
modalities. The findings not only 
underscore the effectiveness 
of Gamification and VR in 
education, but also advocate for 
their institutional integration as 
part of a broader strategy to train 
future engineers for the smart 
factories of tomorrow.

assembly operations in the 
correct sequence. The system 
tracks player decisions, timing, 
and task completion to help 
develop problem-solving skills, 
attention to detail, and procedural 
fluency. This level is highly 
experiential and aims to simulate 
the choices of real production 
environments, while maintaining 
a repeatable digital context. 
The third level introduces 
collaborative robotics into the 
learning experience. Leveraging 
the capabilities of the Robot 
Operating System (ROS) and 
URDF models, this level simulates 
human-robot interaction inside 
the virtual environment. Students 
interact with robotic agents in 
a hybrid manufacturing setup, 
where robots execute pick-
and-place tasks in coordination 
with human operators. This 
simulation incorporates elements 
of robot motion planning, task 
allocation, and workspace 
safety. Through this, learners 
gain practical insights into 
the integration of advanced 
automation in manufacturing 
and the concept of digital twins, 
supporting the digital modeling of 
physical systems for training and 
experimentation. 

The methodology proposed 
in this thesis is implemented 
and validated through multiple 

use cases, each associated 
with learning outcomes, 
performance indicators, and 
student feedback. Experimental 
trials involving students in 
Mechanical and Management 
Engineering programs showed 
increased engagement, improved 
conceptual understanding, and 
positive reactions to the gamified 
structure of the experiences. 
Testing phases also included 
structured questionnaires to 
assess usability, satisfaction, and 
pedagogical impact, with results 
supporting the value of immersive 
environments in complementing 
traditional instruction.
From a technical standpoint, the 
research provides a replicable 
digital workflow that integrates 
modeling, simulation, and 
visualization tools in a coherent 
pipeline. Each development stage 
— from asset configuration to 
user interaction — is documented 
in a way that educators or 
developers can reproduce to 
adapt the methodology for 
other educational contexts or 
industrial domains. A Gitbook-
based toolkit was also produced 
to support dissemination and 
future extensions, reinforcing 
the project’s commitment to 
openness and scalability.
In conclusion, this work 
contributes to the evolution 
of Industrial Engineering 
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3D bioprinting represents one 
of the most promising frontiers 
in tissue engineering and 
regenerative medicine. It enables 
the fabrication of complex 
biological structures layer by 
layer, using bioinks composed 
of living cells and biomaterials. 
Beyond its terrestrial applications, 
bioprinting is also emerging as a 
transformative technology with 
the potential to revolutionize 
biomedical support systems for 
long-duration space missions 
and extraterrestrial colonization. 
In environments such as the 
Moon, Mars, or the International 
Space Station, where resupply 
from Earth is costly and often 
impractical, bioprinting offers a 
unique solution for autonomous, 
on-demand fabrication of 
biological tissues, medical tools, 
and even food. 
Despite remarkable progress 
in the field, one of the main 
obstacles to the widespread 
use of this technology remains 
the lack of reliable real-time 
monitoring systems capable 
of ensuring reproducibility, 
accuracy, and cell viability in 
printed constructs.
Moreover, although the 
microgravity conditions of space 
offer distinct advantages for 
bioprinting, such as allowing 
soft bioinks that would collapse 
under Earth’s gravity to retain 

FROM EARTH TO ORBIT: ENHANCING 3D BIOPRINTING 
WITH ADVANCED IN-SITU MONITORING SYSTEMS

their shape, enabling the 
use of more biocompatible 
formulations and the creation 
of intricate geometries, and 
three-dimensional cell growth, 
improving tissue maturation 
compared to traditional two-
dimensional cultures that are 
possible on Earth, reproducing 
microgravity conditions on 
our planet remains extremely 
difficult and expensive. These 
limitations make it essential to 
develop advanced monitoring 
systems capable of tracking the 
bioprinting process in real time, 
both to validate experimental 
results and to ensure the 
reliability of constructs fabricated 
in space and on Earth. Without 
robust in-situ monitoring, it 
becomes nearly impossible to 
guarantee the reproducibility and 
quality of bioprinted tissues under 
such unique conditions.
To address these challenges, 
this research introduces four 
novel in-situ monitoring systems 
designed for extrusion-based 
bioprinting. Each system targets 
a specific aspect of the process, 
contributing to a comprehensive 
framework for quality control and 
process optimization: 

1. Geometric defect detection via 
visible-light imaging
This system uses the integrated 
camera of the bioprinter to 

capture layer-by-layer images 
and identify irregularities in 
deposition. Through image 
segmentation and statistical 
analysis, it quantifies over-
extrusion and under-extrusion, 
enabling early detection of 
structural anomalies.

2. Layer thickness monitoring 
system
A digital microscope records 
side-view videos of the printed 
construct, allowing real-time 

Alessandro Margarita - Supervisor: Bianca Maria Colosimo

Fig. 1 -Images of the in-situ cell monitoring 
system: visible light image (top) and 
fluorescence image (bottom). The vertical 
struts of the construct contain cells and 
are visible under fluorescence, whereas the 
horizontal strut, with no cells, is not visible in 
the fluorescence image.

remote-control capabilities 
make them ideal candidates for 
extraterrestrial deployment.
From an engineering perspective, 
the study also contributes to the 
digitization and smartification 
of bioprinting. By collecting 
large datasets from sensors 
and imaging systems, it lays the 
groundwork for future integration 
with artificial intelligence and 
predictive analytics, enabling 
bioprinters to learn from 
their own process data. The 
envisioned outcome is a Smart 
3D Bioprinter, an intelligent, self-
adaptive platform capable of 
receiving feedback from multiple 
sensors, identifying deviations, 
and applying corrections 
automatically.
Although the technologies 
presented are currently at the 
prototype stage, their potential 
impact is considerable. Further 
optimization, integration of 
higher-resolution sensors, faster 
data processing, and AI-driven 
control strategies will enhance 
their reliability and usability. 
In the long term, such systems 
could redefine biomanufacturing, 
transforming 3D bioprinting from 
an experimental technique into a 
strategic asset for healthcare and 
space exploration.

measurement of layer height and 
deformation. The system tracks 
non-linear shrinkage trends 
and profile evolution, providing 
insights into the mechanical 
behavior of soft hydrogels during 
and after printing.

3. In-situ live cell monitoring via 
fluorescence imaging
Cells are labeled with 
biocompatible fluorescent 
nanoparticles and visualized 
during the printing process 
using a compact fluorescence 
detection system (Figure 1). This 
tool enables non-destructive, 
layer-by-layer mapping of cell 
distribution, allowing researchers 
to identify non-conforming 
constructs in real time. It 
also supports the fabrication 
of complex, multi-cellular 
structures, where precise spatial 
control over cell placement 
within each layer is essential 
for achieving functional tissue 
architectures.

4. Post-printing live cell imaging 
system in incubator
A remotely controlled 
fluorescence microscope is 
integrated into the incubator 
to monitor cell viability and 
biological activity throughout 
the maturation phase. The 
system enables continuous 
observation without disturbing 

the culture environment, 
reducing contamination risks and 
preserving optimal incubation 
conditions. This approach is 
particularly valuable in scenarios 
where biological handling must 
be minimized, such as in space 
missions or automated laboratory 
settings, and ensures that even 
non-expert personnel can reliably 
track tissue development.
These technologies are designed 
to be lightweight, compact, and 
modular, with remote-control 
capabilities and compatibility with 
existing bioprinters. 
While monitoring alone does 
not directly improve printing 
precision, its integration with 
closed-loop control systems 
could enable real-time corrective 
actions, paving the way for 
unprecedented levels of process 
automation and reliability.
A key contribution of this work lies 
in its dual applicability. On Earth, 
these monitoring systems can 
enhance patient-specific tissue 
fabrication and regenerative 
medicine, making bioprinting 
a safer and more standardized 
process. In space, they address 
unique challenges, such as limited 
human intervention and complex 
material handling, by providing 
autonomous diagnostic tools 
for biological manufacturing 
in microgravity. Their low 
weight, compact design, and 
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Background
Heavy equipment operators and 
transportation personnel typically 
stand and walk on vibrating 
floors. Vibration that passes to 
the human body through the feet 
is referred to as foot-transmitted 
vibration (FTV). FTV is classified 
as a subcategory of whole-body 
vibration (WBV) and, according to 
the current version of ISO 2631-1, 
may lead to musculoskeletal 
effects and discomfort when the 
vibration is in a range between 0.5 
and 80 Hz. The standard doesn’t 
account for how a vibrating floor 
affects motor and cognitive 
performance while walking, nor 
does it consider the neurological 
and vascular impacts on the feet. 
In view of the need for a specific 
update of the current standard, 
this thesis contributes to the 
understanding of the whole-
body (while walking) and localized 
(in the toes) effects of FTV on 
humans by carrying out different 
experimental sessions. The 
results will serve to evaluate the 
applicability of existing weighting 
curves or their adaptation for 
the assessment of the FTV 
occupational exposure.
Perturbed locomotion
Four different perturbed 
locomotion studies were 
conducted. Walking and dual-task 
trials (walking while performing 
a cognitive task) were performed 

BIOMECHANICAL, NEUROSENSORIAL AND COGNITIVE EFFECTS 
OF FOOT-TRANSMITTED VIBRATION:  
IMPLICATIONS FOR STANDARDIZATION AND WORKER SAFETY

using vibrating platforms with 
a treadmill mounted on top 
(Fig. 1). Trials were carried out 
upon varying the vibration 
characteristics (frequency, 
amplitude, and direction) 
to replicate those typically 
encountered in transportation. 
The effect of FTV exposure on 
vigilance was assessed with the 
execution of the Psychomotor 
Vigilance Task (PVT) test, which 
records reaction time (RT) to a 
visual stimulus. A negative effect 
of vibration exposure and/or 
locomotion was identified when 
compared to a static condition. 
However, it was not possible to 
isolate a specific effect caused 
by perturbed walking distinct 
from that of walking or FTV 
exposure alone. An analysis of 
the effect of FTV amplitude on 
RT demonstrated that greater 
lateral displacement of the floor 
resulted in subjects experiencing 
a loss of concentration during 
cognitive test execution, aimed 
at preventing a loss of balance. In 
the range between 0.2 and 8 Hz, 
no effect of frequency was found. 
In this range, these results can be 
considered in agreement with the 
existing Wk curve used in the ISO 
2631-1 for vertical WBV. 
The biomechanical adaptation to 
FTV exposure while walking was 
analysed in comparison with the 
normal gait. The results showed 

that in the case of mediolateral 
(ML) and roll FTV, mainly at low 
frequencies, the most significant 
compensatory strategies are 
adopted with respect to the other 
translational (anteroposterior 
– AP) and rotational (pitch) 
directions, respectively. In 
general, an increase in instability 
is observed. To stabilize gait, a 
lowering of the centre of mass 
(CoM) closer to the ground and 
a wider base of support result 
in altered gait metrics and joint 
kinematics. In particular, the 
most altered metrics were the 
step width and the gait cycle 
time, and their percentage 
deviation from the normal gait 
for each tested frequency (i.e., 
0.2-10 Hz) was used to evaluate 

