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Relatore
Note di presentazione
Good morning everyone, I am Lorenzo Capponi and today I am going to present you the research that I performed during my PHD
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Relatore
Note di presentazione
This is the overview of this presentation. I will start by reminding you which were the goals of my research.
Then I will address the core of my work and due to this, we will go through some theory, then I will describe the experiments and the results that I obtained.
Finally, I will show you the side projects with industries and research groups that I worked on, as well as the scientific activity that I have done. 


Research goals

 Development of a new measurement method using image-based and
non-contact techniques

* Introduction of measurement techniques in Terex industry processes
» Software development

* Production of scientific papers

« Participation at conferences and scientific events

 National and international collaborations
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Note di presentazione
Ok..If we get back to three years ago, the aims that I have set out to myself are listed here. So, principally, the main goals were the development of an innovative measurement technique using non-contact and image-based approach and the introduction of measurement techniques in Terex industry processes during testing and experimental verifications. 
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Note di presentazione
The first theoretical concept that we need to go through this presentation is the thermoelasticity theory. The thermoelastic effect was discovered by Weber in the eighteen thirty nine and formalized by Thomson around fifteen years later. 
Well, it is known that the temperature of a gas decreases when the gas is expanded and increases when it is compressed. A similar effect occurs in solids. In fact, under particular hypothesis, if a structure is dynamically excited by an external force, it experiences in in-phase temperature variations that are proportional to the change of the trace of the stress tensor, that is the first invariant of the stress. The proportionality is given by the thermoelastic coefficient Km, that is an inherent property of each material.
The temperature variation is measured using an infrared detector which is able to produce bidimensional maps of temperature, and thus of stress. For scientific purpose, cooled focal-plane arrays are usually used considering their high performances if compared to the other detectors.

In order to get familiar with this measurement technique, I worked on several research and industrial projects in the first two years of my phd. 
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PRIN Project 2015-2020: Experimental verification of stress distribution on complex
structures realized using additive manufacturing technologies
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Airless wheel prototype

Investigating additive manufactured lattice structures: a multi-instrument approach

G. Allevi, L. Capponi, G.. Rossi et al.; IEEE (2019)

Structural Characterization of Complex Lattice Parts by Means of Optical Non-Contact Measurements
R. Montanini, G. Rossi, A. Quattrocchi, D. Alizzio, L. Capponi, R. Marsili, T. Tocci; IEEE (2020)
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Note di presentazione
The first activity was performed in a PRIN project, and it involved laboratory tests on complex trabecular structures realised using additive manufacturing technologies, with the aim of experimentally determine the stress distribution and to validate the numerical simulations.
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Stress distribution identification on a lifting
machinery welded component using
thermoelasticity

Applications

Thermoelasticity-based stress identification on

scaled lifting machinery components
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Relatore
Note di presentazione
An industrial activities involving thermoelasticity were conducted in collaboration with Terex. The first one was the experimental verification of the stress concentrations on a welded component that was subjected to critical behaviour by means of classic thermoelastic approach. 

Another activity was conducted with the aim of research the potential stress distribution identification using the thermoelasticity not on real components, but on scaled components of lifting machinery. These components were realized thorough additive manufacturing technologies and this research demonstrated that by using less complex instrumentation and test benches, in definitely shorter time frames, the stress identification can be more easily performed.
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Experimental tests on CFRP robot for the online-monitoring of
San Giorgio’s Bridge

C( ISTITUTO
ITALIANO DI
CAMOZzI TECNOLOGIA

Thermoelasticity and arUCO markers-based model validation of polymer structure:
application to San Giorgio's bridge online-monitoring CFRP robot
L. Capponi, T. Tocci, M. D’Imperio, S. Haider, M. Scaccia, F. Cannella, G. Rossi (In Press)
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Note di presentazione
The thermoelasticity was also involved in another research activity that I worked on. I performed experimental tests on the carbon fiber robot that was mounted for the online-monitoring of the new san Giorgio’s bridge, in Genova. This activity was performed in collaboration with the Italian Institute of Technology. In this research, besides several other experimental tests, the thermoelasticity was used in order to define the stress profiles on two critical areas on the structure. Then, the stress concentration factors were compared to the FEM model results in order to validate the design and the numerical simulations.
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pysfmov: Allows to get raw data and metadata from thermal
video saved from FLIR camera software

pyLIA: Performs digital lock-in analysis, giving amplitude and
phase of thermoelastic signal

