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Résumé

Imager l'architecture interne de structures vibrantes rapides reste un défi dans de nombreux domaines, notamment pour l'étude des oscillateurs biologiques, la mécanique des matériaux et l'ingénierie des procédés. En particulier, la quantification des déformations 3D subies par les plis vocaux pendant la phonation, i.e. des structures souples renforcées par des fibres et vibrant à des fréquences allant de 50 à 1500 Hz, est attendue pour lever certains verrous scientifiques en biomécanique de la voix. Pour relever ce défi à plus long terme, nous avons développé une nouvelle méthode basée sur des études pionnières proposées pour imager le mouvement périodique 3D d'oscillateurs biologiques à l'aide de la microtomographie à rayons X stroboscopique, mais jusqu'à présent majoritairement limitée à des mouvements basse-fréquence en deçà de 10 Hz. Notre approche vise à optimiser les procédures d'acquisition et de reconstruction d'images, en minimisant les "streaks" et autres artefacts dus au flou de mouvement tout en améliorant la résolution spatio-temporelle de la technique d'imagerie, et à étudier la vibration de structures multiéchelles à des fréquences plus élevées. Pour ce faire, nous avons couplé une approche numérique basée sur des simulations de tomographie à l'échelle de particules vibrantes de géométrie 3D connue et idéale (sphères ou fibres), avec des campagnes expérimentales menées sur des microtomographes de laboratoire et synchrotron, à l'aide d'un dispositif vibromécanique polyvalent développé sur mesure. Combinés à des mesures de champs cinématiques, ces développements ont permis de caractériser le mouvement et la déformation induits par la vibration de composites mous microstructurés soumis à des charges mécaniques sinusoïdales variées et oscillant jusqu'à 400 Hz, telles qu'observées en phonation. Surmontant ainsi plusieurs obstacles techniques et scientifiques limitant la faisabilité et la reproductibilité de telles investigations, ce travail ouvre la voie à de futures recherches pour mieux comprendre les propriétés vibratoires remarquables des plis vocaux. 

Mots-clés -

General introduction

In 2013, a biomedical innovation took place as a turning point in laryngology field: the first artificial functional larynx (Protip™), successfully implanted into a patient after laryngectomy [START_REF] Debry | Laryngeal Replacement with an Artificial Larynx after Total Laryngectomy: The Possibility of Restoring Larynx Functionality in the Future[END_REF]. Although this remarkable surgery allowed the patient's breathing and swallowing functions to be restored, the designed prosthesis, based on metallic concentric valves, could not restore his phonatory abilities, due to the absence of suitable biomaterials mimicking the role of vocal folds: by contrast with other soft conjunctive tissues commonly replaced by synthetic substitutes since the 1980s (e.g. vascular tissue, ligaments), vocal folds are very challenging to replace by any material showing similar mechanical performances. This is mainly ascribed to a lack of scientific understanding on the histological properties and mechanics of vibrating tissues.

Nowadays, the biomechanical study of the vocal folds is limited by several theoretical and experimental issues. Unlike many soft tissues (arteries, skin), vocal folds are not easily reachable in vivo by any medical 3D imaging technique during phonation (because of their surrounding protective cartilages) including ultrasound imaging as commonly used for soft tissues in vivo diagnosis. The 3D characterisation of each constitutive element at the micrometric scale is a challenge [2] using: (i) 2-photon or confocal laser scanning microscopy due to the limited depth of field for this scale of spatial resolution, around 1-20 µm with a maximal value less than 400 µm with 2-photon excitation; (ii) magnetic resonance imaging (MRI) due to the limited spatial resolution, around 200 µm; (iii) X-ray microtomography in absorption mode, due to the low sensitivity to distinguish fresh biological components owning similar absorptive properties and the low temporal resolution generally achieved. Furthermore, due to the vocal fold small dimensions (10-25 mm long, 5-15 mm thick), ex vivo mechanical tests are very hazardous to interpret without optical tracking of local deformations. Current approaches to mimic the vocal folds for in vitro experiments have led to deformable replicas able to generate self-sustained vibrations. However, they are usually made up of homogeneous elastomers with isotropic microstructures and quasi-linear stress-strain responses, far from those experienced by the vocal folds. Due to these experimental issues, most of the vocal fold mechanical models proposed in the literature rely on phenomenological macroscopic approaches, roughly assuming a homogeneous vocal tissue with linear-elastic properties. Theoretical formulations at the fibre's scale (elastic, collagen and muscular fibres) still need to be developed to better understand the vocal fold unique vibromechanical performances, as well as relevant biomimetic strategies to design relevant architectured biomembranes to replace vocal folds [3].

In this context, since 2015, the 3SR and GIPSA-Lab laboratories together with Grenoble CHUGA and ESRF-ID19 beamline are conducting research to: (i) investigate the vocal fold 3D General introduction fibrous architecture and micromechanics using synchrotron X-ray microtomography and phase contrast imaging mode [2,[START_REF] Cochereau | Human Vocal Fold Structure and Mechanics: Multi-Scale Characterisation and Modelling[END_REF] (PhD Thesis T. Cochereau, Labex Tec21, 2015-2019); (ii) to use these data for the mimetic design and to fabricate fibrous polymeric biomaterials with tailored structural and biomechanical properties [START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF] (PhD Thesis H. Yousefi-Mashouf, ANR MicroVoice, 2018MicroVoice, -2022)); (iii) to model their micromechanics with multiscale models [3]; (iv) to study the in vitro vibration of the replicas [START_REF] Giraud | Testbed Design for In-Vitro Characterisation of Biomimetic Vocal Folds in MAVEBA[END_REF]. The present thesis is in the direct continuation of these works carried out in phonatory biomechanics and 3D imaging of heterogeneous soft tissues. It aims to enable 3D imaging of multi-scale vibrating structures by X-ray microtomography, with the longer term idea of lifting scientific barriers applied to the biomechanics of human voice (e.g. quantification of the deformation of the vocal folds, which can vibrate from 50 to 1500 Hz during phonation). To do so, the general objective of this thesis is to develop a new method to optimise the acquisition and reconstruction procedures to image fast-oscillating structures (from 50 to 400 Hz) at various spatial resolutions (from 10 µm to 2 µm), and thus to characterise in 3D the microstructures and multiscale deformation mechanisms of soft composites.

The work will be more precisely dedicated to the study of artificial soft materials used to mimic human vocal folds, in forced oscillation regime (controlled frequency and amplitude).

The thesis is structured in three major chapters, completed by nine Appendices (A to I), describing the step-by-step developments carried out for this purpose:

• Chapter 1 presents a state-of-the art of the methods applied to image the dynamic of the vocal folds, followed by a short review of the developments of X-ray tomography for fast evolving phenomena including tomoscopy, stroboscopic and gated techniques.

• Chapter 2 describes a procedure for optimising the acquisition and reconstruction settings of stroboscopic retrospectively gated X-ray tomography in order to guarantee the feasibility and reproducibility of the study while improving image quality by limiting the induced artefacts.

• Chapter 3 details the applications of the aforementioned optimisation in the case of stroboscopic gated-tomography experiments conducted on fast deforming samples subjected to sinusoidal loadings, and an exploration of the possibility to measure kinematic fields on the reconstructed data.

This thesis has been realised in close collaboration with ID19 beamline in ESRF (Ludovic Broche -proposal MA-5278) and with PSICHÉ beamline in SOLEIL synchrotron (Andrew King -proposal n • 20210430). It has also benefited from numerous exchanges with the whole consortium of the ANR MicroVoice project (ANR 17 CE19 0015 01, 2018-22), which brought together four partners with complementary expertises: the 3SR laboratory (Univ. Grenoble Alpes / CNRS / Grenoble INP) expert in multi-scale mechanics of materials and structures, the GIPSA-Lab (Univ. Grenoble Alpes / CNRS / Grenoble INP) expert in characterization and modeling of the human voice and speech, the LBTI (CNRS/Univ. Claude Bernard Lyon 1) expert in physico-chemistry of materials and tissue engineering, and the LADAF (CHU Grenoble-Alpes/Univ. Grenoble Alpes) expert in anatomy and medical sciences.

1

State of the art

This chapter presents a state-of-the art of the methods applied to image the dynamic of the vocal folds, followed by a short review of the developments of X-ray tomography for fast evolving phenomena including tomoscopy, stroboscopic and gated techniques. 

Imaging vocal folds

Imaging vocal folds

At first, this section presents a very brief overview of the specific structural and vibro-mechanical properties of human vocal folds. More details on the anatomy of the larynx and physiology of human phonation can be found in previous PhD theses by Cochereau [4] and Yousefi-Mashouf [START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF]. Then, focus is given to the major experimental techniques used to image vocal fold vibrations during phonation, and to their current limitations.

Human vocal folds: structure and vibro-mechanics

Multiscale structural properties

Human vocal folds are one centimetre-scale soft tissues, anteriorly connected to the thyroid cartilage and posteriorly inserted into the arytenoid ones. Adult vocal folds are known to possess a specific lamellar heterogeneous structure comprising two principal layers, as illustrated in Figure 1.1: the lamina propria (thickness ≈ 1-3 mm), which is a loose connective tissue made of cells, a gel-like amorphous ground substance (i.e. hyaluronic acid) and a fibrous networks (collagen Type I-III and elastin arranged in fibre bundles of diameter ranging from 0.1 to 20 µm); and the vocalis muscle (thickness ≈ 7-8 mm), mainly composed of muscle fibres (20-60 µm in diameter).

As shown in Figure 1.1B, micro-imaging techniques based on synchrotron X-ray microtomography in single exposure phase retrieval mode [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF] have recently allowed the observation of these composite structures from the centimetre-scale down to the micrometre-scale in (quasi-)static conditions, so as to characterise the different fibrous networks in 3D, and to progress in the quantification of their major micro-structural descriptors at rest [2,[START_REF] Cochereau | Human Vocal Fold Structure and Mechanics: Multi-Scale Characterisation and Modelling[END_REF].

Vibro-mechanical behaviour

Thanks to pulmonary airflow, vocal folds exhibit forced and periodic oscillations, i.e. oscillations induced by a continuous source of energy. Despite their very small dimensions, these composite structures own remarkable 3D vibro-mechanical performances, allowing them to generate an outstanding range of sounds. Such performances are possible due to two major properties of human vocal fold tissues:

• the ability to endure large reversible 3D deformations during phonation, typically 20-50% stretching during speech variations. Such elastic recoil takes place despite of the periodic collision and mechanical stresses the vocal folds are subjected to for many hours daily;

• the ability to vibrate with a fundamental frequency that can be tuned from less than 50 Hz to more than 1500 Hz (mean value of 125 to 210 Hz in men/women speech), related to tonal pitch. This vibrating frequency is much higher than that of other biological oscillators (heart/respiratory frequency being around 1 Hz).