Flavia Marrone - Supervisor: Marco Tarabini

Fig. 1 - The experimental setup

understand FTV effects, these 
experimental studies highlight 
the need for specific weighting 
procedures. Exposed workers 
exhibit lower responsiveness, 
biomechanical gait alterations, 
and neurosensorial responses in 
the toes.
The current standard does not 
consider these effects; however, 
they can be reasonably evaluated 
using the existing weighting 
curves: 
Wk and Wd  (used for vertical 
and horizontal WBV exposure, 
respectively, in the ISO 2631-1 
standard), and the Wp (provided 
by the ISO/TR 18570 for HTV 
exposure).

the frequency-dependence of 
the gait alteration. The obtained 
trend presented the highest 
effect between 0.7 and 1.5 Hz, 
suggesting an interference when 
the FTV frequency is closer 
to the step rate. This result is 
comparable to the existing Wd 
weighting curve adopted in the 
ISO 2631-1 for horizontal WBV in 
the standing position, which is the 
posture​ most similar to walking.
Toes neurosensorial response 
Starting from the similarities 
between hands and feet 
under an anatomical and 
pathophysiological (such as the 
vibration-induced Raynaud’s 
syndrome) perspective, the 
vibration response in hands and 
feet was compared.
The biomechanical response 
analysis revealed that the toes’ 
resonance is above 80 Hz. Then, 
the vibrotactile perception 
threshold (VPT) at 8, 31.5, and 125 
Hz and its shift and recovery after 

vibration exposure in fingers and 
toes were calculated (Fig. 2).
The vibrotactile perception 
was found to be frequency-
dependent, with higher effects 
at 125 Hz. Some similarities 
between the hands and feet were 
found, especially at low-mid 
frequencies, suggesting 
that a unified approach for 
weighting the neurosensorial 
effects of both foot- and hand-
transmitted vibration exposure 
could be adopted. These results 
demonstrate that ISO 2631-1 is 
unsuitable for the peripheral 
response to FTV, and the adoption 
of a weighting curve similar 
to Wp used in the ISO/TR 18570 
for hand-transmitted vibration 
(HTV) vascular response could 
be reasonable to exacerbate the 
effect at higher frequencies.
Conclusions
Conclusions
Although further studies are 
needed to comprehensively 

Fig. 2 - The VPT measurement at the big toe and index finger
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Angular contact ball bearings 
(ACBBs) are very important 
for machines that spin very 
quickly. It is important to be 
able to accurately predict how 
they will wear out in order to 
ensure long-term reliability, 
operational stability, and overall 
system safety. In these kinds of 
places, bearings have to deal 
with complicated interactions 
between mechanical loading, 
lubrication dynamics, and thermal 
effects. As the speed of rotation 
increases, these interactions 
change a lot. This study 
establishes a comprehensive 
and interconnected modeling 
framework that integrates 
elastohydrodynamic lubrication 
(EHL), transient thermal behavior, 
and multiparticle contact 
mechanics to evaluate bearing 
performance under substantial 
loads and elevated speeds. The 
suggested model was put to 
the test against the well-known 
Harris model. The two models 
made very different predictions 
about contact loads, how the 
lubrication film would behave, and 
how long it would last. This was 
especially true when centrifugal 
and gyroscopic effects made local 
deformation worse and changed 
how pressure was spread out 
in the contact zone. These 
differences show how important 
it is to use more advanced 

FATIGUE ANALYSIS OF ROLLING ELEMENT BEARINGS 
UNDER HIGH‑SPEED AND HEAVY‑LOAD CONDITIONS

modeling methods when studying 
bearings that work in very harsh 
conditions. 
The model that was made 
makes it easier to figure out the 
contact loads on the inner and 
outer raceways, the angles of 
contact between the balls and 
the raceways, the parts of friction 
torque, and how heat is made. 
The simulation results show 
that the contact angles and load 
distribution change a lot when the 

speed of rotation increases. This 
shows how strong centrifugal and 
gyroscopic forces can be when 
the RPMs are high. The study of 
friction torque shows that it goes 
up in a nonlinear way with the load 
and is very dependent on speed. 
A lot of the overall torque comes 
from viscous shear and spin-
related parts. These parts also get 
very hot, and the thermal analysis 
shows that the temperature rise 
is strongly linked to the combined 

Abdullah Yahya A. Moafa - Supervisor: Paolo Emilio Lino Maria Pennacchi

Fig. 1 - Coupled iterative algorithm for 
solving mechanical, thermal, and lubrication 
equilibrium in the proposed ACBB model

Fig. 2 - Bearing fatigue life behavior under 
varying rotational speeds and various applied 
loads

Keywords: Fatigue life; Ball 
bearing; Skidding; Thermal 
deformation; Heat generation; 
Lubrication.

effects of the lubrication film 
getting thinner, the shear rates 
going up, and the sliding in the 
contact area when the machine is 
running at high speeds.
As expected, fatigue life modeling 
shows that there is an inverse 
relationship with the load applied. 
However, very high speeds, 
like 15,000 RPM, can improve 
endurance by redistributing 
the load and making lubrication 
conditions better. The study 
also looks at three different 
bearing materials: nickel-based 
superalloys, alloy steels, and 
titanium alloys. Alloy steels are 
better at carrying heavy loads 
and are stiffer than other types 
of steel, which makes them ideal 
for heavy-duty uses. Titanium 
alloys, on the other hand, last 
longer when they are under 
light loads, but they break down 

faster when they are under heavy 
loads. Nickel-based superalloys 
have a balanced performance 
profile, meaning they stay stable 
and last a long time in a wide 
range of operating conditions. 
This makes them especially 
useful in environments with high 
temperatures or high speeds.
The simulated operating 
conditions closely replicate 
the conditions experienced by 
the ball bearings that support 
the main shaft in aircraft gas 
turbine engines. The way the 
bearings are set up in the math 
model is based on the shapes, 
loads, and lubrication conditions 
that are common in these kinds 
of situations. This alignment 
ensures that the results are 
directly relevant to real-world 
high-speed turbomachinery 
applications, particularly in 
aerospace propulsion systems 
where reliability, thermal stability, 
and fatigue resistance are 
critical. The model shows how 
the mechanical, thermal, and 
lubrication effects work together 
to affect how bearings behave. 
This makes it a more accurate 
and physically consistent way to 
show how things work. This can 
help with design optimization and 
predicting how well-advanced 
rotating machinery will work.

Fig. 3 - Bearing locations in a gas turbine 
engine, highlighting the central ball bearing 
supporting the main shaft
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Recent technological advances, 
particularly in microelectronics, 
have accelerated the 
development of advanced safety 
and monitoring systems for 
automotive applications. Modern 
vehicles increasingly rely on 
integrated sensors that support 
functions such as ABS, ESP, and 
TCS—core components of today’s 
ADAS technologies. Within this 
context, the Pirelli CyberTyre™ 
system introduces instrumented 
tyres capable of measuring key 
parameters at the tyre–road 
interface, enabling improved 
estimation of vehicle dynamics 
such as tyre–ground forces. These 
data streams can be incorporated 
into existing ADAS to enhance 
both safety and performance. At 
the heart of the CyberTyre™ are 
Sensor Nodes mounted on the 
tyre’s inner liner, equipped with 
tri‑axial accelerometers and other 
embedded components. Their 
purpose is to capture high‑quality 
acceleration signals that describe 
tyre behaviour under real 
operating conditions. To meet 
market demands, these sensors 
must withstand extreme dynamic 
loads while maintaining a high 
signal‑to‑noise ratio. Selecting 
and optimizing materials and 
geometry is therefore crucial to 
ensure durability and prevent 
failure during tyre operation. 
The challenge has grown with 

ANALYSIS OF DIFFERENT SENSOR TECHNOLOGY 
SOLUTIONS ON SENSORISED TYRE PERFORMANCES

the rise of electric vehicles, 
whose higher starting torque 
increases mechanical stresses 
and interface temperatures, 
potentially compromising sensor 
adhesion and overall reliability.

This thesis develops a progressive 
modelling strategy to analyse 
the interaction between the 
tyre and the CyberTyre™ 
sensor, with a particular focus 
on ensuring sensor integrity. 
The work examines how tyre 
deformation affects both the 
sensor’s signal acquisition and its 
structural resilience, while also 
assessing how the embedded 
sensor influences overall tyre 
performance through coupled 
finite‑element and thermal 
models. Special attention is given 
to the adhesive layer, which must 
withstand severe dynamic loads 
while bonding unconventional 
materials such as polyurethane 
and rubber. The ultimate 
objective is to create a virtual 
environment capable of testing 
different sensor designs, enabling 
the optimization of geometry 
and materials to minimise 
their impact on tyre behaviour 
and improve the reliability of 
algorithms that detect physical 
phenomena such as hydroplaning, 
surface irregularities, and tyre 
wear. The research relies heavily 
on mathematical modelling to 

predict dynamic and structural 
responses, reduce the need 
for physical prototypes, and 
streamline design iterations 
within deformable mechanical 
systems.