ThermCoeff: Allows the thermoelastic coefficient identification
by means of strain-gauge calibration procedure

IR_FLife: Complete package for thermoelasticity-based modal
damage identification
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Thermoelasticity-based analysis: collection of python packages
L. Capponi; Zenodo (2020)
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Note di presentazione
Considering the several analysis that need to be performed for thermoelastic stress analysis, multiple software were developed during my research. At the beginning of my PhD I used to use Matlab environment for data analysis and presentation. However, by considering the potentiality of open-source software, last year I switched to python usage, and I developed and published four different Python packages to perform thermoelasticity-based analysis. Moreover, I also built a free application, that is based on these packages, with a graphical user interface, that allows to easily perform several analysis, such as load a thermal video, perform a digital lock-in analysis, obtain the thermoelastic coefficient through the strain-gauge procedure and other time and frequency based data analysis.
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Structural dynamics in frequency domain
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Vibration Fatigue by Spectral Methods: From Structural Dynamics to Fatigue Damage
J. Slavic, M. Mr8nik, M. Cesnik, J. Javh, and M. BolteZar, Elsevier (2020)

Theoretical and experimental modal analysis

N. M. M. Maia and J. M. M. Silva ; Research Studies Press (1997)
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Note di presentazione
Now that the thermoelasticity has been detailed described, another theoretical concept that we need to address is the structural dynamics in the frequency domain. 
Every mechanical system with N degrees of freedom can be represented as shown in figure.
Besides the calculation in details, we can say that the Frequency Response Function expresses the frequency domain relationship between the input and the output of a linear and time-invariant system. 
It is usually used also to identify the resonant frequencies, the damping and the mode shapes of structures. However, modal reduction approach is generally taken into account for reducing the complexity of mechanical models and increasing the computational efficiency of frequency methods. Practically, only the modes in the frequency range of interest are considered and the other are neglected.
Under these considerations, the modal stress power spectral density can be defined from the power spectrum of the input and from the frequency response function of the system. It will be very useful for further analysis.
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Engine suspension experimental characterization for cooling fan and radiator Genie
damageability reduction



Relatore
Note di presentazione
A structural dynamics related experimental research that I worked on with Terex concerned the dynamic characterization of the engine dampers of a lifting machinery. In particular, due to extreme vibrations of the engine, the cooling fan was often subjected to damage. Laboratory test were performed in order to define the frequency response function of three potential different damper models and then, the one that was found to be the best solution was mounted on the machinery and ground-tests were performed in order to validate the system configuration. 
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Damage evaluation
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M. Mr8nik, J. Slavic, and M. BolteZar; International Journal of Fatigue (2013)
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Relatore
Note di presentazione
The last theoretical concept that we address is the fatigue damage evaluation. Several methods have been proposed in years in both time and frequency domain. 
The linear damage accumulation rule, that is also known as Palmgren-Miner’s rule, is probably the most commonly used approach. The intensity is evaluated considering the ratio between the number of cycles and the number of cycles to failure at particular stress amplitude, obtained from the endurance curve of the material.