During phonation, vocal folds are deformed due to pulmonary airflow and laryngeal motions, enduring vibrations of various amplitudes, frequencies and degrees of collision. These multiple configurations imply complex and coupled 3D mechanical loadings, experienced by the tissue [2,[START_REF] Cochereau | Human Vocal Fold Structure and Mechanics: Multi-Scale Characterisation and Modelling[END_REF][START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF] upon finite strains and at various strain rates [START_REF] Cochereau | Mechanics of Human Vocal Folds Layers during Finite Strains in Tension, Compression and Shear[END_REF]. These loadings include combined longitudinal tension and compression along the antero-posterior direction e ap (cf. Figure 1.1); transverse compression due to arerodynamic forces and vocal fold collision along the medio-lateral direction e ml ; longitudinal and transverse shears due to oscillatory motion along the infero-superior direction e is and friction stresses between both vocal folds.

Today, current understanding of the multiscale histological features of the vocal folds is still insufficient to link their vibro-mechanical performance to their hierarchical 3D structure. This motivates the use of full-field 3D imaging to capture these features in human vocal folds under mechanical load.

1.1. Imaging vocal folds

Main investigation techniques of vocal fold vibrations

Vocal fold vibrations cannot be perceived by the human eye, unable to read a sequence of distinct images beyond a frequency of 25 Hz. Thus, for decades, vocal folds dynamics have been examined using direct or indirect measures of vocal fold motion [START_REF] Švec | Videokymography: High-speed Line Scanning of Vocal Fold Vibration[END_REF][START_REF] Deliyski | High-Speed Videoendoscopy: Recent Progress and Clinical Prospects[END_REF][START_REF] Doellinger | The Next Step in Voice Assessment: High-Speed Digital Endoscopy and Objective Evaluation[END_REF][START_REF] Andrade-Miranda | Laryngeal Image Processing of Vocal Folds Motion[END_REF] such as laryngoscopy or optical coherence tomography (OCT). In the following, the two main imaging techniques used in clinical context and/or voice research to provide a direct visualisation of vocal folds vibrations are presented.

Laryngoscopy

Laryngoscopy allows direct exploration of the larynx during phonation. Laryngoscopic methods require a source of light illuminating the larynx from above, using a rigid (introduced through the mouth) or flexible (introduced though the nose) endoscope. They allow to visualise the laryngeal movements in a horizontal upper view, in particular the adduction and abduction on the length of the vocal folds.

Videostroboscopy -Based on the principle of stroboscopy, this method allows "slowed down" upper views of the vibratory motion of the vocal folds to be recorded in order to facilitate voice assessment. This is achieved by illuminating them discontinuously at a period close to their fundamental period of vibration, thus capturing successive phases of the glottic cycle. As shown in Figure 1.2A, a cycle can thus be reconstructed from images taken over several consecutive cycles at times slightly more than one cycle period apart. However, this method cannot detect aperiodicities associated with certain vocal qualities since it requires a quasi-periodic vibration nor 3D views of the tissue.

High-speed cinematography -High-speed cinematography allows continuous recording of upper 2D images of the illuminated glottis at much higher speeds, from 2,000 to 20,000 frames per second [START_REF] Echternach | Vocal Fold Vibrations at High Soprano Fundamental Frequencies[END_REF], which provides 20 to 200 images per glottic cycle for a fundamental frequency of 100 Hz. This method, although very expensive (in time, memory space, material cost, etc.), allows to visualise details of the glottal horizontal motion in (e ap , e ml ) that would be missed with more classical methods, such as transient or aperiodic phenomena.

Videokymography -Videokymography, developed by Švec & Schutte [START_REF] Švec | Videokymography: High-speed Line Scanning of Vocal Fold Vibration[END_REF], uses a modified CCD video camera, which can operate at standard speed (25-50 frames per second) or at fast speed, selecting only a narrow visual band of the full upper 2D images so that up to 8,000 lines per second can be displayed. These lines are stacked with each other to create a videokymographic image (or kymograms) representing the evolution over time of the selected lines of the laryngeal structures (cf. Figure 1.2B).

Optical coherence tomography (OCT)

Although laryngoscopic methods are still the most commonly used in clinical practice, OCT has developed in recent years [START_REF] Kobler | Dynamic Imaging of Vocal Fold Oscillation with Four-Dimensional Optical Coherence Tomography[END_REF][START_REF] Chang | Triggered Optical Coherence Tomography for Capturing Rapid Periodic Motion[END_REF][START_REF] Coughlan | In Vivo Cross-Sectional Imaging of the Phonating Larynx Using Long-Range Doppler Optical Coherence Tomography[END_REF][START_REF] Benboujja | Quantitative Evaluation of the Human Vocal Fold Extracellular Matrix Using Multiphoton Microscopy and Optical Coherence Tomography[END_REF]. This 3D imaging technique consists in probing a tissue [START_REF] Deliyski | High-Speed Videoendoscopy: Recent Progress and Clinical Prospects[END_REF][START_REF] Bailly | Interaction entre cordes vocales et bandes ventriculaires en phonation : exploration in-vivo, modélisation physique, validation in-vitro[END_REF][START_REF] Kobler | Dynamic Imaging of Vocal Fold Oscillation with Four-Dimensional Optical Coherence Tomography[END_REF] 1.1. Imaging vocal folds sample with infrared light and is based on interferometric methods to detect light reflected from up to 3 mm within the tissue. Although very promising to capture the lamellar structure of the vocal folds during in vivo vibration (cf. Figure 1.2C), this technique is severely limited for the characterisation of the several fibrous networks in the lamina propria layers and the vocalis, due to the limited spatial resolution of about 10 µm and to the strong attenuation of light beneath the lamina propria layer [START_REF] Coughlan | In Vivo Cross-Sectional Imaging of the Phonating Larynx Using Long-Range Doppler Optical Coherence Tomography[END_REF][START_REF] Benboujja | Quantitative Evaluation of the Human Vocal Fold Extracellular Matrix Using Multiphoton Microscopy and Optical Coherence Tomography[END_REF][START_REF]Sataloff's Comprehensive Textbook of Otolaryngology Head and Neck Surgery[END_REF].

Despite advances in biomedical imaging, the 3D multiscale rearrangement of the vocal folds during vibration still needs to be explored to improve the knowledge of tissue deformation mechanisms at macro-and microscale. However, gold-standard laryngoscopic methods used in clinics only provide partial 2D upper views of the vocal folds. Recent OCT technique is a promising tool for real-time in vivo tissue imaging at the micrometric scale, but is still limited by its current spatial resolution and technical limitations that prevent access to the fibrous networks of the vocal fold. Therefore, in the following, accounting for the encouraging results obtained using X-ray microtomography to characterise unloaded vocal folds at the micron scale (cf. Figure 1.1B), and based on pioneering studies showing the feasibility to extend the technique to periodic vibration (cf. details thereafter) [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF], the thesis will focus on the potential of X-ray microtomography to image biological oscillators at several scales and relevant time resolutions.

Chapter 1. State of the art 1.2 X-ray microtomography 1.2.1 General principle X-ray computed tomography (CT) is a non-destructive imaging technique that uses X-rays to create a digital 3D greyscale representation of the internal structure of an object. The process involves taking a series of 2D radiographs (alias projections) of the object from different angles, and then using a computed reconstruction algorithm to create a stack of cross-sectional slices (alias tomogram). This method can provide detailed information at multiscales, from metres down to tens of nanometres. One of the main advantages of X-ray CT over other techniques is that it is non-destructive, making it useful for examining delicate samples that cannot be easily sectioned otherwise, such as cultural artefacts or medical samples [2,[START_REF] Morigi | Application of X-ray Computed Tomography to Cultural Heritage Diagnostics[END_REF][START_REF] Withers | X-Ray Computed Tomography[END_REF]. It can also be used to monitor the evolution of 3D structure over time, for example, to track the progress of a fluid through rock or to follow the growth of a malignant tumor undergoing treatment [START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Van Offenwert | Pore-Scale Visualization and Quantification of Transient Solute Transport Using Fast Microcomputed Tomography[END_REF][START_REF] Seeram | Computed Tomography: Physical Principles, Clinical Applications, and Quality Control Fourth edition[END_REF]. Mostly used with attenuation contrast, X-ray CT can be employed with phase contrast to distinguish different materials with low differences in density [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF][START_REF] Cloetens | Holotomography: Quantitative Phase Tomography with Micrometer Resolution Using Hard Synchrotron Radiation x Rays[END_REF][START_REF] Vågberg | X-Ray Phase-Contrast Tomography for High-Spatial-Resolution Zebrafish Muscle Imaging[END_REF]. The selection of voxel size is critical and smaller voxel sizes mean better resolution but it also tends to increase the acquisition time and computational reconstruction task. A more exhaustive description of X-ray CT imaging can be found in [START_REF] Withers | X-Ray Computed Tomography[END_REF]. The quantitative analysis of the data obtained from X-ray CT is out of the scope of this section. Only analysis specifically applied to gated-CT will be described in the next section 1.3. A detailed review on the subject can be found in [START_REF] Maire | Quantitative X-ray Tomography[END_REF].

Experimental configuration and X-ray sources

A CT scanner is composed of three primary physical components, which are the X-ray source, detector, and sample stage. According to the sample being imaged and the type of the X-ray source, different configurations can be used as illustrated in Figure 1.3A-C. In laboratory tomograph, Xray tubes that provide a conic and polychromatic X-ray beam are commonly employed. A tunable geometrical magnification is obtained by moving the sample between the source and the detector. On the contrary, synchrotron beams can be considered as parallel, spatially coherent and can be monochromatic. They offer many orders of magnitude more flux than tube sources and using adapted optics, a monochromatic beam can be selected from the X-ray energy spectrum. Because of the difference in X-ray flux, scanning times range from minutes to hours with tube X-ray source CT instruments and from milliseconds to minutes with synchrotron sources [START_REF] Pacilè | Advanced High-Resolution Tomography in Regenerative Medicine[END_REF][START_REF] Murtaza | Towards Improved Laboratory X-ray Tomography Imaging: Optimization of Acquisition Parameters and Use of Photon-Counting Detectors[END_REF].