The first part of the research 
regards the development of a 
lumped model of the sensor. After 
careful calibration, it has been 
used to investigate the dynamic 
effect of the adhesive on the 
sensor interface stresses and 
accelerations. Meanwhile, a deep 
experimental characterization 
of the polyurethane potting 
material, which encapsulates 
and protects the electronic 
components of the Cyber Tyre 
sensor, has been carried out. In 
fact, the sensor’s performance 
is significantly influenced by the 
mechanical and thermal behavior 
of the polyurethane, which plays a 
dual role: it provides mechanical 
protection against external loads 
and affects the internal thermal 
environment of the electronics. 
The material parameters 
obtained from the experimental 
tests are used as input for 
the finite element modelling 
of the sensor. To this end, a 
comprehensive testing campaign 
has been carried out, including 
static, dynamic, and thermal 
tests performed on various 
testing machines to accurately 

Edoardo Montini - Supervisor: Stefano Melzi
Co-Supervisor: Edoardo Sabbioni

Finally, a preliminary thermal 
model of the tyre–sensor system 
has been then introduced. This 
step represents a feasibility study 
where the sensor is integrated 
into the existing Pirelli tyre 
modeling framework. The model 
is validated against experimental 
data, and a sensitivity analysis is 
performed to assess the influence 
of vertical load and vehicle speed 
on the thermal behavior of the 
system.

In conclusion, this research 
established a comprehensive 
methodology to simulate the 
interaction between the tyre 
and the CyberTyre™ sensor, 
complemented by a sensitivity 
analysis of the current sensor 
node to support geometry and 
performance optimization. 
Through an integrated 
approach—combining modelling, 
experimental characterization, 
and validation—the study delivers 
a coherent framework for 
understanding sensor behaviour 
under realistic operating 
conditions. The outcomes 
provide a solid foundation upon 
which future developments and 
refinements of tyre‑embedded 
sensing technologies can be built.

capture the material response 
under different conditions. 
In addition, a preliminary 
experimental procedure for the 
characterization of structural 
adhesives is introduced 
to evaluate their dynamic 
performance at the sensor–tyre 
interface.

The second part of the activity 
presents the development of 
a coupled tyre–sensor finite 
element model, aimed at 
capturing the interaction between 
the sensor and the tyre structure. 
A simplified representation of 
the sensor is integrated into 
the existing Pirelli tyre model, 
enabling the simulation of 
its dynamic behavior under 
realistic operating conditions. 
The methodological approach 
adopted for the simulation 
is introduced, including the 
modeling assumptions and 
numerical strategies used to 
ensure computational efficiency 
and accuracy. Finally, a sensitivity 
analysis is carried out to evaluate 
the influence of key operating 
parameters—specifically vehicle 
speed and vertical load—on the 
sensor response. The results of 
this analysis provide valuable 
insights into the robustness and 

performance of the sensor under 
varying conditions.

Moreover, a sub-modeling 
strategy has been introduced 
to enhance stress resolution in 
critical regions of the sensor.  
The methodological approach 
adopted for the sub-modeling is 
applied to capture critical stress 
distributions in the sensor’s 
components. This approach is 
particularly appropriate because 
the sensor exerts only a small 
influence on tyre dynamics 
from a mechanical perspective. 
Consequently, sub-modelling 
enables efficient shape and 
topological optimization, 
supporting iterative design 
processes while maintaining a 
low computational cost. Within 
this chapter, a particular focus is 
placed on the evaluation of the 
stress state within the sensor, 
with the goal of identifying 
potential failure zones and 
assessing structural integrity 
under operational conditions. 
Additionally, a sensitivity analysis 
is conducted to investigate the 
influence of key parameters—
namely, vehicle speed and vertical 
load—on the stress response of 
the sensor assembly.

Fig. 1 - FE-Simulation environment: coupled model (a) and sensor high-fidelity model (b)

a) b)
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This PhD thesis investigates 
in detail a novel design for 
the launching mirror of the 
Electron Cyclotron Resonance 
Heating (ECRH) system of the 
Divertor Tokamak Test facility 
(DTT). The study begins with 
a comprehensive review of 
the existing launching mirror 
developed for other fusion 
devices, with particular attention 
to the materials employed and 
the cooling solutions adopted. 
Indeed, given the severe 
operating conditions and the 
intense thermal loads involved, 
these components require active 
cooling and a careful selection 
of suitable materials to ensure 
their reliability and performance. 
The current state of the 
art mainly involves metallic 
launching mirrors, which 
demonstrate good thermo-
mechanical performance but 
exhibit critical issues related 
to electromagnetic forces, 
especially during disruption 
events. Consequently, the main 
goal of the research conducted 
over the three years of this PhD 
was to develop a new launching 
mirror design by introducing 
innovative materials capable of 
significantly reducing or even 
fully mitigating the effects of 
electromagnetic forces. This 
approach involves the use of 
dielectric materials or metals 

THERMOMECHANICAL DESIGN AND VERIFICATION OF THE 
ECRH LAUNCHER MIRROR

with low electrical conductivity, 
which, however, are typically 
characterized by reduced 
thermal conductivity. As a result, 
the research focused not only 
on the selection of suitable 
materials, but primarily on the 
design of an innovative cooling 
system aimed at maximizing heat 
exchange efficiency and thereby 
allowing the implementation 
of materials with limited 
thermal conductivity. The first 
part of this work focused on 
developing the conceptual 
design of a launching mirror 
made of a dielectric (advanced 
ceramic) material, capable of 
fully mitigating eddy current 
formation and, consequently, 
the magnetic torques acting on 
the component. Therefore, an 
optimized cooling channel was 
designed through computational 
fluid dynamics (CFD) analyses 
with the aim of maintaining 
the component temperature 
within acceptable limits during 
operation. Furthermore, the 
component was analysed 
through mechanical simulations 
to verify its structural integrity 
under the applied loads. The 
second part of this work 
focused on developing a metallic 
mirror as an alternative to the 
ceramic design. In this case, 
several configurations were 
investigated with the aim of 

identifying the optimal trade-off 
between the electromagnetic 
forces and the thermo-
mechanical performance, 
resulting in two potential 
metallic mirror design proposals. 
The mechanical analyses 
were carried out following 
the design codes typically 
adopted for components in 
the nuclear sector. Finally, the 
manufacturing of a ceramic 
prototype is currently underway, 
and it will subsequently be 
tested at the FALCON facility of 
the Swiss Plasma Center (SPC) 
- EPFL, Lausanne, to validate 
the computational model and 
assess the performance of the 
proposed design.

Alfredo Pagliaro - Supervisor: Francesco Braghin
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As engineering systems advance 
in complexity, the need for 
innovative monitoring and 
diagnostic strategies becomes 
paramount to ensure their safety, 
reliability, and efficiency. In the 
aerospace sector, structural 
health monitoring (SHM) plays 
a crucial role in tracking the 
structural integrity of critical 
components subjected to 
extreme operating conditions, 
potentially under severe damages. 
Traditional methods for damage 
assessment rely on numerical 
simulations and experimental 
testing during the design 
phase, as well as inspection and 
maintenance activities, during 
the operational phase. However, 
these approaches are often 
costly, time-consuming, and 
unreliable leading to reduced 
availability of the aircraft and 
lack of information when it 
comes to real-time applications. 
The growing demand for 
sustainable and cost-efficient 
aviation solutions necessitates 
the integration of predictive 
tools capable of continuous 
monitoring, optimizing 
maintenance schedules, and 
enhancing mission readiness. 
This dissertation focuses on 
AI-driven SHM methodologies for 
rotary machinery in aerospace 
applications, leveraging cutting-
edge deep learning techniques 

AI-DRIVEN STRUCTURAL HEALTH MONITORING FOR 
ROTARY MACHINERY IN AEROSPACE APPLICATIONS

to enhance damage detection 
and predictive maintenance. 
Specifically, it explores 
vibration-based SHM strategies 
that utilize advanced neural 
network architectures, such as 
convolutional neural networks 
(CNNs) and recurrent neural 
networks (RNNs). These methods 
process vibration-based time-
series data to identify early-
stage structural anomalies, 
establish failure thresholds, and 
provide real-time assessments of 
component integrity. 
For instance, recurrent neural 
network (RNN) models, such 
as long short-term memory 
(LSTM) networks and nonlinear 
autoregressive models with 
exogenous inputs (NARX), are 
trained on time-series sensor 
data collected from a rotary 
shaft in its baseline condition 
while operating under varying 
environmental conditions. 
Subsequently, these trained 
models reconstruct the time-
series signals acquired from the 
rotary shaft when imbalance 

faults are present, leading to 
an increased distribution of 
estimation errors, as illustrated 
in Figure 1. By capturing the 
intrinsic relationships within 
vibration signals, these models 
surpass traditional time-domain 
analysis methods in effectively 
distinguishing normal operational 
vibrations from those associated 
with faults such as imbalance, 
misalignment, or cracks. Rather 
than relying solely on vibration 
response data, a damage 
indicator is derived from the 
network’s performance, thereby 
enhancing the robustness of 
fault detection. This approach 
addresses critical challenges, 
including noise interference, 
operational variability, and limited

 Furthermore, this work explores 
the feasibility of real-time fault 
detection for critical aerospace 
components, with a particular 
focus on imbalance faults and 
high-impact 
events, such as ballistic damage 
to helicopter transmission 

Vasiliki Panagiotopoulou - Supervisor: Claudio Sbarufatti

Fig. 1 - The trained NARX model reconstructs the time-series signal acquired from the rotary shaft with 
imbalance faults, resulting in a higher distribution of estimation errors

component lifespan. Digital twin 
models further improve SHM by 
providing high-fidelity virtual 
representations for predictive 
assessments and scenario-
based simulations. By ensuring 
a comprehensive understanding 
of structural behavior under 
varying loading conditions, digital 
twins reinforce the applicability 
of AI-driven SHM in modern 
aerospace operations. Ultimately, 
the methodologies developed in 
this research contribute to the 
advancement of next-generation 
monitoring systems that integrate 
real-time sensing, physics-
based modeling, and artificial 
intelligence. The developed 
framework aims to offer a 
robust and adaptive solution for 
high-performance aerospace 
applications, improving reliability, 
efficiency, and overall system 
resilience.