However, frequency domain-based methods are usually preferred, for both computational efficiency and process description reasons. 
Two of the most established and promising spectral methods proposed in years are the methods of Dirlik and of Tovo-Benasciutti.
Besides the detailed definitions, both of them rely on the power spectral density of the stress response, as we saw before, and on the endurance curve parameters of the material. 
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Damage evaluation using thermal information
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Relatore
Note di presentazione
We need to take into account that image-based acquisitions do not give local information, but a bidimensional information. Due to this, we just need to change the notation of our equations. For example, here, AI and JAY identify each particular pixel in the field of view of the camera. And thus, we are able to define a map of Power Spectral Density of the response in terms of temperature variations, and use it to determine maps of the damage intensities.
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Relatore
Note di presentazione
This research proposes a different method that is able to decompose the total damage and obtain the damage contribution given by each particular mode from a single experiment. Under the hypothsis of well separeted mode shapes, the amplitudes of the response far from the natural frequency corresponding to this particular mode are negligible. Consequently, this modal response can be considered as a narrow-band process.
The miner’s rule is once again considered but used in a different way, where nr is the number of cycles per second related to the natural frequency of the mode r and Nσi,j is the number of cycles to failure at a particular stress amplitude σi,j. that is defined by the Fourier Transform of the stress time-history, obtained by means of thermoelasticity.
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Relatore
Note di presentazione
In summary, while the standard spectral methods determine the damage intensity using the entire power spectral density of the stress response, the proposed modal decomposition approach separates each mode contribution and obtain the damage related to each mode shape. 
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Note di presentazione
This method was experimentally tested on a Y-shaped sample made of aluminium alloy, whose thermoelastic coefficient was initially determined by means of a standard strain-gauge calibration. The surface of the sample was conditioned with a black-matt paint in order to enhance and homogenize its emissivity. Two dead steel masses were fixed at each branch in order to modify its structural dynamics.
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Relatore
Note di presentazione
The second step, in fact, was the determination of the structural dynamics properties of sample by means of experimental modal analysis. In this research the sample was excited in two orthogonal directions as shown in figure. A sine sweep excitation test was performed in order to determine the frequency response function of the sample.
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Note di presentazione
Two orthogonal mode shapes were found in the frequency range of operation at natural frequencies of 33 and 55 Hz, excited horizontally and vertically, respectively. A numerical simulation was performed and the same results were obtained.
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Note di presentazione
Once the structural dynamics of the sample was solved, the setup and the excitation were prepared. Basically, a random multiaxial excitation loads at four different levels in each directions were given to the sample, for a total of sixteen experimental combinations. During the vibration tests, the temperature of the surface of the sample was measured with a thermal camera. However, as the number of experiments is relatively high, special attention will be given to four corner experimental setups.
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Relatore
Note di presentazione
The analysis are focused at two particular locations, related to the areas where the modal stress is mostly concentrated. The locations are defined by the two mode shapes at 33 and 55 Hz and in these locations the temperature time-histories acquired during the vibration tests were exported and through the thermoelastic coefficient, converted in stress time histories.


UNIVERSITA

DI PADOVA

bl ST Thermoelasticity-based modal damage identification

Vertical excitation PSD [{(m/ 523/ /Hz|

Excitation

4
= |st mode location 2 8 || |
= s O mode location £
= 2
= L
ERUE i
f
q
Drs,. = Dys, (=) —|Aor, . (@)I?,B,k
= ] - jutti: L. = A e — |AO0" w
z Tovo-Benasciutti: Drp,; = Drp, q LT, | Twuy, |“, B,
.‘i. 1 :
Z 104 1 1
= ] R - N - _ 2
E ] Dirlik: DDKi,j - DDKi’j q Z T |AO-Twui'j ((U)l ,B, k
7 u=1
L ) :
Modal damage: D; ; =ZD - =Zn —T(Aa-- w )
0 % 40 60 80 100 0 2 40 60 S0 100 9 LJ Tij "\B U( r)
Frequency [Hz| Frequency [Hz] r r

Lorenzo Capponi Development of non-contact, full-field, stress and strain measurement techniques applied to lifting machinery’s components 21


Relatore
Note di presentazione
The stress amplitude was evaluated separately at these two particular locations, which correspond to the 1st and 2nd mode damage locations. 
The stress-amplitude spectrum close to zero frequencies is a methodological error and corresponds to the static surface temperature.
As discussed in the theory section, the thermal information  was used to compute the damage intensity with the three different methods.
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Relatore
Note di presentazione
Similarly as before, the four images are relative to the four corners combinations. The spatial information give relatively good insights on the damage location and on the damage intensities. However, if we consider all the results of all the sixteen combinations the results at high levels of excitation directions are not consistent with our expectation; the highest damage intensity should be at the high excitation level for both natural frequencies in focus. The reason for this inconsistency can be attributed to the relatively high level of the noise in the thermal camera measurement, and to the fact that spectral methods rely on the entire power spectrum of the response, not just on the information around each natural frequency, resulting in a potentially uncertain damage intensity.
On the other hand the modal damage intensities are consistent with expectations. A high level of excitation always results in a higher level of damage intensity