Imaging modalities

Absorption -When imaging in absorption, the contrast in each projection is related to the attenuation of the X-ray beam as it passes through the object. The Beer-Lambert's law described this exponential intensity decrease of the transmitted beam compared to the incident intensity. As a result, each reconstructed slice is a map of the linear attenuation coefficient for the corresponding section of the object. The achievable contrast sensitivity and spatial resolution depend strongly on the CT instrument, the sample, and the data acquisition parameters. Phase-contrast -Sometimes, the absorption imaging may not be sufficient for specimens with similar attenuation coefficients (i.e. directly related to similar atomic numbers), such as soft tissue. In such cases, phase contrast imaging can provide better contrast (cf. Figure 1.4). Phase shifts can be indirectly detected by measuring modulated intensity patterns using experimental approaches such as propagation-based imaging commonly used for biological samples [2,[START_REF] Vågberg | X-Ray Phase-Contrast Tomography for High-Spatial-Resolution Zebrafish Muscle Imaging[END_REF][START_REF] Dudak | High-Contrast X-ray Micro-Radiography and Micro-CT of Ex-Vivo Soft Tissue Murine Organs Utilizing Ethanol Fixation and Large Area Photon-Counting Detector[END_REF][START_REF] Walsh | Imaging Intact Human Organs with Local Resolution of Cellular Structures Using Hierarchical Phase-Contrast Tomography[END_REF], Zernike phase contrast, grating interferometry, edge illumination methods, or dual-energy CT. High-quality phase contrast images often require spatially coherent radiation and the use of advanced X-ray source technology. However, detectors cannot directly measure phase shifts, and the phase information must be retrieved from the recorded intensity patterns using phase retrieval methods such as Paganin's method [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF] for propagation-based phase contrast imaging [START_REF] Withers | X-Ray Computed Tomography[END_REF]. [START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Hellerhoff | Assessment of Intraductal Carcinoma in Situ (DCIS) Using Grating-Based X-ray Phase-Contrast CT at Conventional X-ray Sources: An Experimental Ex-Vivo Study[END_REF].

X-ray microtomography

Volume reconstruction

Reconstruction algorithms use mathematical methods to transform the dataset of 2D radiographs into 3D greyscale images of the object based on the Radon transform. The most commonly used analytic method is the filtered backprojection, which takes each projection and mathematically projects it back along the angle at which it was recorded to produce a sinogram (Figure 1.3D(iiii)), which shows the variation in attenuation across the row of pixels as the projection angle varies. The backprojection algorithm takes each projection making up the sinogram and projects it back mathematically (Figure 1.3D(iv-v)). Filtered backprojection corrects blurring introduced by backprojection by applying a filter to the projections (Figure 1.3D(vi)). For cone beam CT the principle is similar nevertheless the absorption path has to be treated as 3D because the diverging beam produce sets of rays that contribute to more than one slice. Also, this requires the collection of projections for more than 180 • (typically at least 180 • + fan angle) for cone beam geometry. The minimal number of projections needed to recover an acceptable image is estimated by the Nyquist-Shannon sampling theorem and is equal to qπ/2 with q the number of pixels across the diameter of the object. If the projection space sampling is too sparse or not equi-angular, artefacts occur on the reconstructed data. However, iterative reconstruction methods can generate highquality reconstructions when the data is very noisy and sparse by incorporating prior knowledge to the workflow, but they require a higher computational burden [START_REF] Batenburg | DART: A Practical Reconstruction Algorithm for Discrete Tomography[END_REF]. Nowadays, artificial intelligence (AI)-based reconstruction methods demonstrate better results for noisy and sparse datasets as well as great capability to improve the spatial sampling of reconstructed data. [START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Pelt | Fast Tomographic Reconstruction From Limited Data Using Artificial Neural Networks[END_REF][START_REF] Pelt | Improving Tomographic Reconstruction from Limited Data Using Mixed-Scale Dense Convolutional Neural Networks[END_REF] Limitations Artefacts -Imaging artefacts can impact the interpretation and quantification of X-ray tomograms and must be recognised and accounted for. The most common types of artefacts include concentric rings, beam hardening, limited projection artefacts, phase contrast artefacts, partial volume effect, streaking artefacts, motion artefacts, and cone beam artefacts as partly depicted in Figure 1.5. A description of the causes of these artefacts can be found in Withers et al. [23]. Strategies for minimizing or correcting these artefacts are available. For instance, concentric ring artefacts can be eliminated during acquisition or corrected during the reconstruction by sinogram processing or flat-field correction. Beam hardening artefacts can be reduced through beam filter-1.2. X-ray microtomography ing with an absorbing material. Motion artefacts can be minimised through faster or lower dose scanning strategy. Also, iterative reconstruction algorithm can reduce streaks due to undersampled projection space [START_REF] Withers | X-Ray Computed Tomography[END_REF]. Radiation dose -X-ray CT is widely accepted to be a non-destructive imaging technique. However, it is worth mentioning that the capability of obtaining satisfactory tomographic image at a higher resolution is directly linked to the provided X-ray dose and flux. High doses and high X-ray flux can cause radiation-induced damage and introduce artefacts, even in materials that are generally regarded as radiation-insensitive. Also, it is known that low-energy X-rays are more detrimental than high-energy X-rays in terms of radiation damage. In order to reduce structural damage to biological specimens and polymers due to localised heating, cryogenic cooling systems can be implemented for such experiments. Furthermore, phase contrast CT has to be considered when looking for dose mitigation strategies because it could drastically improve the contrast without increasing the dose compared to attenuation contrast [START_REF] Withers | X-Ray Computed Tomography[END_REF].

X-ray tomography is a technique able to reveal the 3D multiscale internal structure of materials down to the nanometer scale. Typical scanning times range from minutes to hours, principally according to the type of X-ray source in use. Phase contrast imaging methods are particularly appropriate to enhance the low density variations of soft materials such as biological tissues. However, the technique is still limited by image artefacts and radiation dose considerations.

Chapter 1. State of the art 1.2.2 Time-resolved tomography X-ray tomography can be used to investigate time-dependent properties of materials. For this purpose, several methods have been experimented. The first involves the preparation of samples under different conditions and characterising the resulting series of samples ex situ (cf. Figure 1.6A(a)). One could also use the same process on a single sample (cf. Figure 1.6A(b)). However, those approaches are limited by the scatter in properties caused by practical difficulty to reproduce and interrupt different experimental conditions and to position the samples precisely. A other option is to use in situ interrupted imaging, where the process is stopped and a series of tomograms are taken after each step without removing the sample from the stage. In order to better describe the sample evolution, the most efficient way is to use time-resolved and non interrupted in situ tomography, where the process is not interrupted or slowed down for measurement [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. Such time-resolved tomographic acquisition is referred to by many attributes in the literature so the term tomoscopy [START_REF] García-Moreno | Using X-ray Tomoscopy to Explore the Dynamics of Foaming Metal[END_REF] will be used in the following of this thesis. A more rigorous and complete state of the art of tomoscopy imaging applied to metals can be found in García-Moreno et al. [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. The Figure 1.6B shows the different data acquisition modes for time-resolved tomography. The mode (i) is generally employed for tomoscopy because it allows the fastest scan rate but the other modes allows to limit the recorded data in case of a longer experiment or to perform back-and-forth rotation of the sample in case full turns are not possible.

Tomoscopy

The basic idea behind tomoscopy is to perform a continuous sequence of conventional tomographic acquisition (i.e. continuous 180 • or 360 • rotation), sufficiently short relative to the subject motion speed. It is particularly appropriate for the imaging of fast dynamic process and often the only way to proceed for the study of transient states and unstable samples [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. Tomoscopy at high rate is made possible by the continuous progress of synchrotron sources and dedicated instruments such as high-speed detectors and rotation stages. Numerous studies relate the development of specific endstations for tomoscopy applications [START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF][START_REF] Rack | On the Possibilities of Hard X-ray Imaging with High Spatio-Temporal Resolution Using Polychromatic Synchrotron Radiation[END_REF][START_REF] Mokso | Following Dynamic Processes by X-ray Tomographic Microscopy with Sub-second Temporal Resolution in THE 10TH INTERNATIONAL CONFERENCE ON X-RAY MICROSCOPY[END_REF][START_REF] Lovric | A Multi-Purpose Imaging Endstation for High-Resolution Micrometer-Scaled Sub-Second Tomography[END_REF][START_REF] Mokso | GigaFRoST: The Gigabit Fast Readout System for Tomography[END_REF][START_REF] Schleputz | The Making of 3D Microscopic Movies: A Look Behind the Scenes of the Fast Tomographic Imaging Program at TOMCAT[END_REF][START_REF] Mashita | High-Speed Rotating Device for X-ray Tomography with 10ms Temporal Resolution[END_REF], which benefit from highly brilliant synchrotron X-ray sources allowing very short projection exposure times down to 100 ps [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. As the duration to acquire a single tomogram has reduced a lot the past few years, the acquisition speed can be expressed in tomographies per second (tps). Figure 1.7 shows three cutting-edge experiment results using this technique, imaging in vivo biological samples at 20 tps, a pixel size of 6.6 µm and a field of view (FOV) of 1000 3 vx [46]; fracture propagation during in situ tensile test on a composite material at 20 tps a pixel size of 3 µm and a FOV of 1000 3 vx [47]; or the coalescence of gas bubbles in a metallic foam up to 1000 tps and a pixel size of 2.75 µm and a FOV of 528 × 528 × 120 vx [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]. Other notable high rate tomoscopy investigations include the study of solidification of alloys [START_REF] Salvo | Ultra Fast In Situ X-Ray Micro-Tomography: Application to Solidification of Aluminium Alloys[END_REF] (7 tps, 2.2 µm), pore-scale processes [START_REF] Dobson | 4-D Imaging of Sub-Second Dynamics in Pore-Scale Processes Using Real-Time Synchrotron X-ray Tomography[END_REF] (20 tps, 2.5 µm), laser beam welding [START_REF] Börner | In Situ Observation with X-Ray for Tentative Exploration of Laser Beam Welding Processes for Aluminum-Based Alloys[END_REF] (100 tps, 2.75 µm), and Talbot interferometry phase contrast of a living worm [START_REF] Momose | Four-Dimensional X-ray Phase Tomography with Talbot Interferometry and White Synchrotron Radiation: Dynamic Observation of a Living Worm[END_REF] (2 tps, 12.7 µm). At sub-micron resolution, the scan rate is reduced by several order of magnitude requiring few seconds per tomogram [START_REF] Villanova | Fast in Situ 3D Nanoimaging: A New Tool for Dynamic Characterization in Materials Science[END_REF][START_REF] Seiller | 4D in Situ Monitoring of the Setting of α Plaster Using Synchrotron Xray Tomography with High Spatial and Temporal Resolution[END_REF][START_REF] Novák | Drying of Water from Porous Structures Investigated by Time-Resolved X-ray Tomography[END_REF] and a reduced FOV. where acquisition windows can be programed to occur at configurable positions of the continuous rotation, allowing for a tighter control of the time series properties and scanning intervals. (iii, iv) Where a continuous rotation of the sample is not possible, scans can be acquired in a back-andforth motion of the sample, either in both movement directions (iii) or only along one direction with a rewinding operation in between (iv). Legend cited from [START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF] | Adapted from [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF][START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF]. showing the rupture the separating film followed by the coalescence of the two bubbles (ii-iv) and the relaxation of the resulting bubble (v-vi). | Adapted from [START_REF] Dos Santos Rolo | In Vivo X-ray Cine-Tomography for Tracking Morphological Dynamics[END_REF][START_REF] Maire | 20 Hz X-ray Tomography during an in Situ Tensile Test[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF].