shafts. The dissertation provides 
experimental validation of 
the proposed methodologies, 
demonstrating their applicability 
to real-world aerospace 
structures and assessing their 
performance in detecting and 
predicting damage propagation. 
A key contribution of this 
research is the development of 
a hybrid SHM framework that 
integrates machine learning-
driven diagnostics with surrogate 
modeling approaches. Physics-
informed neural networks (PINNs) 
play a central role by embedding 
fundamental physics laws into 
machine learning models, 
enhancing predictive accuracy 
and interpretability. Unlike purely 
data-driven models, PINNs 
incorporate governing equations—
such as those describing 
vibrational dynamics and material 
degradation—ensuring physically 
consistent predictions even 
with sparse or noisy data. In 
this study, PINN are applied to 
rotary machinery for damage 
localization and quantification, 

particularly in impact damage 
scenarios. By leveraging 
acceleration and displacement 
responses, PINNs identify 
damage through system property 
adjustments, improving the 
detection of stiffness degradation 
and imbalance-induced loading, 
effectively addressing the 
state-parameter estimation 
problem, as reported in Figure 2. 
Experimental validation confirms 
the robustness of this approach, 
offering a reliable alternative 
to traditional SHM techniques 
and enabling more accurate, 
interpretable, and informed 
damage diagnostics.
This research enhances 
rotary machinery safety and 
performance by integrating 
deep learning, experimental and 
numerical data, and surrogate 
modeling for robust, near-
real-time, and interpretable 
predictions. By combining 
real-time monitoring data with 
adaptive machine learning, it 
enables proactive maintenance, 
reducing downtime and extending 

Fig. 2 - State-parameter estimation based on PINNs used for solving inverse problems
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Microplastic (MP) pollution 
has emerged as a critical 
environmental concern, with tire 
wear particles (TWPs) recognized 
as a major contributor, with an 
estimated 6 million tons emitted 
globally each year. Generated 
through the friction between 
tires and road surfaces, these 
particles accumulate in various 
environmental compartments, 
posing potential risks to 
ecosystems and human health. 
Despite their significance, 
TWPs remain challenging to 
regulate due to the complexity 
of the tire wear process and 
the lack of standardized 
evaluation methodologies. 
Recent regulations, such as 
the EU’s requirement for a tire 
abrasion index, underscore the 
urgent need for improved wear 
assessment techniques.
The thesis objective is to support 
the development of more 
sustainable, wear-resistant tires 
by focusing on the evolution of 
tread pattern geometry and its 
relationship with abrasion. The 
research proposes an integrated 
experimental and numerical 
approach. A novel method for 
analysing full 3D laser scan 
data is introduced, allowing the 
transition from traditional global 
assessments, based on weight 
loss or tread depth, to a local wear 
depth evaluation. Additionally, an 

TREAD OPTIMIZATION TO REDUCE MICROPLASTIC 
POLLUTION

iterative simulation framework 
is developed to update the tread 
geometry over time, reflecting 
its actual evolution throughout 
the tire’s lifecycle. The simulated 
tread geometry evolution is 
driven by a wear law established 
through correlation between 
experimental data and frictional 
energy computed through Finite 
Element Analysis (FEA). These 
methods aim to improve both 
the assessment of tire abrasion 
and the prediction of long-lasting 
performances.
The algorithm proposed for the 
analysis of 3D scans demonstrate 
its effectiveness with application 
on four tires with distinct tread 
patterns. The algorithm identifies 
and classifies different tread 
depth levels exploiting two key 
techniques: first-derivative 
analysis and discrete data binning. 
Its classification capabilities 
remain robust regardless of the 
presence of longitudinal grooves, 
intermediate levels or high 
noise levels in the datasets. The 
clusterization enables the use 
of groove bottoms as alignment 
references across different tire 
scans, compensating for the 
tire relaxation experimented 
during the initial stages of the 
experimental campaign. The 
processing and alignment of 
raw data allow for a localized 
evaluation of wear depth by 

computing the Euclidean 
difference between successive 
acquisitions. The resulting 
wear maps clearly visualize 
the distribution of abrasion 
across the tread surface. The 
wear maps depicts the effect 
of geometrical discontinuities 
introduced by transverse and 
longitudinal grooves. The former 
cause the characteristic heel 
and toe pattern, in which the 
abrasion initiates at the trailing 
edges of the tread blocks and 
gradually progresses toward the 

 Gabriele Pietroni - Supervisor: Giorgio Colombo

Fig. 1 - Tire tread geometry analysis: a) 3D scan 
raw data; b) tire geometrical clusterization

a)

b)

under the controlled and 
simplified loading conditions 
considered in this study, 
underscores the complexity 
of the wear phenomenon. To 
achieve a reliable prediction 
of the entire tire lifecycle, it is 
crucial to identify the factors 
responsible for the initial non-
linear wear phase and extend the 
investigation to more complex 
loading scenarios. However, 
by focusing solely on tread 
geometry evolution, this study 
has demonstrated the necessity 
of incorporating these changes 
into virtual simulations to 
obtain results that more closely 
resemble actual wear behaviour.

leading edges. The latter generate 
discontinuities especially in the 
left shoulder, which shows more 
pronounced wear compared to 
the adjacent zone. These effects 
are confirmed by mean wear 
profiles which further highlight 
asymmetric behavior of wear 
along the tire cross-section. 
Throughout the experimental 
campaign, wear rate  analysis 
reveals three distinct phases: 
an initial high-abrasion stage 
lasting approximately 1500 km, 
a transitional phase marked by a 
sharp decrease in  wear rate, and 
a final steady-state regime. From  
the experimental wear data and 
the frictional energy computed 
via FEA, a linear abrasion law is 
defined, achieving a correlation 
with an R-squared of 0.73. The 
numerical simulations, based on 
this law and run in nine iterative 
steps over a total distance of 

5023 km, qualitatively reproduce 
the real-world wear behaviour, 
capturing the asymmetry and 
heel-and-toe patterns. However, 
the model tends to overestimate 
material loss, especially at later 
stages, where leading edges 
wear more rapidly than in the 
experimental tests. A comparison 
with a single-step simulation 
confirms the importance of 
accounting for tread geometry 
evolution: the simplified model 
increases prediction error by 
7–17% and fails to reproduce the 
correct abrasion distribution. 
While accounting for geometry 
evolution improves prediction 
accuracy, it is not sufficient to 
fully explain the observed non-
linearity in wear rate, suggesting 
the need to consider additional 
factors.
This research highlights the 
significance of tire tread 
geometry and its evolution in 
wear process. The proposed 
data processing algorithm has 
demonstrated the importance 
of categorizing tread depths for 
an accurate wear assessment. 
By shifting from a global to a 
localized analysis, it enables 
a deeper understanding of 
how tread geometry interacts 
with and influences the 
wear process. Furthermore, 
the difficulty in accurately 
predicting tire abrasion, even 

Fig. 2 - Comparison between simulated and 
experimental tire tread wear evolution.
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The development of advanced 
methods for Structural Health 
Monitoring (SHM) and Health 
and Usage Monitoring System 
(HUMS) is presented in this PhD 
thesis. The aim of both SHM and 
HUMS is real-time monitoring; 
thus, modern strategies rely on 
machine learning frameworks 
to process large volumes of 
data and support real-time 
operations. For this reason, the 
research focuses on two main 
aspects: data availability and 
algorithms. Data availability is 
addressed in three different 
ways: self-sensing materials, 
high-fidelity models, and 
transfer learning. Transfer 
learning and high-fidelity models 
can address data scarcity by 
adapting prior knowledge to 
new applications and generating 
new data, respectively. 
Instead, self-sensing 
materials can be embedded in 
composite structures during 
manufacturing, reducing the 
need for external sensors 
and enabling monitoring of 
hard-to-access areas. The 
algorithmic part focused on 
machine learning methods 
and filtering techniques for 
damage detection, localisation, 
diagnosis, and prognosis. The 
methods have been developed, 
tested and validated against 
traditional approaches, 

ADVANCEDMETHODSFORHEALTHANDUSAGEMO
NITORINGSYSTEMS:FROMSMARTMATERIALSTOD
ATA-DRIVENPROGNOSTICS

experimental programmes and 
numerical simulations within 
the structural engineering 
framework. Thus, this thesis 
provides a comprehensive 
overview of the advanced 
research directions driving the 
development of SHM and HUMS 
systems and their application to 
real-world scenarios.

Lucio Pinello - Supervisors: Francesco Cadini, Claudio Sbarufatti
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This dissertation introduces a 
novel optimization framework that 
employs Spectral Submanifold 
(SSM) model reduction to tailor 
the nonlinear dynamic response 
of geometrically nonlinear 
mechanical systems, with 
particular emphasis on MEMS 
resonators and gyroscopes. 
The motivation arises from 
the increasing significance 
of nonlinear effects in MEMS, 
which are operated at higher 
actuation levels and in more 
demanding environments. In 
such conditions, nonlinearities 
originating from geometric 
deformations, electrostatic 
interactions, and environmental 
influences play a decisive role in 
device performance. Rather than 
being regarded as undesirable, 
these nonlinear phenomena 
are now frequently exploited 
to enhance sensing accuracy, 
broaden bandwidth, or enable 
advanced functionalities. 
Yet, traditional approaches to 
studying and optimizing nonlinear 
responses rely on continuation-
based methods such as Harmonic 
Balance, shooting, or collocation, 
all of which are sensitive to 
user-defined parameters, 
computationally intensive, and 
poorly suited to high-dimensional 
design spaces.
The framework proposed in 
this work addresses these 

STRUCTURAL OPTIMIZATION FOR NONLINEAR 
DYNAMICS: TOWARDS THE OPTIMIZATION OF DYNAMIC 
NONLINEARITIES IN MEMS DEVICES

limitations by employing SSM-
based model order reduction 
to derive analytical expressions 
for the nonlinear frequency–
amplitude relation, also known as 
the backbone curve. This strategy 
eliminates the dependence 
on numerical continuation 
parameters and introduces 
only a single user-defined 
quantity, the expansion order 
of the SSM reduction. Crucially, 
the expansion order can be 
automatically adapted to ensure 
accuracy, transforming what is 
typically a drawback of numerical 
methods into a robustness-
enhancing feature. Furthermore, 
the framework generalizes SSM 
reduction to arbitrary polynomial 
orders for lightly damped 
systems, allowing optimization 
directly in physical coordinates, 
where the frequency–amplitude 
curves hold practical relevance 
for device performance.
Computational efficiency and 
scalability are achieved through 

the adoption of multi-index 
notation, which is significantly 
more effective than classical 
tensor formulations when 
representing high-dimensional 
polynomial expansions. This 
formulation reduces the 
computational burden associated 
with nonlinear reduced-order 
modeling and enables practical 
applications to large systems. 
Additionally, adjoint-based 
sensitivity analysis is derived 
within the SSM framework, 
providing efficient gradient 
evaluations that are independent 
of the number of design 
parameters. This capability 
makes the method particularly 
well suited for large-scale 
optimization problems, including 
topology optimization of nonlinear 
MEMS devices with thousands of 
variables and tens of thousands of 
degrees of freedom. Compared to 
direct differentiation, the adjoint 
approach drastically reduces 
computational costs and enables 