DEGLI STUDI

DI PADOVA

Thermoelasticity-based modal damage identification

1074

= = Force
- Acceleration

= Full FRF

20

Lorenzo Capponi

T
40 6l

Frequency [Hz]

Horizontal excitation PSD [N?/Hz

f1 = 33 [HZz]

GO

1.0e-19

7.5e-20

220

Damage intensity

Horizontal excitation PSD [N?/Hz|

16 -

fo = 55 [Hz]

142.23

147.99

100

-1

4]

Development of non-contact, full-field, stress and strain measurement techniques applied to lifting machinery’s components 23

1.0e-19

75020

2.6e-20

Lie-21

Damage intensity


Relatore
Note di presentazione
And If we go into the modal decomposition, since the modal damage identification relies on the information at resonance, the proposed method is not impacted by the uncertainty observed in the spectral moments method.
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Thermoelasticity-based modal damage identification

e Spatial information

e Visual mode shape definition

* Insensitive to uncertainty even using small-dynamic-range sensor
* Modal damage information

* Robust and theoretically-supported

* Promising also for online-monitoring and off-grid applications
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Note di presentazione
We can conclude that the proposed thermoelasticity-based approach presents several advantages if compared to the standard methods.
Firstly, the spatial information is given in the entire field of view of the camera, while classical stress measurement technique (such as strain gauges) give only local information. Thus, natural frequencies and mode shapes can be obtained. As presented before, this method is robust to the uncertainty shown by the spectral methods and moreover, it allows the identification of the damage caused by each particular mode.
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Note di presentazione
Just few words on my side projects.
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Side projects

Thermoelasticity-based experimental tests for Terex lifting machinery factory. ﬁUCEP e IFIC‘_
Master thesis supervisor for four student’s traineeships in Terex lifting machinery factory. 2 RENTACT
Acoustic measurement in anechoic chamber for DeWalt circular saws noise reduction. “ —

Optimization of wood dust emission from DeWalt circular saws. KORG (Y)5i5:0G

Vibration fatigue accelerated test on Korg musical products packaging.

Vibration fatigue test on Renzacci S.p.a. machinery components.

Design of innovative solutions and experimental tests for SIS.Tg products.

Design of innovative additive manufacturing solutions for Igea Pro Srl.

Experimental tests on polymer online-monitoring robot of San Giorgio’s Bridge in collaboration with Camozzi
Group, Inse Berardi and Italian Institute of Technology (lIT).

Training courses on additive manufacturing technologies for Terex Srl and TUCEP

Training course on experimental frequency analysis for Terex Srl.

Practical exercising in Bachelor's and Master’s in Mechanical and Thermal Measurement courses at the
Department of Engineering of University of Perugia.

Scientific collaboration with 3DFIC for the development of new technologies for medical applications

Scientific collaboration with the Laboratory for Dynamics of Machines and Structures (LADISK) of the Faculty of
Mechanical Engineering of the University of Ljubljana

Scientific collaboration in a national project on non-contact experimental characterization of trabecular
structures and airless prototype realized through additive manufacturing technologies

Scientific collaboration with medical equips for the development of optimized CPAP masks during Sars-COV-2
pandemic.
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In these three years I collaborated with several national and international research groups and industries for multiple activities.