X-ray microtomography

Spatiotemporal considerations and future trends

Tomoscopy experiments sacrifices spatial resolution for more information about the system evolution, as spatial and temporal resolution are interrelated. This inverse correlation, highlighted in Figure 1.8A, is responsible for the current resolution limit [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]. Over the past 20 years, the achievable scan rate has grown rapidly improving the temporal resolution by almost five orders of magnitude over the period (cf. Figure 1.8B). In order to prevent motion artefacts, it is recommended to avoid imaging movements faster than one pixel per scan duration [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. Nevertheless, multiple other parameters than the temporal and spatial resolutions impact the final reconstruction quality. García-Moreno et al. [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF] consider four additional competing settings: the projection exposure time to ensure a sufficient dynamic range of the images, the FOV, the number of projections per tomogram and the total tomoscopy duration. As illustrated in Figure 1.8C, a change in temporal resolution is not without consequences and 1.2. X-ray microtomography requires the adaptation of others parameters to ensure an sufficient data quality. Since the level of expected quantitativeness differs between studies, there are no universal standards and the quality of the tomograms must be sufficient in order to answer the specific scientific questions at hand [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF]. In other words, the spatial and temporal resolutions of tomoscopy experiments are a tradeoff between the possible FOV, the dose applied on the sample and the resulting quantitativeness.

To overcome the current spatiotemporal limit, a number of challenges has to be addressed. The recent advances of source flux, detector performances, and dedicated endstations [START_REF] Mokso | GigaFRoST: The Gigabit Fast Readout System for Tomography[END_REF] raise questions such as the influence of the centrifugal force (acceleration up to 500 g [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]) on the physics of the imaged phenomena. Moreover, Marone et al. [START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF] emphasise that the development of tomoscopy requires efficient tools to handle, reconstruct, post-process and visualise the large amount of produced data which can reach several hundred gigabytes [START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Marone | Regridding Reconstruction Algorithm for Real-Time Tomographic Imaging[END_REF][START_REF] Vogelgesang | Real-Time Image-Content-Based Beamline Control for Smart 4D X-ray Imaging[END_REF]. Currently, the [START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF].

Chapter 1. State of the art tomoscopy acquisition is often performed blindly resulting in large amounts of useless data that need to be manually or semi-automatically interrogated to identify its useful portion before analysis. Thus, smarter acquisition strategies and advanced software provided by the emerging field of deep learning, could make possible higher image quality and spatiotemporal resolution with less data [START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF]. Furthermore, the design of dual sources [START_REF] Flohr | First Performance Evaluation of a Dual-Source CT (DSCT) System[END_REF][START_REF] Wang | A Scheme for Multisource Interior Tomography: Multisource Interior Tomography[END_REF][START_REF] Valton | Dual Tomograph for High Energy, a Unique microCT Platform in E[END_REF] and multi-beam imaging systems [START_REF] Villanueva-Perez | Hard X-Ray Multi-Projection Imaging for Single-Shot Approaches[END_REF][START_REF] Voegeli | Multibeam X-Ray Optical System for High-Speed Tomography[END_REF] combined with the advances in deep learning-based reconstruction algorithm dedicated to sparse-view data [START_REF] Zhang | An X-ray Deep-Learning Tool for 3D Reconstructions from Sparse Views Feb[END_REF] will allow future improvement of the spatiotemporal resolution of tomoscopy.

Recent advances of in situ tomoscopy at high resolution (pixel size < 10 µm) are made possible by the development of dedicated hardware and software. Imaging the internal evolution of materials up to 1000 tomographies per second opens up new possibilities for the scientific community especially for dose-insensitive samples. However, the achievement of such temporal resolution is limited to small FOV (≈ 250 3 vx), tailored experiments and more importantly, it is still above the reasonable values expected for the imaging of fast oscillating structures (i.e. frequency 100 Hz and above) such as the vocal folds. In the following, based on recent oustanding works [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF], the thesis will focus on a variant of X-ray tomography called stroboscopic tomography based on gated approach and designed for quasi-periodic motions, which would allow to go beyond the current spatiotemporal boundaries of tomoscopy.

1.3. Stroboscopic gated-tomography for quasi-periodic motions 1.3 Stroboscopic gated-tomography for quasi-periodic motions 1.3.1 Background Nowadays, despite recent advances in tomoscopy [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF] in terms of spatiotemporal resolution, the conventional tomography is still limited to processes evolving much slower than the scan duration. However, the periodicity or quasi-periodicity of some specific movements can be exploited to overcome this temporal limitation. The gated-tomography is the main technique which relies on this principle. Instead of acquiring tomograms from consecutive projections, the radiographs are considered independently and their acquisition is synchronised with the oscillation via a so-called gating signal, which consists of a temporal representation of the periodic motion. The tomograms are then obtained by gathering the projections according to the phase of the oscillation cycle at the time of their acquisition. Hence, the resulting four dimensional (4D) data is actually an averaged representation of the movement over multiple oscillations. In theory, as far as the movement is periodic, the new temporal limitation of this technique becomes the projection exposure time. Just as for conventional X-ray tomography, pioneer studies of gated-tomography came from the medical field at relatively low oscillation frequency (i.e. < 10 Hz) and low resolution (i.e. pixel size > 100 µm). Already in the seventies, Sagel et al. [64] introduced this technique to improve the spatial resolution of cardiac clinical CT. The first studies which effectively used this principle were restricted by single-slice detector, and they began by gating the reconstructed slices rather than the projections [START_REF] Keall | Potential Radiotherapy Improvements with Respiratory Gating[END_REF][START_REF] Ford | Respiration-Correlated Spiral CT: A Method of Measuring Respiratory-Induced Anatomic Motion for Radiation Treatment Planning[END_REF][START_REF] Low | A Method for the Reconstruction of Four-Dimensional Synchronized CT Scans Acquired during Free Breathing[END_REF][START_REF] Vedam | Acquiring a Four-Dimensional Computed Tomography Dataset Using an External Respiratory Signal[END_REF][START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF][START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF]. At the time, the aim was more to obtain spatially coherent slices of a single oscillation phase than time-resolved data. However, still constrained by the temporal limit imposed by tomoscopy, the improvement over ungated technique was insufficient so that strong artefacts in the slices and mismatch between them were reported. But the gating of the projections brings new possibilities, and even if it was initially used for motion blur mitigation of a single 3D volume [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF], this technique was found relevant for the exploration of the temporal dimension afterwards. With the globalised accessibility to medical CT and the progress of the hardware, specifically faster and multi-slice detectors, the gated-CT imaging really became a standard tool for the imaging of cardiac and respiratory systems in the early 2010's. This breakthrough was especially to reduce the side effects of radiotherapy on tumour subjected to breathing motion. Thus, now clinically used on a daily basis [START_REF] Halliburton | State-of-the-Art in CT Hardware and Scan Modes for Cardiovascular CT[END_REF], the gated-CT has been partially developed for imageguided radiation therapy (IGRT) in order to help provide accurate radiation treatment and preserve healthy tissue.

With the improvements of spatiotemporal resolution proposed by synchrotron facilities, imaging in vivo the steering muscles during the 150 Hz wingbeat of a blowfly was achieved [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF] at a pixel size of 3.3 µm, as well as the auditory system of euthanised fishes subjected to acoustic vibrations of up to 450 Hz [START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF] at a pixel size of 2.75 µm. To improve the image quality and to compensate from the low contrast and the noise induced by the high-speed acquisition, these studies used single exposure phase retrieval [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF]. The resulting images provide a unique window into the dynamic processes occurring within the sample, allowing a better understanding of its oscillatory behavior. Generally optional in clinical studies, the quantitative analysis of the obtained images is a requirement in the field of materials science, where a deeper understanding of the Chapter 1. State of the art structural evolution during oscillation is expected. For example, Dubsky et al. [20] applied particle image velocimetry (PIV) to measure the dynamic of ventilation pattern within the mammalian lungs in vivo, taking advantage of the speckle produced by the lung alveoli. Such achievements demonstrate the potential use of gated-CT for the quantitative analysis of fast repetitive movements, including field measurements. In the following, we will discuss how the gated-tomography has been improved over the years, focusing on each step of the imaging process, from the acquisition to the data analysis.

Experimental developments and acquisition methods

Setups and samples

Most experiment require dedicated setups that need to meet lots of constrains such as: in situ instrumentation, cable management, space and maximum payload requirement and the absence of high absorbing materials in the X-ray beam path.

Cardiac and respiratory systems -Being the most studied cases, a lot of different experimental setups has been proposed to image the cardiac and respiratory systems. Generally, the electrocardiogram (ECG) and a respiratory trace are recorded on free breathing rodents [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF][START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF], or using forced ventilation under anaesthesia [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF]. This last example is depicted in Figure 1.9A, where we can also notice the presence of a shutter synchronised with the acquisition used to reduce the irradiation dose received by the sample. Ford et al. [71] acquire the respiratory trace by monitoring the motion of the abdomen, recovered from the pressure variation measured inside a chamber placed against the animal's body. Low et al. [67] proposed another strategy by measuring with a spirometer the exchanged volume of air during the respiratory cycle. Recently, Dejea et al. [START_REF] Dejea | A Tomographic Microscopy-Compatible Langendorff System for the Dynamic Structural Characterization of the Cardiac Cycle[END_REF] designed a setup for the in vitro imaging of the cardiac cycle on a perfused rat heart. Figure 1.9B shows the increased complexity of the system principally due to the perfusion management.

Biological samples -The study of other biological samples has produced really specific setups. Walker et al. [21] use a blower to trigger the tethered flight of a fly, while acquiring both the X-ray projections and stereo images with a complementary pair of high-speed cameras (cf. Figure 1.9C).

To study the inner ears vibratory response of fishes, Maiditsch et al. [START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF] have embedded the specimen in tubes filled of water. They attached miniature inertial shakers at the tube ends to transmit acoustic wave to the water body and to the euthanised fish.