Matteo Pozzi - Supervisor: Francesco Braghin

Fig. 1 - Graphical representation of the SSM-based optimization framework

systematic exploration of high-
dimensional design spaces.
The capabilities of the framework 
are demonstrated through a 
range of parametric and topology 
optimization case studies. These 
include examples where the 
hardening or softening behavior 
of backbone curves is tailored, 
modal couplings are adjusted, and 
nonlinear frequency–amplitude 
responses of MEMS resonators 
and gyroscopes are shaped 
according to specific design 
goals. The results confirm that 
the method provides accurate 
and robust predictions without 
the need for manual tuning of 
continuation parameters, and that 
it scales efficiently to large design 
problems. A comparative analysis 
of computational costs across the 
presented case studies further 
illustrates the method’s efficiency 
and practicality.
Overall, this dissertation 
establishes a systematic and 
computationally efficient 

approach for optimizing nonlinear 
mechanical systems. By 
combining SSM-based reduction, 
multi-index representations, and 
adjoint-based sensitivity analysis 
within a unified optimization 
framework, it overcomes the 
major drawbacks of traditional 
continuation-based methods. 
The research demonstrates that 
analytical backbone curves can 
be obtained and used directly 
in optimization routines, that 
nonlinear behavior can be 
controlled efficiently in both 
parametric and topology design 
settings, and that computational 
scalability is preserved even 
in problems involving tens of 
thousands of variables. The 
framework thus provides a 
powerful tool for the design 
of high-performance MEMS 
resonators and gyroscopes, and 
more broadly, for mechanical 
systems that must operate in 
nonlinear regimes. It offers a path 
toward exploiting nonlinearities 
as functional design elements, 
opening new directions for 
the development of advanced 
sensing, navigation, and 
vibration-control technologies.

Fig. 2 - Example of optimized MEMS gyroscope
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Every system built by humans 
inevitably undergoes degradation. 
This is particularly evident 
in industrial settings, where 
machines are often characterized 
by high utilization times. The 
elevated production rates of 
modern manufacturing lines 
and the consequent high costs 
associated with downtimes put 
production equipment under 
intense strain, necessitating 
strategies such as preventive 
and predictive maintenance. 
The increased attention to 
monitoring strategies is not 
limited to industry alone; in 
civil engineering, monitoring 
strategies for infrastructure 
have also seen significant 
growth, mainly to achieve a 
more efficient allocation of 
resources for inspections and a 
reduction in late maintenance 
costs. This thesis comprises four 
articles focused on monitoring 
solutions for systems subjected 
to degradation, principally 
leveraging data-driven modeling 
techniques.
This PhD research, conducted 
in collaboration with Coesia®, 
aims to address key challenges 
in industrial monitoring by 
leveraging vibration-based 
analysis and data-driven 
modeling. The main objectives 
include:
1)	 Investigate techniques to 

DATA-DRIVEN METHODS TO MONITOR SYSTEMS 
SUBJECTED TO DEGRADATION

minimize the impact of drive 
velocity inconsistencies 
when using acceleration-
based monitoring for moving 
machine components.

2)	 Explore and develop 
monitoring methodologies 
that reduce reliance on 
fully supervised algorithms, 
ensuring adaptability to 
unforeseen failure modes 
and dynamic industrial 
environments.

3)	 Address the limitations 
of recurrent neural 
networks (RNNs) by refining 
preprocessing strategies and 
assessing the applicability of 
convolutional-based models 
to improve efficiency and 
mitigate vanishing gradient 
issues.

4)	 Fill a notable gap in the study 
of plastic conveyor chains, 
particularly focusing on 
monitoring solutions for such 
conveyor solutions.

5)	 Improve the reliability of 
models by systematically 
evaluating their resilience 
against measurement 
noise and anomalous initial 
conditions, ensuring validity in 
real applications.

Each article in this collection 
addresses one or more of the 
objectives:
1)	 In the first work “A novel 

approach for quality control 

of automated production 
lines working under highly 
inconsistent conditions.,” the 
developed semi-supervised 
methodology successfully 
enables signal analysis in 
systems with high variability, 
proving its effectiveness 
in monitoring the welding 
process of polymeric 
materials.

2)	 In the second work, “Vibration-
Based Anomaly Detection 
in Industrial Machines: A 
Comparison of Autoencoders 
and Latent Spaces,” the 
comparison of Autoencoders 
and Variational Autoencoders 
with different latent 
space structures provides 
deeper insights into their 
performance, highlighting the 
importance of latent space 
design in reconstruction-
based anomaly detection.

3)	 In the same article, 
by employing the 

Luca Radicioni - Supervisor: Simone Cinquemani

Fig. 1 - Different arrangements of Convolutional 
Autoencoders used in the study: (a) 
Convolutional AE with dense latent space. (b) 
Convolutional AE with spatial latent space. (c) 
Convolutional VAE with dense latent space. (d) 
Convolutional VAE with spatial latent space.

patterns (Figure 1). The resulting 
spectrogram-like data further 
support pixel-level anomaly 
identification, making results 
more interpretable for human 
analysis.
The thesis highlights the benefits 
of combining physical insights 
with data-driven modeling to 
enhance system performance. 
Purely black-box approaches 
often struggle with challenges like 
sensor noise, variable boundary 
conditions, and missing data. By 
incorporating physical domain 
knowledge—such as conveyor-
chain motion equations or 
temperature–displacement 
relationships in bridges—
models gain interpretability, 
robustness, and generalization 
capabilities. This principle 
applies to algorithms like SINDy, 
which integrate domain-specific 
functions into their structure. 
Sparse, physically motivated 
terms contribute to model 
stability, particularly when 
dealing with noisy or limited data. 
A crucial takeaway is the need 
for monitoring algorithms to 
prioritize robustness (Figure 2). 
Real-world systems rarely operate 
under ideal conditions, making a 
model’s ability to filter out noise 
and handle unexpected data 
essential. Sparsity emerges as a 
key characteristic for improving 
model resilience—not just in 
data-driven approaches like 
SINDy, but also in preprocessing 
methods such as SST. Sparse 
representations simplify 
interpretation, strengthen noise 
resistance, enhance extrapolation 
capacity, and reduce the amount 
of data required for training. 

Synchrosqueezing transform, 
CNN-based anomaly 
detection becomes feasible 
at both image and pixel levels, 
enhancing interpretability 
and making anomalies more 
detectable by human eye.

4)	 A new physical model is 
presented in the third work 
“On the use of vibrations 
and temperatures for the 
monitoring of plastic chain 
conveyor systems,” to 
advance the understanding 
of wear mechanisms in 
plastic conveyor chains. The 
extensive testing campaign 
validates the model’s ability to 
identify key wear factors using 
vibrational and temperature 
data.

5)	 The study “On the performance 
of data-driven dynamic models 
for temperature compensation 
on bridge monitoring data.” 
confirms that sparsity plays 
a crucial role in creating 
robust and interpretable 
models. SINDy with control 
successfully handles data 
normalization, outperforming 
ANN and ARX algorithms in 
rejecting noise and anomalous 
conditions.

In summary, this collection of 
articles explores data-driven 

approaches for monitoring 
systems exposed to degradation, 
emphasizing practical 
applications in industrial and 
civil case studies. By utilizing 
real data, it presents solutions 
for specific challenges like 
welding process and conveyor 
monitoring. The applied nature of 
the research showcases different 
algorithms and methodologies, 
highlighting the importance 
of real-world deployment 
considerations beyond numerical 
analysis. 
When training data is available, 
experiments should be designed 
to ensure models function 
within interpolation conditions 
rather than extrapolation, 
which is particularly critical 
in deep learning as model 
complexity increases. In 
industrial applications where 
failure modes are only partially 
understood, semi-supervised 
or unsupervised techniques, 
such as autoencoders, are 
preferable for anomaly detection. 
While these methods may 
not provide classified failure 
categories like supervised 
learning, they still offer valuable 
insights into system behavior. 
Careful sensor placement helps 
eliminate redundant inputs, 
reduce data complexity, and 
highlight damage-sensitive 
features. The supervisor’s 
experience remains invaluable 
in refining these processes. 
For deep learning applications, 
transforming signals into image-
like representations (e.g., sparse 
time-frequency representations 
via SST) facilitates convolutional 
neural networks (CNNs) in 
detecting subtle degradation 

Fig. 1 - Different performance in noise rejection 
between a SINDy model and an ARX model: (a) 
Zoom on the predictions for noisy temperatures 
(top) and noise in the initial value of the 
state variable (bottom) using the best SINDYc 
algorithm. (b)Zoom on the predictions for noise 
in the initial value of the state variable using 
the ARX model.
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In recent years, the increasing 
demand for advanced accelerator 
components with complex, 
compact design and the ability 
to sustain high-power operation 
has driven interest in additive 
manufacturing within the field of 
particle accelerators.
Among the metallic materials 
typically employed in the 
fabrication of accelerator 
components, pure copper has 
received considerable attention 
due to its excellent electrical and 
thermal conductivity, essential for 
devices including radio-frequency 
cavities and quadrupoles, 
waveguides, and klystrons. 
Copper-steel multimaterial 
structures, combining the 
electrical and thermal properties 
of copper with the mechanical 
strength of steel, have also been 
proposed for the fabrication 
of systems subjected to high 
thermomechanical loads during 
service. These components often 
feature complex designs and 
are produced through intricate 
manufacturing processes 
involving multiple machining 
and joining steps and requiring 
highly skilled labor to achieve 
precise control over parameters 
such as the operating resonant 
frequency. Within this framework, 
additive manufacturing offers the 
potential to streamline production 
and reduce overall costs and 