UNIVERSITA

T Side projects

» Theoretical and experimental analysis of lifting machinery efficiency: hydraulic Gmie
and mechanical transmissions ATEREXDRAND

» Theoretical and experimental verification of energy saving of an electric Gravity
Lowering System

» Training courses



Relatore
Note di presentazione
With Terex, besides what I already described before, other research activities, which go beyond the employment of the thermoelasticity, were performed.
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Development of optimized CPAP masks during Sars-COV-2
pandemic: snorkelling mask adapted for NIV process

INHS|

Barts Health

NHS Trust
[« — me=== Snorkelling
o === Medical
~N 8-
y :::EJ j = Helmet
MODIFIED g — original
Snorkelling Medical Helmet INPUT-OUTPUT 26 ---- Modified
CONFIGURATION S g
]
o
2 44
[+}
5 31
o
T 5
l T T T T T T
4 6 8 10 12 14

Mean pressure [cmH20]

Performance assessment of medical and non-medical CPAP interfaces used during the COVID-19 pandemic
M. Marini, L. Capponi et al. (In Press)
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Considering the dramatic year due to the pandemic, with my research group we developed an optimized snorkelling mask for CPAP ventilation for intensive care units, in collaboration with two hospitals of Foligno and Ancona.
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Papers and conferences

Non-stationarity index in vibration fatigue: Theoretical and experimental research;
L. Capponi, M. Cesnik, J. Slavi¢, F. Cianetti, M. Boltezar; International Journal of Fatigue (2017)

The relevance of non-stationarities and non-Gaussianities in vibration fatigue;
M. Cesnik, J. Slavi¢, L. Capponi, M. Palmieri, F. Cianetti, M. Boltezar; MATEC Web of Conferences (2018)

Census Transform Based Optical Flow for Motion Detection during Different Sinusoidal Brightness Variations;
G. Allevi, L. Casacanditella, L. Capponi, R. Marsili, G. Rossi; Journal of Physics: Conference Series (2018)

Investigating additive manufactured lattice structures: a multi-instrument approach;
G. Allevi, L. Capponi, P. Castellini, P. Chiariotti, F. Docchio, F. Freni et al.; IEEE 12MTC (2019)

Non-stationarity and non-Gaussianity in Vibration Fatigue;
J. Slavi¢, M. Cesnik, L. Capponi, M. Palmieri, F. Cianetti, M. BolteZar; Sensors and Instrumentation, (2020)

Collection of experimental data for multiaxial fatigue criteria verification;
G. Morettini, L. Capponi, C. Braccesi, F. Cianetti, S.M.J. Razavi, K. Solberg; FFEMS (2020)

Thermoelasticity-based modal damage identification;
L. Capponi, J. Slavi¢, G. Rossi, M. Boltezar; International Journal of Fatigue (2020)

Structural Characterization of Complex Lattice Parts by Means of Optical Non-Contact Measurements;
R. Montanini, G. Rossi, A. Quattrocchi, D. Alizzio, L. Capponi, R. Marsili; IEEE 12MTC (2020)

Thermoelastic stress analysis on rotating and oscillating mechanical components;
L. Capponi, R. Marsili, G. Rossi, T. Zara; International Journal of Computational Engineering Research (IJCER) (2020)

Suction system vapour velocity map estimation through SIFT-based algorithm;
T. Tocci, L. Capponi, R. Marsili, G. Rossi, J. Pirisinu; Journal of Physics: Conference Series (2020)

INNOVATION CONFERENCE
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This is a summary of the scientific papers that I published in these three years and of the conferences and events that I attended.
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)

* Learnt measurement techniques, dedicated software and improved laboratory skills
» Experience in Terex lItalia Srl factory

* Deepened Thermoelasticity technique

» Educational activities

* National collaborations with industries and research groups
» Research projects in collaboration with Terex Italia Srl factory
» Educational activities

0,0
e  Scientific papers and conferences o

* International collaborations with industries and research groups
* Educational activities

»  Visiting PhD period abroad

e  Scientific papers and conferences

*  PhD thesis writing

ELSEVIER

 Admission to final exam
« PhD defence
 PhD degree
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And here a synthetic overview of my phd course activities
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Conclusions

Development of a new measurement method using image-based
and non-contact techniques

Introduction of measurement techniques in industry processes
Software development

Production of scientific papers

Participation at conferences and scientific events

National and international collaborations
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Note di presentazione
I conclude this presentation by positively checking all the goals that I have set out to myself at the beginning of my research.


Thanks for the attention
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