Mechanical testing and process engineering -Two main types of experiments have been designed for this category. For fluid mechanics, Schuler et al. [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF] developed a microfluidic device to study the generation of droplet at a frequency of 0.8 Hz, as illustrated in Figure 1.9D (pixel size = 12 µm). Also, Tekawade et al. [78] image the multiphase flow inside a steel fuel injector by repeating multiple 1.4 ms injection events at a pixel size of 2.1 µm. Concerning the mechanical testing of materials under an oscillating loading mode, at the time of this review, only tensile and compression tests have been tested [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF] (cf. Figure 1.9E). One can note that, as in the case of conventional tomography, it can be sometimes convenient to use the horizontal configuration rather than the standard vertical rotation axis [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF]. [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Dejea | A Tomographic Microscopy-Compatible Langendorff System for the Dynamic Structural Characterization of the Cardiac Cycle[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF].
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Phantoms

Phantom studies were conducted in order to evaluate the influence of the acquisition parameters on the image formation process and its capacity to capture accurately oscillatory motions [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF]. They provide a ground truth comparison that is not reachable is most actual experiments, and they allow new strategies and reconstruction algorithms to be tested easily [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF]. This is even more useful for samples subjected to ethical considerations. Two types of phantoms can be distinguished:

Real phantoms -Simple mechanical phantoms have been designed to mimic specific oscillation motions at low frequency (i.e. < 10 Hz). Ford et al. [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF] and Guo et al. [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF] described inflatable balloon phantoms to simulate a respiration-induced motion. They used it both for testing the method for the external gating acquisition and to quantify the image quality over other gating strategies. Spherical phantoms under periodic motion representing a tumour-like object were also investigated to evaluate the accuracy of position and volume tracking on data containing artefacts [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF][START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]. More complex and anatomical phantoms were designed for the same purpose, providing realistic geometry, density and motion control (e.g. amplitude, frequency, phase shift) for clinical applications [START_REF] Pan | New Prospective 4D-CT for Mitigating the Effects of Irregular Respiratory Motion[END_REF][START_REF] Holla | Investigation of Internal Target Volumes Using Device and Deviceless Four-dimensional Respiratory Monitoring Systems for Moving Targets in Four-dimensional Computed Tomography Acquisition[END_REF][START_REF] Colvill | Anthropomorphic Phantom for Deformable Lung and Liver CT and MR Imaging for Radiotherapy[END_REF][START_REF] Wang | Comparison of Internal Target Volumes Defined by Three-Dimensional, Four-Dimensional, and Cone-Beam Computed Tomography Images of a Motion Phantom[END_REF][START_REF] Doi | Validation of Four-Dimensional Computed Tomography without External Reference Respiratory Signals for Radiation Treatment Planning of Lung Tumors[END_REF] (cf. Figure 1.10A).

Numerical phantoms -As another option, numerical 4D phantoms were developed from fully theoretical data [START_REF] Kazantsev | a Software Package to Generate 2D-4D Analytical Phantoms for CT Image Reconstruction Algorithm Benchmarks[END_REF] or from real CT data [START_REF] Segars | 4D XCAT Phantom for Multimodality Imaging Research: 4D XCAT Phantom for Multimodality Imaging Research[END_REF][START_REF] Segars | Realistic CT Simulation Using the 4D XCAT Phantom: Realistic CT Simulation Using the 4D XCAT Phantom[END_REF]. They are essentially anatomical phantoms mimicking physiological oscillations such as respiration with realistic grey levels and object delineation. For example, the 4D extended cardiac-torso (XCAT) phantom illustrated in Figure 1.10B and designed by Segars et al., which is widely used by the clinical community, includes cardiac and respiratory configurable models based on state of the art gated-CT data. Improvements of such phantoms were proposed to continue to upgrade their realism and practicality [START_REF] Leni | Development of a 4D Numerical Chest Phantom with Customizable Breathing[END_REF][START_REF] Eiben | Consistent and Invertible Deformation Vector Fields for a Breathing Anthropomorphic Phantom: A Post-Processing Framework for the XCAT Phantom[END_REF].

Scan types

The scan type describes how the projection domain has been sampled during the experiment. If the FOV is smaller than the region of interest (ROI), other additional strategies such as the volume stitching, helical acquisition [START_REF] Halliburton | State-of-the-Art in CT Hardware and Scan Modes for Cardiovascular CT[END_REF] or half-tomography [START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF] are applicable as well.

Continuous scanning -A continuous scanning refers to a continuous rotation of the sample or of the gantry while the projections are acquired. In this category, we can distinguish two cases:

• Helical acquisition | Mainly used in clinical practice, helical acquisition is a method of data acquisition in which the x-ray source and detector rotate around the patient while continuously moving along the patient's long axis. This allows for the acquisition of multiple, overlapping slices of a patient's anatomy in a single rotation. The position of the patient is referred to as the couch position in the literature. This mode was really relevant to speed-up single slice and then multi-slice CT acquisition. For gated-CT, several studies used this scan type [START_REF] Ford | Respiration-Correlated Spiral CT: A Method of Measuring Respiratory-Induced Anatomic Motion for Radiation Treatment Planning[END_REF][START_REF] Vedam | Acquiring a Four-Dimensional Computed Tomography Dataset Using an External Respiratory Signal[END_REF][START_REF] Keall | 4-Dimensional Computed Tomography Imaging and Treatment Planning[END_REF]. The helical pitch need to be sufficiently low to ensure that enough projections for a full oscillation cycle are acquired per slice location [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]. [START_REF] Doi | Validation of Four-Dimensional Computed Tomography without External Reference Respiratory Signals for Radiation Treatment Planning of Lung Tumors[END_REF][START_REF] Segars | 4D XCAT Phantom for Multimodality Imaging Research: 4D XCAT Phantom for Multimodality Imaging Research[END_REF].

•

Cine acquisition | This scan type consisting of a simple continuous rotation around the sample is widely used for gated-CT [START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF][START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF][START_REF] Rietzel | Four-Dimensional Image-Based Treatment Planning: Target Volume Segmentation and Dose Calculation in the Presence of Respiratory Motion[END_REF][START_REF] Rietzel | Design of 4D Treatment Planning Target Volumes[END_REF]. Larger FOV can also be imaged with the cine approach by repeated image acquisition per couch position [START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF][START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF], possibly with overlapping regions to facilitate the volume stitching afterwards. Li et al. [97] reported two variants of this mode: single and multiple rotations. Under the same dose level, they demonstrate that single rotation is preferable over a two-rotation using a faster rotation velocity. They also found that single rotation angular distribution of projections within a phase was more homogeneous compared with multiple rotations [START_REF] Kim | Four-Dimensional Inverse-Geometry Computed Tomography: A Preliminary Study[END_REF]. In a practical point of view, Mokso et al. [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF] found the multiple rotations advantageous because it still permits low-quality reconstruction if the oscillation does not persist for the entire acquisition duration. Also, they describe the influence of the inertial effect when increasing the rotation velocity [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. They observed Chapter 1. State of the art asymmetric compensation of the blowfly flight due to the rotation and highlighted that living samples behaviour could be affected by high rotation speed.

Step-by-step acquisition -Another scan type is the step-by-step or step-and-shoot mode. A defined number of projections is acquired while the rotation is frozen, then the acquisition is suspended and the rotation to the next angular position is triggered. This strategy has the great advantage to ensure a perfect angular distribution of the projections and no rotational motion during X-ray exposures, nevertheless at the expense of a longer acquisition duration which could lead to higher dose. Hu et al. [99] first proposed this method for medical imaging, acquiring projections at 30 fps in a step-by-step mode of operation. More recent works on prospective gating techniques demonstrate that step-by-step scan should still be considered for gated-CT [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF][START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF][START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]. Gated-tomography, like conventional one, generally implies complex and sometimes cumbersome setups. The use of numerical and real 4D phantoms is commonly used to test and demonstrate the contribution of innovative strategies, especially for clinical studies where living organisms are under study at low spatiotemporal resolution (pixel size ≈ 100 µm, oscillation frequency ≈ 1 Hz).

Gating and projection post-processing

Gating strategies

Gating modes -The gating process can be prospective, meaning that the gating signal is monitored in real-time and the projection acquisition is triggered at predefined events (e.g. a required phase is reached), or retrospective if the projections are acquired at a constant frame rate and sorted into oscillation phases during a post-processing operation.

• Prospective gating | The first attempts using prospective gating were proposed to obtain the images of a single phase [START_REF] Keall | Potential Radiotherapy Improvements with Respiratory Gating[END_REF][START_REF] Ford | Respiration-Correlated Spiral CT: A Method of Measuring Respiratory-Induced Anatomic Motion for Radiation Treatment Planning[END_REF] on a single-slice scanner. Cavanaugh et al. [100] investigated lung tumors in intubated rodents using prospective gating. They performed the projections exposure during exhalation, over the full range of motion of the lungs which cause motion artefacts in the single-phase micro-CT reconstruction. Ford et al. [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF] tested different triggering events and find the end-expiration to be the best window to limit such artefact during free-breathing of rodents (cf. Figure 1.11A). Still with the aim to reconstruct a single artefact-free volume of the lung, Lovric et al. [101] performed heartbeat-gated synchrotron CT of a mouse at breath hold. They reach an isotropic pixel size of 1.1 µm improving by more than a factor of four the spatial resolution compared to previous studies, enabling the high-resolution in vivo imaging of the lung structure. Of course, based on the same principle, prospective gating was also used to acquire several phases of the oscillation using continuous [102,103] or step-by-step scan as illustrated in Figure 1.11B [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]104,105].

•

Retrospective gating | This gating technique has been widely implemented with clinical CT scanners, for both cardiac [106] and lung imaging [START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF][START_REF] Hu | Dynamic Small Animal Lung Imaging via a Postacquisition Respiratory Gating Technique Using Micro-Cone Beam Computed Tomography1[END_REF][107][108][109][110][111][112][113] (cf. Figure 1

.11C).

A conventional workflow used for retrospective gating is described in Figure 1.12. Hu et 1.3. Stroboscopic gated-tomography for quasi-periodic motions al. [START_REF] Hu | Dynamic Small Animal Lung Imaging via a Postacquisition Respiratory Gating Technique Using Micro-Cone Beam Computed Tomography1[END_REF] combined retrospective gating with step-by-step scan type, acquiring projections at 30 fps, whereas Ford et al. [111] optimised a continuous acquisition protocol that was found to be faster and to minimise the radiation dose. Using this technique and cone-beam source, Drangova et al. [START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF] imaged cardiac and respiratory movements in mice reaching a 12 ms temporal resolution and pixel size of 150 µm.