ADDITIVE MANUFACTURING OF PURE COPPER AND COPPER-
STEEL MULTIMATERIALS: INVESTIGATION OF MATERIAL 
PROPERTIES AND INSIGHTS INTO PARTICLE ACCELERATOR 
APPLICATIONS

lead times, as well as overcome 
the limitations of conventional 
manufacturing methods, 
enabling novel designs tailored 
to meet functional requirements 
based on thermomechanical, 
electromagnetic, and beam 
dynamics performance 
criteria. Additionally, additive 
manufacturing is well-suited for 
the fabrication of prototypes 
and customized components 
produced in small series, as well 
as for the monolithic fabrication 
of complex parts combining 
dissimilar materials.
The primary challenges to 
the integration of additive 
manufacturing processes 
into the production workflows 
of copper and copper-steel 
accelerator components are 
related to the lack of standardized 
qualification protocols and the 
uncertainties regarding the 
performance and reliability of 
additively manufactured parts 
under the demanding operating 
conditions typical of accelerator 
applications. Another obstacle 
lies in the difficulty of predicting 
the quality of printed parts, 
which is influenced by numerous 
factors, including fabrication 
parameters and post-processing 
treatments.
The initial stage of this research 
involved a literature review on 
the applications of additive 

manufacturing in particle 
accelerators, with the goal of 
identifying specific needs and 
requirements for the integration 
of these technologies into the 
fabrication routes of accelerator 
components. Three key 
categories of requirements were 
identified, relating respectively, 
to material properties, the 
manufacturing process, and the 
specific service conditions that 
the components must withstand. 
These insights contributed 
to the development of an 
experimental characterization 
plan for assessing the compliance 
of materials processed by 
additive manufacturing with the 
typical demands of accelerator 
applications. The second 
phase focused on assessing 
different additive manufacturing 
processes for the fabrication 

Tobia Romano - Supervisors: Maurizio Vedani, Andris Ratkus

Fig. 1 - Vacuum membranes fabricated by LPBF.

fabrication practices of particle 
accelerator components. The 
design strategies and processing 
parameters for pure copper parts 
fabricated by LPBF can be further 
optimized to achieve greater 
dimensional accuracy and surface 
quality, thereby meeting the 
stringent criteria of accelerator 
applications and ensuring the 
functional reliability of additively 
manufactured components. 
To enhance the applicability of 
binder jetting, additional efforts 
may be directed toward the 
optimization of the debinding 
and sintering conditions, both in 
terms of the applied thermal cycle 
and processing atmosphere, to 
ensure complete binder removal 
and improve densification. 
Regarding copper-steel 
multimaterials, future studies 
could focus on the optimization of 
LDED parameters and the design 
of functionally graded structures 
with controlled local chemical 
compositions to prevent crack 
formation.

of copper and copper-steel 
accelerator components, with a 
main focus on material-related 
aspects, including chemical 
purity, microstructural integrity, 
and mechanical and physical 
properties, which are critical 
for the initial assessment of 
these technologies for particle 
accelerator applications. 
Among the various additive 
manufacturing techniques, laser 
powder bed fusion (LPBF) and 
binder jetting were investigated 
for processing pure copper, 
while laser directed energy 
deposition (LDED) was explored 
for developing a practical 
workflow aimed at the fabrication 
of copper-steel multimaterial 
structures based on the study 
of the microstructural and 
thermophysical compatibility of 
the constituent materials.
LPBF demonstrated the 
capability of fabricating 
copper parts with density, 
purity, electrical conductivity, 
and thermal diffusivity in line 
with pure copper standards. 
However, microdefects in thin 
membranes (Figure 1) caused 
helium leakage. Additionally, 

the effective wall thickness 
was significantly lower than the 
design values, highlighting the 
need to carefully account for 
dimensional deviations during 
the printing process to meet the 
design criteria and ensure the 
functional reliability of thin-walled 
copper components operating in 
ultra-high vacuum environments. 
Binder jetting experiments 
evidenced significant challenges 
in achieving high-quality parts 
due to the extensive presence 
of residual porosity and carbon 
impurities.
Investigations into LDED 
confirmed the feasibility 
of producing copper-steel 
multimaterial components (Figure 
2) with a good combination 
of thermal properties and 
mechanical strength, although 
precise control over local 
chemical compositions was 
found to be essential to prevent 
the formation of regions prone to 
solidification cracking and ensure 
the structural integrity of the 
fabricated parts. The formation of 
peculiar solidification structures 
was driven by Fe-Cu liquid phase 
separation and Marangoni 
convection within the melt pool, 
while solidification cracking 
was governed by thermal stress 
and the availability of copper-
rich terminal liquid at the end 
of solidification. The beneficial 
impact on thermal properties was 
associated with the formation 
of interconnected copper-rich 
regions.
Based on these findings, several 
areas for future development 
can be identified to support 
the integration of additive 
manufacturing into the 

Fig. 2 - Copper-steel multimaterials fabricated 
by LDED and thermal diffusivity measurements 
for different local compositions
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The growing integration of 
automated driving systems is 
transforming the role of drivers 
into that of supervisors and 
passengers, requiring a rethinking 
of human–machine interaction 
paradigms. This thesis explored 
how users perceive, adapt to, and 
emotionally respond to different 
levels of vehicle automation, 
ranging from manual driving to full 
automation. The work leverages 
simulation-based environments 
to investigate trust, cognitive 
load, and engagement, placing 
emphasis on the cognitive–
affective dynamics of the human–
automation relationship (Fig.1).
Five interlinked studies were 
conducted using both fixed-
base and immersive VR driving 
simulators. The first study 
examined how the visual fidelity 
of simulated driving environments 
influences user trust, attention, 
and emotional engagement. 
Participants experienced 
road scenarios modeled with 
progressively higher levels of 
detail, from minimal outlines to 
photorealistic settings. While 
driving performance metrics 
such as speed and lateral 
control remained stable across 
conditions, subtle differences 
emerged in gaze allocation and 
physiological arousal. These 
findings suggested that highly 
detailed environments increase 

USER STUDIES IN VARIOUS AUTOMATION LEVELS BY 
DRIVING SIMULATOR

immersion and attentional focus 
without substantially altering 
core driving behaviors, providing 
guidance on when simpler 
simulations are sufficient and 
when realism becomes essential.
The second study focused on the 
use of artificial intelligence for 
monitoring distraction. A fixed-
base simulator was combined 
with an RGB-D camera to record 
facial expressions during highway 
driving. A convolutional neural 
network, fine-tuned with both 
public and experiment-specific 
datasets, was trained to detect 
neutral versus distracted states. 
The analysis revealed a strong 
correlation between non-neutral 
facial expressions and minor 
driving errors, while showing 
that auditory and haptic alerts 
from driver assistance systems 
did not increase distraction. 
This work demonstrated that 
computer-vision methods can 
reliably identify inattention in real 
time and support adaptive safety 
systems.
The third study broadened 
the scope by exploring user 
experiences across different 
levels of automation, ranging from 
manual control to full autonomy. 
A series of case studies were 
conducted in a fixed-base 
simulator instrumented with 
physiological sensors and eye-
tracking equipment. At low 

automation levels, olfactory and 
auditory signals were tested as 
subtle cues to sustain attention, 
showing that scents in particular 
elicited stronger arousal and 
improved vigilance. In semi-
automated driving, the emphasis 
shifted to takeover scenarios, 
where results indicated that 
reaction time during control 
transitions did not align with 
performance in manual driving, 
underscoring the need for 
carefully designed handover 
protocols. At full automation, 
reinforcement learning–based 
driving styles were compared, 
demonstrating that differences in 
vehicle behavior directly shaped 
users’ comfort and workload.
The fourth study investigated 
the design of human–machine 
interfaces for autonomous taxis 
using immersive virtual reality. 
A VR platform was developed 
to replicate realistic traffic 
scenarios and to test multimodal 

Yuan Shi - Supervisors: Monica Bordegoni, Giandomenico Caruso

Fig. 1 - Driving simulator used in this thesis. 
(a) Physiological sensors; (b) Experimental 
virtual environment; (c) Physiological signal 
monitoring dashboard

offering insights to OEMs and 
technology providers on adaptive, 
transparent human–machine 
interface design, trust-building 
strategies, and affect-aware 
driver monitoring.
From a scientific perspective, the 
thesis deepens understanding 
of cognitive-affective processes 
in automated mobility. From 
an applied perspective, it 
delivers concrete guidelines for 
the design of adaptive, user-
centered interfaces capable 
of fostering trust and safety 
in automated driving. By 
positioning multisensory, affect-
aware simulation at the core for 
research and development, this 
work highlights a path toward 
autonomous vehicles that are 
not only technically advanced but 
also emotionally intelligent and 
socially acceptable.

interfaces combining visual, 
auditory, and gesture-based 
interactions. Information was 
categorized by functional role 
(strategic, tactical, operational) 
and by user relevance (critical, 
secondary, supportive). 
Results highlighted that clarity, 
consistency, and modality 
alignment were decisive in 
building trust: navigation cues 
were best conveyed through 
voice, system state through visual 
displays, and confidence-building 
information through redundant 
multimodal feedback. This study 
provided design guidelines for 
transparent, trust-enhancing 
HMIs in high-level automation.
The fifth study extended beyond 
driving, exploring the role of 
multisensory stimulation in digital 
reading and learning tasks. A 
custom multi-odour diffusion 
system was synchronized with 
an e-book platform, delivering 
scents congruent with textual 
content. Physiological data 
showed reduced workload, 
while subjective evaluations 
indicated greater immersion and 
concentration when odours were 
present. Although comprehension 
scores were only modestly 
improved, participants reported 
more enjoyable and memorable 
experiences. These findings 
reinforced the broader potential 
of olfactory cues to enhance 

cognitive engagement and 
suggested future applications 
for multisensory in-vehicle 
environments.
Taken together, these 
contributions demonstrate that 
simulation platforms can move 
beyond technical validation 
to become powerful research 
ecosystems that integrate human 
factors engineering, affective 
computing, and sensory design. 
It reveals how trust calibration 
across different levels of 
automation is critically shaped by 
interface transparency, scenario 
fidelity, and the timing of control 
handovers. It demonstrates the 
value of multimodal sensing, 
where electrodermal activity, 
gaze behavior, and deep-learning-
based facial expression analysis 
can jointly detect distraction, 
stress, and workload in real 
time. It investigates the role of 
multisensory augmentation, 
showing how the integration 
of olfactory cues can enhance 
attention, immersion, and 
memory retention during 
both driving and reading 
tasks. It advances simulation 
methodology by proposing 
rigorous protocols for scenario 
fidelity calibration, cross-modal 
data synchronization, and within-
subject experimental design. 
Finally, it connects academic 
research to industrial practice, 
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In response to global climate 
change, the automotive 
industry has spent the past 
decades working to reduce 
vehicle emissions. This has led 
to a transition from Internal 
Combustion Engine Vehicles 
(ICEVs) to Electric Vehicles (EVs). 
This electrification process 
requires a complete redefinition 
of the vehicle architecture, 
with the Electric Motor (EM) 
emerging as one of the key new 
components. As a result, a new 
area of research has emerged 
in recent years, focusing on the 
optimal design of traction EMs for 
specific automotive applications. 
At the same time, the study 
of NVH (Noise, Vibration, and 
Harshness) characteristics in EMs 
has become a critical aspect of 
their design. The high-frequency 
tonal noise produced by these 
motors can impact passenger 
comfort, making acoustic 
performance a critical design 
consideration.
This thesis focuses on Artificial 
Intelligence-driven design and 
on NVH analysis of automotive 
EMs. The first objective is to 
introduce Artificial Intelligence 
(AI) techniques to support and 
enhance the development of 
traction EMs. The performance 
of the motor must be ensured 
both during the design phase and 
throughout its entire operational 

AI-DRIVEN DESIGN AND NVH ANALYS OF AUTOMOTIVE 
ELECTRIC MOTORS

lifespan. Initially, AI methods 
were adopted to implement a 
multi-objective optimal design 
process for automotive EMs. 
In particular, Artificial Neural 
Networks (ANNs) were employed 
to globally approximate the motor 
performance simulated by a 
Finite Element (FE) model. These 
surrogate models, combined with 
a newly developed optimization 
algorithm, the Adaptive Pareto 
Algorithm (APA), based on the 
iterative definition of the Pareto 
front, were used to optimize 
traction EMs. The accuracy 
of the ANN was progressively 
improved through multiple infill 
operations guided by the APA. 
The integration of AI significantly 
increased the efficiency of the 
optimization process by reducing 
computational time, enabling 
the exploration of a broader 
design space and generating 
solutions that outperform those 
obtained through traditional 

design methods. AI techniques 
were further leveraged during 
the monitoring phase to detect 
faults in Permanent Magnet 
Synchronous Motors (PMSMs) 
under durability testing. 
Autoencoders (AE) were adopted 
as unsupervised learning 
techniques for this task, due 
to their ability to automatically 
extract features and patterns 
from operational data. After 
a comparative analysis of 
different AE architectures, a one-
dimensional AE Convolutional 
Neural Network (1D AE-CNN) was 
selected as the most effective 
solution. Based on NVH data, 
the 1D AE-CNN was employed 
as a fault detection strategy for 
PMSMs operating under heavy 
load cycles characterized by high 
speed and torque variations. The 
implemented fault detection 
algorithm, tested on real motor 
operational data, successfully 
identified various PMSM faults, 

Federico Soresini - Supervisor: Massimiliano Gobbi

Fig. 1 - AI-driven design: Electric traction motors Optimisation and Fault Detection

geometry. The first approach 
is based on the application of 
current injection strategies. This 
study presents an experimentally 
validated numerical simulation 
framework capable of predicting 
the noise reduction achievable 
through such strategies. The 
entire process is modelled, from 
current injection to final acoustic 
emission, across all simulation 
steps, enabling the formulation of 
an optimization problem for noise 
minimization. Using this method, 
a noise reduction of up to 27 dB 
has been achieved at the resonant 
frequencies of the motor. A 
second novel countermeasure 
technique to improve the NVH 
performance of electric machines 
involves applying a constrained 
viscoelastic rubber layer on the 
outer surface of a PMSM as a 
vibration damping treatment. The 
study assesses the effectiveness 
of this countermeasure in 
reducing acoustic emissions at 
different temperatures through 
a combination of numerical 
modeling and experimental 
validation.

surpassing the limitations of 
traditional diagnostic methods. 
The second objective of this 
thesis is to study the NVH 
characteristics of PMSMs to 
develop a comprehensive 
understanding of their 
vibroacoustic behavior and 
guide the design of effective 
noise countermeasures. EMs 
play a major role in the overall 
noise emissions of EVs, this 
highlights the need for a 
dedicated study to ensure both 
acoustic comfort and sound 
quality. To this end, an overview 
of current NVH challenges in 
the design of PMSMs has been 
carried out. Particular attention 
is devoted to the analytical and 
numerical methods used in NVH 
modeling, which consists of three 
main steps: electromagnetic 
force computation, motor 
structural modeling and 
acoustic emission analysis. 
Special focus is also placed on 

experimental techniques for the 
vibroacoustic characterization 
of EMs through modal analysis. In 
addition to the well-established 
Experimental Modal Analysis 
(EMA) method, vibration response 
measurements during motor 
run-ups are exploited to apply 
Operational Deflection Shapes 
(ODS), Operational Modal Analysis 
(OMA) and Order-Based Modal 
Analysis (OBMA). Notably, OBMA 
is applied for the first time to 
EMs within the context of this 
work. The complementary 
use of the presented methods 
provides a comprehensive modal 
characterization of the EM. 
Finally, several NVH predictive 
models of EMs have been 
employed to develop effective 
countermeasure techniques 
aimed at reducing noise 
emissions. The proposed 
solutions focus on late-design 
interventions that do not require 
modifications to the motor 

Fig. 2 - NVH Analysis Workflow for Electric Motors
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In recent years, Cooperative 
Intelligent Transportation 
Systems (C-ITS) have gained 
increasing attention from 
both industry and academia. 
C-ITS aim to improve road 
safety, traffic efficiency, and 
sustainability by enabling direct 
data exchange between vehicles 
(V2V) and between vehicles and 
infrastructure (V2I). In Europe, 
the strategy for Cooperative, 
Connected, and Automated 
Mobility (CCAM) has promoted 
the deployment of mature C-ITS 
services since 2019, establishing 
a framework for interoperable and 
legally robust implementations. 
This context sets the foundation 
for the investigations presented 
in this thesis.
This thesis investigates the 
role of vehicle communication 
technologies in enabling 
Advanced Driver Assistance 
Systems (ADAS) in complex 
urban environments, with a 
specific focus on cooperative 
functionalities. The research 
spans three main axes: the 
impact of communication 
latency in cooperative 
applications, enhanced vehicle 
localization strategies for 
connected scenarios, and 
the development of a GLOSA 
(Green Light Optimal Speed 
Advisory) system customized for 
public transport vehicles using 

COOPERATIVE ADVANCED DRIVER ASSISTANCE 
SYSTEMS IN URBAN SCENARIO LEVERAGING VEHICLE 
COMMUNICATION

infrastructure-to-vehicle (I2V) 
communication.
The first part of the research 
examines the influence of end-
to-end (E2E) latency on safety-
critical cooperative applications, 
namely Cooperative-AEB (C-AEB) 
and vehicle teleoperation. A 
breakdown of the delay chain is 
proposed, including the detection 
and communication times at 
the infrastructure side, and the 
computational and actuation 
delays at the vehicle level. 
Experimental measurements 
conducted with an actual 
communication architecture 
show E2E delays in the range 
of 200 ms. The simulation 
assessment outcome reported in 
Fig. 1 demonstrates that, on the 
one hand, at such latency levels, a 
heavy vehicle such as a trolleybus 
traveling at 45 km/h may not 
be able to avoid a collision 
because of the limited braking 
capabilities. On the other hand, 
a mitigation effect for a wide 
range of communication can be 
still achieved for a wide range of 
communication delay. The second 
research axis focuses on vehicle 
localization, a fundamental 
component for enabling C-ITS 
applications. Two complementary 
approaches are developed: one 
based on ego-vehicle positioning, 
and one on infrastructure-
based vehicle detection. 

Ego-localization is addressed via 
a 1D multi-sensor Kalman filter 
fusing GPS, ECU-provided speed, 
and IMU acceleration data (sensor 
setup depicted in Fig. 2).
The system achieves a localization 
accuracy better than 0.3 meters 
during real-world tests in urban 
conditions, effectively mitigating 
GPS outages in dense city areas. 
On the infrastructure side, cost-
effective camera-based detection 
from RSUs is proposed, achieving 
about 95% detection reliability 
through calibrated image 
processing. This setup enables 
accurate tracking of surrounding 
vehicles and supports safety 
applications such as C-AEB.
The final and most extensive 
part of the thesis addresses 
the development of a GLOSA 
algorithm tailored to urban 
public transport, leveraging V2I 
communication with real-world 
traffic light infrastructure. While 
traditional GLOSA systems target 

Daniele Vignarca - Supervisor: Edoardo Sabbioni

Fig. 1 - C-AEB simulation assessment for 
different communication delays and target 
speeds.
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simulation environments, and 
real-time communication with 
infrastructure, it demonstrates 
how communication, localization, 
and control strategies can be 
cohesively designed to improve 
urban mobility. Future work will 
focus on extending the proposed 
GLOSA logic to include dynamic 
traffic scenarios, compensating 
for latency in cooperative control 
strategies, and incorporating 
bus schedule adherence into 
predictive control models—
thus moving closer to real-
world deployment of connected 
and intelligent public transport 
solutions.

passenger cars, this research 
adapts the logic to accommodate 
bus-specific constraints. A 
data collection campaign along 
a 30-intersection route in 
Milan provided insight into the 
actual operational conditions 
of trolleybuses, including dwell 
time patterns (typically 10–15 
seconds spent at the bus stop) 
and their dependency on time-of-
day and service schedules. These 
parameters were incorporated 
into a rule-based GLOSA system, 
tested experimentally using 
real-time communication with 
the urban traffic light network. 
Results show a potential 26% 
energy saving compared to 
uninformed driving, along with 
smoother vehicle operation 
improving passenger comfort.
To further optimize performance, 
a Nonlinear Model Predictive 
Control (NMPC)-based GLOSA 
was developed. The NMPC 
controller (refer to scheme in 