• Pros and cons | The choice between prospective and retrospective gating is a trade-off, as both techniques offer benefits and drawbacks. Although retrospective gating has the advantage of allowing the user to select a posteriori the phase of the oscillation to be reconstructed [START_REF] Hu | Dynamic Small Animal Lung Imaging via a Postacquisition Respiratory Gating Technique Using Micro-Cone Beam Computed Tomography1[END_REF]111], most of the projection data is wasted if only a few phases are needed [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]111]. This will increase the dose without adding any useful information [START_REF] Hu | Dynamic Small Animal Lung Imaging via a Postacquisition Respiratory Gating Technique Using Micro-Cone Beam Computed Tomography1[END_REF] whereas with prospective gating, the sample is irradiated only during the phase of interest [START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF]. Moreover, prospec- [START_REF] Dejea | A Tomographic Microscopy-Compatible Langendorff System for the Dynamic Structural Characterization of the Cardiac Cycle[END_REF]114].

1.3. Stroboscopic gated-tomography for quasi-periodic motions tive gating is slower, since each projection is triggered by a coincidence of selected phases and sometimes multiples gating windows [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]. Furthermore, the real-time monitoring of the gating signal using the prospective gating mode is prone to errors in the case of irregular periodicity where oscillation patterns are not well predicted. This mode seems also challenging for high oscillation frequency where the signal has to be acquired, automatically analysed, and must trigger accurate exposure within less than thousandth of a second. This reason may explain why retrospective gating was preferred for such studies [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF][START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF].

Gating sources -Both prospective and retrospective gating modes rely on the acquisition of a gating signal, representative of the temporal evolution of the oscillation cycle. Different strategies were investigated to obtain such signal.

• External gating | It is widely use in clinical applications, where the respiratory and cardiac signals are commonly acquired from external surrogate device. To measure the respiratory trace, methods have been proposed including the tracking of the displacement of reflective markers placed on the patient's body surface by an external camera [68-70, 94, 115-117], a thoracic belt containing a pressure sensor [110], a strain gauge [118], or a spirometer measuring the exchanged volume of air during the respiratory cycle [START_REF] Low | A Method for the Reconstruction of Four-Dimensional Synchronized CT Scans Acquired during Free Breathing[END_REF]. Cardiac trace is routinely obtained by ECG (cf. Figure 1.12A). Besides, so as to image the flight kinematic of a blowfly, Walker et al. [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF] measured a reliable gating signal by retrieving the trajectory of the fly's wingtips with a pair of high-speed cameras.

•

Internal gating | This approach requires no additional device, as the gating signal is determined from the projection data itself. The first idea was to recover the respiration movement using grey level intensity variations within a defined ROI [START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF][START_REF] Hu | Dynamic Small Animal Lung Imaging via a Postacquisition Respiratory Gating Technique Using Micro-Cone Beam Computed Tomography1[END_REF]119,120]. Then, several studies proposed to track internal features extracted from the diaphragm region [108,121], or fiducial markers implanted in the ROI [109,122,123]. For instance, Li et al. [109] developed an image processing tool to measure fiducial marker position directly from the projections. The method, later adopted by Maurer et al. [122], first establish a ROI with the marker located at its center. This ROI is then applied to the next projection, and a minimum intensity search is executed to determine the marker's position. The protocol is repeated to obtain the gating signal from the marker's position in each projection. Figure 1.13A illustrates another approach experimented to track the markers in the projection data [123]. To improve the accuracy of the internal gating in representing the internal target motion, researchers proposed to extract the respiratory signal by marker-less techniques [124,125], or by internal motion tracking [START_REF] Doi | Validation of Four-Dimensional Computed Tomography without External Reference Respiratory Signals for Radiation Treatment Planning of Lung Tumors[END_REF]102,126,127]. In particular, Li et al. [102] developed a gating signal based on multiple internal respiratory features (body area, lung area, air content and lung density) extracted from the grey levels and surface measurements of the projection data. Furthermore, Mokso et al. [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF] use spatial cross-correlation between consecutive projections to measure the vertical thorax movement occuring during a blowfly wingbeat (cf. Figure 1.13B). The method was adapted successfully afterwards for the imaging of vibrating fish inner ears [START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF]. In another study employing a droplet generation device, Schuler et al. [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF] use segmentation on each projection to quantify the length of the forming droplet according to which the projection are categorised by phase (cf. [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF]123].

Stroboscopic gated-tomography for quasi-periodic motions

• Pros and cons | Although external gating has proven to be successful in a wide range of cases, several disadvantages has been reported over internal gating. Indeed, mismatch between effective internal motion and external measurement has been observed in multiple works [128][129][130]. Wink et al. [118] and Gianoli et al. [131] highlighted the fact that internal gating itself could quantify the accuracy of external gating in reflecting the actual movement and it could resolve correlation discrepancies between external surrogate position and internal configuration. For example, the gating signal extracted from the tracking of a tumour during a breathing cycle, using radiopaque markers located at or near the tumour, is a better representation of the motion states than standard external gating protocols [123]. Also, because the amplitude of external gating signal is not necessarily linked with the effective motion amplitude, Sonke et al. [108] recommend to use external gating with phase sorting (cf. Projection sorting). From a practical point of view, the necessary devices for the external gating acquisition increase the setup complexity [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]127,132,133]. In contrast, internal gating allows minimalist setup and reduces the risk of instrument malfunction [102]. A clear example is the setup simplification achieved by Mokso et al. [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. The internal gating totally replaced the external gating signal which was previously measured by two high-speed cameras [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF]. The authors emphasised that for small and delicate samples such as insects, external gating might just be impractical. The main drawback of internal gating is probably the difficulty to obtain spatial coherence when different structures are imaged at each couch position (eg sample ROI larger than the FOV) [131,134]. Carnes et al. [134] adopted normalised cross correlation on overlapping regions to measure the coherence and thereafter correct the internal gating signal phase shift. However, this method is prone to spatial drift if the mapping involves multiple tiles, and it implies an increase of the radiation dose at the overlapping regions. It is worth mentioning that, to our knowledge, internal gating has not yet been used combined with prospective gating, probably due to the technical limitations of real time analysis of the projection data.

Multiple gating -These strategies were first developed in order to dissociate cardiogenic and respiratory oscillations. Thus, Badea et al. [104] prospectively imaged one phase of the beating heart of a murine, triggering the projection exposure with the cardiac cycle while restricting the gating window at end expiration, during which the lungs are relatively still. Further studies expanded this method for the imaging of several phases of the cardiac cycle [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]105], and effectively reduce the acquisition duration using double-gated retrospective gating on free-breathing animals [START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF]113]. Lately, Dubsky et al. [135] employed multiple gating to isolate the effects of mechanical ventilation and cardiogenic oscillations and reconstructed both cycle in a single experiment, while maintaining physiological conditions.

"Pure" stroboscopic tomography -"Pure" stroboscopic tomography, referred as stroboscopic tomography in the following of this chapter, could be defined as a subclass of gated-CT, where the oscillation is assumed to be strictly periodic so the sorting of the projections into phases is performed on this basis, so that the gating signal is anticipated. This requirement makes this technique unsuitable for most of spontaneous movements such as those found in many biological systems, whereas really appropriate if the oscillation is externally controlled as in the case of mechanical testing [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]. The development was first done through a 3D (2D + time) approach by strobo-Chapter 1. State of the art scopic radiography. Thus, Schulz-Mirbach et al. capture the motion of the inner ears of two fish species subjected to acoustic waves [136,137], and Olbinado et al. [138] showed the possibility to acquire phase images of a rotating object combined with X-ray Talbot interferometry in phase stepping mode. In both cases, the motion was only observable in 2D and in a defined orientation at an oscillation frequency of 200 Hz and a pixel size of 6.5 µm. Schulz-Mirbach et al. also pointed that the underlying-overlying structures disturbed the visualisation and allowed mainly qualitative analysis. Recently, 4D stroboscopic tomography methods have been developed for mechanical testing of materials [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]139,140] (cf. Figure 1.14A) and fluid mechanics experiments [START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF]. For this purpose, the projection frame rate is directly coupled with the oscillation frequency, the sample rotation and eventually with a rotating beam shutter (chopper) or with the grating displacement of a Talbot interferometer [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF]139,140] as depicted in Figure 1.14B. A. Synchronisation between the cycle tensile test, the sample rotation and the projection acquisition at constant rate and step-by-step scan. B. Time chart of the synchronisation between the rotating beam shutter, the grating displacement, the compression-stretch loading (frequency = 24 Hz, peak-to-peak amplitude = 5 mm), the continuous sample rotation and the image acquisition system. | Adapted from [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF].

Projection sorting

The projection sorting is the process that links each projection to a phase of the oscillation cycle, according to the gating signal. Pan [141] emphasised the importance of this step, even suggesting that it might be more significant than the difference between prospective and retrospective gating. One should note that for prospective gating acquisition, the projection sorting is implicitly performed by the definition of the phase of the cycle to be imaged.

Basic sorting -Usually, the radiographs are sorted into phases by a monodimensional gating signal. The projections are selected with a nearest-neighbour approach based on the phase or the amplitude of the gating signal [142].

Stroboscopic gated-tomography for quasi-periodic motions

• Phase sorting | Sometimes refers as phase binning, the phase sorting is a standard protocol for gated-CT. The gating signal is processed and its periods are defined, generally between consecutive peaks or valleys, or at characteristic events (e.g. R peak of an ECG). Prospectivelygated CT commonly based the phase position according to the elapsed time after the beginning of a new period [START_REF] Ford | Respiration-Correlated Spiral CT: A Method of Measuring Respiratory-Induced Anatomic Motion for Radiation Treatment Planning[END_REF][START_REF] Low | A Method for the Reconstruction of Four-Dimensional Synchronized CT Scans Acquired during Free Breathing[END_REF][START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF], whereas with retrospective gating, determining the phase as a percentage between successive periods is generally preferred [112,118].

• Amplitude sorting | Alternatively, the phase position can be defined as a function of the amplitude of the gating signal [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF]110,116,118,143,144]. Rietzel et al. [70] determined the amplitude range by considering the minimum and maximum values of the gating signal over the entire acquisition period. Nevertheless, this method resulted in irregular sampling of the projection domain if the amplitude of the signal drifts in the course of the acquisition duration or if a certain amplitude is not reached regularly [118]. To overcome this issue and to limit cycle to cycle amplitude irregularities, Wink et al. [118] considered the amplitude range for each individual oscillation cycle whereas Olsen et al. [144] took the 5 th and 90 th percentiles of the amplitude distribution.