Fig. 3) dynamically computes 
optimal speed profiles by 
predicting future vehicle states, 
incorporating traffic light timings, 
bus stop dwell times, and vehicle 
dynamics. The control problem is 
formulated and solved using the 
ACADO Toolkit, and simulations 
were carried out in the IPG 
TruckMaker environment. The 
test route includes 7 traffic lights 
and 4 bus stops over a 1.2 km 
stretch. Comparative simulations 
reveal that while the rule-based 
approach results in slightly 
shorter travel times (within 5%), 
the NMPC solution outperforms 
it in energy efficiency (−17%) 
and comfort indicators such 
as longitudinal acceleration 
and jerk (improvement up 
to 50%). In conclusion, this 
thesis provides an integrated 
framework for developing and 
assessing cooperative ADAS 
functionalities in urban scenarios. 
By combining experimental data, 

Fig. 3 - NMPC overview: vehicle model, cost 
function and constraintsFig. 2 -Instrumented trolley bus sensor setup
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The development and application 
of lightweight materials and 
designs have consistently 
been central to innovation and 
research efforts. The demand 
for lightweight solutions is 
rapidly increasing across a wide 
range of industries, particularly 
in the automotive sector, 
due to increasingly stringent 
requirements for improved fuel 
efficiency, reduced emissions, 
and enhanced range in electric 
vehicles. Consequently, 
lightweight design has 
progressively gained a central role 
in automotive engineering.
Lightweight steels represent 
an innovative class of steel, 
characterized by low density, 
exceptional mechanical 
properties, and significant 
hardening potential, offering a 
novel approach to traditional 
weight reduction solutions. The 
most studied alloying system is 
Fe-Mn-Al-C, which provides high 
mechanical properties (yield 
strength up to 800 MPa and 
elongation at fracture up to 55%) 
and low density (13% lower than 
conventional stainless steel).
The objective of this research is 
to characterize promising alloys 
more thoroughly to achieve 
technological properties — 
specifically formability and 
weldability — necessary for 
industrial implementation. The 

LIGHTWEIGHT STEELS CHARACTERIZATION

ultimate goal is to utilize the 
acquired knowledge to produce 
a rollover protective structure 
using a selected lightweight alloy. 
Various research pathways were 
investigated.
An initial study on duplex 
lightweight steels revealed 
that, despite their desirable 
mechanical properties, these 
steels experience rapid kinetic 
transformations and extensive 
microstructural changes 
upon aging. Such instability 
in microstructural properties 
can lead to undesired effect in 
industrial application.
Focusing on austenitic steels, 
considered of greater interest, 
and within the framework of the 
DELIGHTED project, two alloys — 
a medium Mn alloy and a high Mn 
alloy — were studied in detail.
Initial microstructural analyses 
indicated a stable austenitic 
structure with limited κ-carbide 
evolution. However, the medium 
Mn alloy exhibited excessive 
Mn banding, resulting in a 
microstructure that deviated 
from the desired state after 
solution annealing treatments, 
revealing traces of ferrite. Despite 
these differences, the formability 
of the alloys was evaluated, 
demonstrating good anisotropy 
and promising microstructural 
texture composition. Forming 
limit diagrams for the high 

Mn alloy indicated superior 
performance compared to other 
advanced high-strength steels. 
Finally, the weldability of the 
alloys was investigated. The 
alloys responded differently to 
arc welding polarity; the medium 
Mn alloy performed better with 
AC application, while the high 
Mn alloy exhibited high-quality 
welds with DC application. Also 
laser welding was investigated, 
but further optimization of the 
process is required.
Given the significant findings and 
favourable results obtained with 
the high Mn alloy, this steel was 
selected for the manufacture 
of a mini-tractor cabin rollover 
protective structure. The 
structure was manufactured with 
the use of bending and welding 
techniques. It underwent full-
scale crash testing and withstood 
substantial loads despite its low 
weight.
Through computational and 
simulation comparisons, it was 
demonstrated that employing 
lightweight steels could achieve a 
lighter and safer structure.

Giacomo Villa - Supervisor: Carlo Mapelli
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Background: Lower-limb 
exoskeletons are increasingly 
used for mobility assistance and 
rehabilitation, but dependable 
knee support remains difficult 
to deliver in everyday settings. 
Practical constraints—torque 
density versus distal mass, 
transparency under delays 
and disturbances, and user 
fit/alignment—often degrade 
comfort and controllability. 
A validated knee platform 
that preserves low apparent 
impedance while meeting 
biomechanical demands is still 
needed. 
Aim: We develop a knee 
exoskeleton centered on a planar 
rotary spring (PRS)–based series 
elastic actuator (PRSEA) and 
a control stack that maintains 
low apparent impedance while 
guaranteeing safety and passivity. 
Methods: Biomechanics-
driven requirements for peak 
torque, speed, power, and 
effective stiffness 𝑘𝑠 shape 
the actuator. A geometric PRS 
model parameterizes outer-
ring polar angle 𝜃𝑚𝑎𝑥, radius 
𝑅𝑜𝑢𝑡, and arm thickness 𝑡. 
These variables are optimized 
via Bayesian optimization with 
a mass-minimizing objective, 
subject to multiple physics-
based constraints. Precision, 
torque transparency, and 
stability are delivered by a 

DESIGN AND CONTROL OF A PRSEA-BASED EXOSKELETON 
DEVICE FOR HUMAN KNEE JOINT REHABILITATION

robustness-oriented impedance 
controller that combines model-
based feedforward, PD torque 
tracking, friction compensation 
using an identified Stribeck-type 
model (PDTC), and a disturbance 
observer (DOB) that estimates 
lumped uncertainties via a 
Q-filtered nominal inverse and 
cancels them in the control law 
(DOBTC). To enforce passivity-
based safety under delays and 
contact variability, time-domain 
passivity (TDPA) monitors the 
exchanged energy and injects 
adaptive damping whenever the 
passivity margin goes negative, 
thereby preserving low apparent 
impedance and robust tracking in 
wearable trials. The total control 
architecture is shown in Fig.1. 
Evaluation and validation: We 
conducted two types of tests to 
evaluate PRSEA performance and 
validate the control strategies. 
Benchtop characterization 
measured: (1) closed-loop torque-
tracking accuracy in the time 
and frequency domains (Bode 
magnitude, 3-dB bandwidth, 
steady-state error, rise/settling 
times); (2) impedance rendering 
with DOB-enhanced torque 
control; (3) stability with and 
without the DOB leveraging 
coefficient; and (4) robustness 
to impacts under movable-
end (backdrivable) conditions 
with optional added inertia. 

Human-subject trials were 
performed on a seated rig with 
the lower leg hanging freely, 
focusing on knee flexion–
extension. Protocols included: (1) 
transparency assessment under 
different inner-loop strategies 
(PDTC vs. DOBTC); (2) trajectory 
capture in transparent mode and 
playback tracking in impedance 
mode across virtual stiffness 
levels 𝑘𝑖 ; (3) disturbance/
passivity checks using TDPA’s 
energy monitor; and (4) real-time 
safety stops within a predefined 
motion boundary. 
In benchtop tests, each condition 
was repeated 10 times; in 
human-subject trials, 6 times. 
We recorded output angle 𝜃𝑙 
, and spring torque 𝜏𝑠 , and 
filtered all signals with a third-
order Butterworth filter. Primary 
analyses reported RMS/peak 
tracking errors, stiffness fidelity, 
frequency-response gain/phase 
as 𝑘𝑖 varied, and safety-blocking 
responsiveness. 
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Fig. 1 - Control architecture for the proposed 
exoskeleton

identification, develop passivity-
preserving DOB gain scheduling 
(adaptive DOB), and investigate 
model-predictive or adaptive 
impedance control to sustain 
transparency and stability under 
uncertainty.

Results: (1) Prototypes of the 
PRS and the PRSEA-based knee 
exoskeleton (Fig.2): the PRSEA 
weighed 2.1 kg and the full 
exoskeleton weighted 3.9 kg; (2) 
Closed-loop torque bandwidth 
is ≈30 Hz at 3.2 N∙m command 
and is largely invariant to the 𝜁𝑠 
; it increases to 39 Hz at 1.7 N∙m 
command for the 𝜁𝑠= 0.7,1.0. At 
matched damping, DOBTC yields 
smaller overshoot and faster 
settling than PDTC. (3) The spring-
torque vs. load-side position 
relation is near-linear; stiffness 
fidelity shows RMSE=0.076-
0.491 N∙m; (4) Under impact 
(“hammer”) tests, the adaptive 
DOB expands the stable operating 
region relative to a fixed 𝛼; (5) 
In transparency tests at 1 Hz, 
residual interaction torque with 
PDTC is 1.14–2.30 N∙m (increasing 
with 𝜁𝑠), with DOBTC, all trials 
are smaller than 1.00 N∙m , with a 
minimum of 0.62 N∙m at 𝜁𝑠 =0.7; 
(6) TDPA with velocity threshold 
stabilized interaction without 

sustained oscillations.
Contributions: (1) We developed a 
PRSEA-based knee exoskeleton 
with the 2nd torque-to-mass ratio 
SEA; (2) we provided an accurate 
bandwidth-based torque control; 
(3) we provided a modified DOB 
method to tradeoff the torque 
transparency and the passivity; 
(4) we proposed an adaptive 
impedance control to achieve the 
accurate impedance rendering 
while keeping passivity; (5) we 
introduced an improved TDPA 
to enhance the passivity in 
time-domain. 
Limitations and outlook: 
The current prototype uses 
PLA+ structural parts prone to 
viscoelastic drift and temperature 
sensitivity; spring deflection 
is not sensed directly (torque 
estimates are noise-susceptible 
without a dedicated estimator); 
actuation inertia is largely shank-
borne; plant parameters are 
treated as time-invariant; and 
the DOB employs fixed gains 
while the stack lacks predictive/
adaptive impedance layers. Going 
forward we will replace PLA+ 
with high-strength composites 
or aluminum, instrument the 
spring for direct deflection 
sensing and fuse it via an EKF, 
consider a cable/remote drive 
to redistribute reflected inertia 
proximally, incorporate online and 
temperature-aware parameter 

Fig. 2 - (a) Prototype of the PRS. (b) prototype of 
the PRSEA-based knee exoskeleton
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