• Pros and cons | Amplitude sorting has been shown to result in fewer reconstruction artefacts than phase sorting [118,130,145]. Wink et al. [118] precised that phase sorting is more sensitive to irregularities in the gating signal such as varying slopes, periods, and amplitudes. However, amplitude sorting suffer from major drawbacks such as a more pronounced interphase quality variation and the occurrence of large missing views in the sorted phases due to the difficulty to handle baseline shifts. Some studies even suggest to dedicate amplitude sorting for relatively regular oscillations [146]. In any case, these sorting methods assume a stable correlation between the gating signal and the effective motion amplitude [131]. Nonetheless, complex motion patterns are only poorly described by a monodimensionnal gating signal that could induced incorrect phase identification [131][132][133].

Complex sorting -To answer the aforementioned limitations, multifactorial projection sorting strategies were proposed. These methods base the sorting process on a combinations of gating signal amplitude and slope [147], phase and amplitude [142], multiple internal anatomical features (air content, lung area, lung density and body area) [102], or on multidimensional K-means clustering of multiple conventional external gating signals [131]. All these studies demonstrated a reduction in artefacts such as streaks and motion-related ones in the reconstructed data, particularly for irregular periodicity of the gating signal.

Reconstruction

The standard filtered back-projection (FBP), Feldkamp-Davis-Kress (FDK) and iterative reconstruction algorithms are practically employed to reconstruct gated-CT data. Over the years, in order to further improve the images, dedicated reconstruction algorithm have been designed. In a first attempt, Manzke et al. [148] proposed an adaptive reconstruction algorithm to reduce the streak artefacts caused by missing views. The idea was to enable to incorporate projections from the direct vicinity of the phase in the reconstruction data to achieve full coverage of the projection space, while weighting the in-phase views more strongly to preserve the effects of the gating [111, Although a detailed review of the reconstruction algorithms is out of the scope of this work, we can still distinguish three frameworks proposed to improve the quality of gated-CT reconstruction:

Motion-compensated reconstruction -With this method, the movement (e.g. a respiratory motion) is compensated by the means of inter-phase deformations retrieved from an estimated motion model [START_REF] Li | Enhanced 4D Cone-Beam CT with Inter-Phase Motion Model: Enhanced 4D CBCT[END_REF][151][152][153][154]. The phases were deformed and superimposed onto a target phase, therefore the reconstruction yields one unique phase from all the projections. Then, the static reconstruction can be animated applying back the inter-phase deformations [155]. At first, the motion models were built from prior gated-CT using deformable registration (i.e. for the following of a treatment course in clinical studies). But other methods proposed to perform motion-compensated reconstruction from a model directly estimated from the acquired data [156][157][158][159][160][161][162]. The technique distinctly reduced motion and streaking artefacts (cf. Figure 1.15A), with the advantage of addressing the undersampling issue [163], but the accuracy of the reconstruction is limited by the motion estimation used in the input [155][156][157]. Moreover, because projections from different phases are mixed, the possible variations of the local attenuation level (e.g. density variations) cannot be estimated with conventional motion-compensated reconstruction [155].

Compressed-sending-based reconstruction -Reconstruction based on compressed sensing theory were investigated for gated-CT to improve the reconstruction performance in the presence of undersampled projection space [164][165][166]. The reconstruction is improved iteratively by generally minimizing the total variation, defined as the integral of the absolute gradient of the image [163], in a global uniform manner [167] or between each reconstructed phase and the ungated-CT [117,168]. Other example of studied regularization terms include temporal nonlocal means [169,170], spatiotemporal total variation [171,172], or motion-map constrained reconstruction [173]. compressed sensing-based reconstructions improve the quality of the stable regions resulting in lower degree of noise and streaking [146,163], but as a trade-off, they nevertheless produces residual motion artefacts in the moving regions, an over-smoothing of edges, and a reduced contrast on fine structures [150,163].

Deep learning-based reconstruction -Recently, the AI development and especially the one of convolutional neural network promoted new advances for the improved reconstruction of gated-CT [162,163,[174][175][176][177][178][179][180][181]. Thus, these methods demonstrate their capability to remove streak artefacts in FDK-based undersampled , to improve structural similarity and intensity accuracy [177] and to enhance the edge information of compressed sensing-based reconstruction [179]. Chapter 1. State of the art Numerous strategies have been experimented to acquire, sort and reconstruct the gated-CT data. When applied to cardiac and respiratory imaging (low oscillation frequency), prospective gating is preferred whereas retrospective gating or "pure" stroboscopic methods are commonly used at higher frequency. Internal gating methods bring new opportunities to simplify the experimental setups, and dedicated reconstruction algorithms reduce the motion and streaking artefacts and improve the overall data quality.

Typical artefacts: causes and mitigation

The investigations about artefact in gated-CT mainly arise from clinical imaging where a qualitative evaluation is usually adequate.

Expression and principal causes

Although the artefacts are reduced compared to ungated tomography of oscillating movements, multiple studies reported that motion artefacts are induced even with gated-CT [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]116,133,142,183]. Nakamura et al. [82] categorised motion artefacts as misalignment artefacts and motionblurring artefacts. Streaking artefacts produced by the undersampling of the projection space are also really common. Besides, the observable gated-CT artefacts occurring at the interface between adjacent couch positions were classified by Yamamoto et al. [183] as duplicate, overlapping, and incomplete structures. In clinical application, gated-CT data is directly used for image-guided radiation therapy. Hence, the improvement of the image quality could prevent tumour localisation and delineation errors [START_REF] Rietzel | Four-Dimensional Image-Based Treatment Planning: Target Volume Segmentation and Dose Calculation in the Presence of Respiratory Motion[END_REF][START_REF] Rietzel | Design of 4D Treatment Planning Target Volumes[END_REF]133,147,184,185] thus distorted dose calculation [147,186]. In the case of thoracic gated-CT, Shieh et al. [146] stated that, the use of amplitude sorting, an even angular distribution of projections and an adapted reconstruction algorithm are the key factors for improving image quality.

Undersampling and Projection angular distribution -Due to the imaging dose mitigation and the limitation of the acquisition duration in clinical CT, the projections are generally undersampled [163]. It is worth mentioning that standard analytical reconstruction algorithms such as the FDK or FBP ones generate streaking artefacts and aliasing effects from limited number of projections and irregular angular distribution [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]108,109,187,188]. Additionnaly, it was reported that undersampled FBP reconstructions produce fewer artefacts when the projections are evenly distributed [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]189], and that projection angular clustering increases the radiation dose without improving image quality [190]. In order to avoid noisy image and missing view artefacts, Ford et al. [111] recommended to increase the number of projection angles, and in the case where projection clustering occurred, the authors suggested to improve the signal-to-noise ratio (SNR) by averaging the redundant projections instead of discarding them.

Oscillation periodicity -In practice, particularly for biological samples, the ideal condition of periodic oscillations is never achieved [START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF]. Quasi-periodic oscillations are well handled by gated-CT, nevertheless irregular periodicity, as depicted in Figure 1.16, is prone to produce motion artefacts [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF]133,147,183,184,[191][192][193][194][195]. Indeed, projections acquired during irregular cycles may be inappropriately assigned to a phase which does not represent the actual motion state [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF]130,133]. In the case of sporadic anomalies, the effect on the image quality could be negligible because in-phase projections will greatly outnumber those acquired in unsteady cycles [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF]. For clinical applications, Mutaf et al. [133] quantified at up to 40% the volumetric errors on target volumes induced by breathing irregularities. Other investigators report a direct relation between the occurrence of motion artefacts and that of cycle variability [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]183], or baseline drift [196]. The latter suggested that extended acquisition duration, promoting drift to occur, have the potential to adversely affect image quality. Regarding the prospective gating protocol, different approaches have been experienced to take into account of the irregular cycles [START_REF] Pan | New Prospective 4D-CT for Mitigating the Effects of Irregular Respiratory Motion[END_REF]191,192,[197][198][199]. Pan et al. [191] suggested to retrospectively ignore projections that occurred during such pattern to reduce motion artefacts, although this process might result in missing views. In contrast, numerous studies proposed manual [START_REF] Pan | New Prospective 4D-CT for Mitigating the Effects of Irregular Respiratory Motion[END_REF] or supervised automatic [192,196,198,199] beam interruption during anomalies until the oscillation becomes regular again. This tends to prevent missing views while increasing the acquisition duration.

Motion speed -The velocity of the imaged movement has been identified as a critical factor in explaining motion artefacts. Nakamura et al. [82] performed gated-CT of an oscillating rigid spherical phantom. Figure 1.17A shows the vertical slices of the phantom for increasing motion velocity. They reported up to 90% of volumetric error, being the ratio between the measured static phantom volume and the dynamic volume measured using the same threshold, and large differences between measured centroids and actual phantom positions (≈ 4 px) under fast phantom motions (cf. Figure 1.17B). Moreover, they found a direct correlation between the error made on the measurement of the phantom volume and its displacement velocity (cf. 
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Effect of gating and sorting strategies

Innovative acquisition methods have generally been developed with the aim of improving image quality thus reducing the artefacts.

Prospective and retrospective gating -In clinical CT, multiple investigators shown that prospective gating usually produces less motion artefacts [130,192,195,201]. This improvement over retrospective gating is however achieved with longer acquisition duration.

External and internal gating -Comparing both gating methods, Li et al. [102] found that images acquired with internal gating presented less artefacts when the oscillation was irregular. Other studies focusing on IGRT measured no significant differences in target volume and position between external and internal gating as long as the target movement stayed small [START_REF] Holla | Investigation of Internal Target Volumes Using Device and Deviceless Four-dimensional Respiratory Monitoring Systems for Moving Targets in Four-dimensional Computed Tomography Acquisition[END_REF][START_REF] Doi | Validation of Four-Dimensional Computed Tomography without External Reference Respiratory Signals for Radiation Treatment Planning of Lung Tumors[END_REF]127]. Furthermore, as previously mentioned, Mokso et al. [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF] developed a new internal gating technique and obtained equivalent image quality and improved temporal resolution compared with a previous similar study using an external gating signal [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF].

Phase and amplitude sorting -Various authors demonstrated that implementing amplitude sorting techniques in clinical gated-CT reduced the occurrence of motion-related artefacts due to its ability to compensate for irregular periodicity [116,132,133,144,145,191,[202][203][204]. It also resulted in more accurate shape and size identification of oscillating objects, nevertheless it often led to incomplete datasets for irregular amplitude in the gating signal [202]. Moreover, as shown in 

Impact of hardware and scan type

The hardware and the scanning protocol play an important role in the production of artefacts. Li et al. obtained a refined image quality containing less artefacts by using slow gantry rotation or multiple rotations, at the expense of an increased acquisition duration and dose [START_REF] Li | Enhanced 4D Cone-Beam CT with Inter-Phase Motion Model: Enhanced 4D CBCT[END_REF]109]. At higher spatiotemporal resolution, it was also observed that fast rotation could result in streaking artefacts due to irregular sampling of the projection space [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. Numerous other parameters such as the speed of the rotation stage, the slice thickness, the beam geometry and acquisition delays [130,193,[205][206][207] were found to have a significant impact as well. Recently, Morton et al. [207] identified gantry rotation time and acquisition delay as the main parameters to improve in order to reduce image artefacts. Another point to consider could be the inherent blurring of the projections due to the simultaneous exposure and sample rotation of the continuous scanning protocol. This blur is not related to the motion blur due to the oscillation which is usually much more prominent.

Image artefacts, mainly streaking and motion artefacts, are inherent to the gated-CT process. They are mainly caused by the undersampling and the irregular sampling of the projection space, the oscillation periodicity and the velocity of the imaged movement. Numerous factors can influence the apparition or mitigation of artefacts in the reconstructed data.

Quantitative analysis

Although this is not always the case for medical applications, for materials science on the contrary, it is often intended to achieve quantitative measurements with the 4D data [START_REF] Maire | Quantitative X-ray Tomography[END_REF]. The next sections summarise the types of measurements that were already performed on data obtained from the acquisition of gated-CT.

Phase segmentation and morphometric measurements

The separation of the different phases or materials in 3D images is often a fundamental step for data analysis and understanding. To achieve reliable segmentation, the image overall quality (i.e. contrast, noise or artefacts) is the most important factor to take into account. In clinical studies, the segmentation of gated-CT images has been routinely completed for the delineation of moving tumour in IGRT [START_REF] Rietzel | Four-Dimensional Image-Based Treatment Planning: Target Volume Segmentation and Dose Calculation in the Presence of Respiratory Motion[END_REF][START_REF] Rietzel | Design of 4D Treatment Planning Target Volumes[END_REF]133,147,184,185], giving accurate volume and position of affected tissues during free breathing. The segmentation of the airway tree of small mammals [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF]135] also provided useful information for the measurement of airflow. In fluid mechanics, the identification of a two-phase flow occurring in a fuel injector [START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF] allowed to measure the link between the nozzle geometry and the thickness of the gas layer (cf. Figure 1.19). Moreover, in another study, the segmentation and 3D quantification of the droplet formation gave meaningful insights to understand the underlying physics [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF]. Looking at experimental mechanics and materials science, 4D segmentation of gated-CT helped to show the buckling of a rubber sample under compression-stretch motion [208], the occurrence of fatigue failures within a polymeric foam [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF] (cf. 1.3. Stroboscopic gated-tomography for quasi-periodic motions and frame by frame some visible features in the 4D data, here the muscle endpoints. A following study, in addition to improve the temporal resolution, shows the possibility of a semi-automatic feature tracking, by template matching of the surrounding region around the marker [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. They both demonstrated that oscillatory patterns of steering muscles at unprecedented motion frequency can be quantitatively evaluated using gated-CT with high spatiotemporal resolution. The fitted curves are simple harmonic functions, except in the case of III1, which showed no significant time-periodic strain. Black vertical lines indicate the mean timing of the start of the upstroke. The strain in I1 was measured along a line running down the middle of the muscle and its tendon (white dashed line) to take account of buckling. | Adapted from [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF].

Field measurements

With the aim to understand the mechanisms behind complex oscillatory motions, field measurements methods were used to finely discretise spatiotemporaly the metric of interest. For instance, Guerrero et al. [209] estimated time-resolved ventilation images from 4D-CT data, by calculating on registered volumes the differences of the voxel expansion based on its hounsfield unit (HU), i.e. the image intensity variation. Equivalent method were used by other investigators [210], but more importantly, conventional image analysis methods such as particle image velocimetry or particle tracking velocimetry [START_REF] Maire | Quantitative X-ray Tomography[END_REF] were also experimented for gated imaging.

3D-Particle image velocimetry (PIV) -Based on previous works on projection data [211], Dubsky et al. [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF] applied PIV to compute time-resolved 3D measurement of tissue motion and expansion in mechanically ventilated mammalian lungs, in vivo. The authors take advantage of the speckle formed by the many air-tissue interfaces with single shot phase contrast imaging [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF], which is made possible by the high brightness and coherence of synchrotron sources. Together with a pre-Chapter 1. State of the art vious segmentation of the airway tree, the authors were able to estimate the airflow distribution during the ventilation cycle (cf. Figure 1.21A). To achieve this result, they assumed a direct link between region expansion and airflow, with incompressible air and tissue. More recently, the combination of 3D-PIV with multiple gating allowed the pattern and magnitude of cardiogenic flow to be isolated from the mechanical ventilation (cf. Figure 1.21B). Thus, such measurement showed that heart beat can cause large flow oscillations and pendelluft in the airways. The same team extended their technique from synchrotron to new high brightness and coherent laboratory sources [210], demonstrating that measurements such as regional airflow and tissue expansion can be captured in vivo in mice [103]. [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]135].

1.3. Stroboscopic gated-tomography for quasi-periodic motions 3D-Particle tracking velocimetry (PTV) -Figure 1.21C shows the local strain maps of a rubber sample under cyclic tensile test at a frequency of 1 Hz imaged by stroboscopic tomography at a voxel size of 0.5 µm [START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]. PTV method was applied using the fillers of the rubber as markers. The strain was recovered from tetrahedral element and they found a relation between shape of the global distribution of local strain amplitude and rubber fillers composition.

Plastic damage characterisation -The phase contrast X-ray tomography with a Talbot interferometer was extended as well to stroboscopic tomography [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF]208]. This technique allows quantitative reconstruction of refractive index. Wu et al. [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF] conducted accelerated compressionstretch fatigue test at 24 Hz on polymeric foam sample. By imaging regularly the 4D structural evolution of the deforming sample, they showed that local drops in the refractive index (i.e. considered as local plastic deformation) were followed thereafter by fatigue failure in the region (cf. Figure 1.20B-C). Hence, they demonstrate that stroboscopic tomography could also be used to study structural and physical changes over time as long as the periodicity is guaranteed for the duration of an acquisition.

For materials science and experimental mechanics, a quantification of the collected data is generally expected. For gated-CT imaging, all the methods for a quantitative analysis of conventional X-ray CT or tomoscopy should be applicable [START_REF] Maire | Quantitative X-ray Tomography[END_REF]. Several studies already demonstrate the possibility to perform 3D field measurements such as particle image velocimetry, nevertheless on relatively low oscillation frequency data.

Limitations and future directions

Limitations

In a practical point of view, the X-ray gated-CT technique has some limitations to overcome in order to continue improve the spatiotemporal resolution.

Radiation dose -It is known that X-ray exposure can affect materials physical properties and structures. Studies on biological samples [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF], or polymer [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF], reported concerns about radiation damage to the sample, either during or after the scan. Therefore, the imaging of dosesensitive samples is a challenge, especially at high resolution because the capability of obtaining a finer depiction of details is directly linked to a higher X-ray dose [START_REF] Lovric | A Multi-Purpose Imaging Endstation for High-Resolution Micrometer-Scaled Sub-Second Tomography[END_REF]. In order to quantify and optimise the gated-CT acquisition radiation dose, the dose efficiency metric was introduced as the duration of the X-ray exposure used effectively in the image reconstruction over the total X-ray exposure received by the sample during the acquisition [141]. This term could help to identify which scan type or gating strategies is best suited for X-ray dose mitigation. Different approaches have been experimented in order to limit the dose. In stroboscopic tomography, rotating mechanical shutters (choppers) have been deployed to physically interrupt the X-ray beam in synchronisation with the detector acquisition rate [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]. For the specific case of fatigue study, Matsubara et al. [80] expedite the fatigue of the sample by increasing the frequency of the mechanical test to limit as much as possible changes in material properties. Furthermore, researchers in the medical field proposed to modulate the tube current of cone-beam sources based Chapter 1. State of the art on the ECG of the patient for prospective gating acquisition [212]. Such concept reduced the absorbed dose at undesired oscillation phases but it is strictly restricted to low oscillation frequency. If only qualitative analysis is intended, digital tomosynthesis must also be taken into account, which is variant of CT with a very limited-angle of projections acquisition. This technique has also been developed with gating strategies [122,123,188] but the dose reduction comes at the cost of a lack of detail and blurring artefacts in the reconstruction, making it unusable for reliable quantification.

Hardware -Limiting factors can also be hardware-related:

• Tomographic rotation | For instance, the rotation speed of tomographic acquisition is generally constrained by the motorisation technology together with the payload and its balancing. Obviously gantry architecture are more limited in terms of rotation speed [111] due to the high payload to be set in motion. On synchrotron systems, maximum velocity is limited by the centrifugal forces reaching acceleration of hundreds of g at the sample borders which can affect the sample evolution and integrity [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF].

• Detector | The detector characteristics are also important. The high flux of 4 th generation synchrotrons enables the use of ultra-fast detectors with exposure times shorter than a millionth of a second. However, in order to improve the dose efficiency, detector readout delays, which is the incompressible time during which the sensor's photosites are read, have to be as short as possible to limit the amount of photons ignored by the sensor. In addition to the exposure time, another point to take into consideration is the scan method of the detector. Indeed, rolling shutter effect, which is a distortion of the projection geometry due to the sequential readout of the sensor's photosites, can produce strong artefacts in the reconstructed data [START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF]. Global shutter modes are therefore to be preferred.

• Data management | The acquisition of gated-CT can produce a huge amount of data which can be challenging to transfer, to store and to analyse. Such data management should be planned prior to any experiment. Moreover, high-speed detectors includes internal memory buffer that is generally limited to few seconds of recording. This buffer could be a strong limiting factor if for example millions of projections are required for a specific configuration. However, solution exists such as a unique innovative system which has been designed to overcome this shortcoming, by streaming the data from the detector directly to a dedicated backend server at high rate [START_REF] Mokso | GigaFRoST: The Gigabit Fast Readout System for Tomography[END_REF].

Perspectives

The Figure 1.23 summarises the state of the art of the spatiotemporal resolution of gated-CT. The definition of temporal resolution applied to gated-CT is not as straightforward as for tomoscopy. Indeed, the resolution is reduced by uncertainties introduced by the phase selection and by non perfect periodicity. Here we used the phase width, the temporal duration of a single phase when using phase-based sorting methods, as the temporal resolution. The advances in gated-CT acquisition and reconstruction discussed have benefited and still benefit from the insights and developments of tomoscopy [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]. Logically, the method is able to result in 1.3. Stroboscopic gated-tomography for quasi-periodic motions better temporal resolution, and reaching the micrometre scale at an equivalence of thousands of tps is now possible. Indeed, significant improvements can be achieved in both dimensions, especially for dose-insensitive samples. Future trends will not only focus on resolution but also on the diversification of applications. Already, pioneer works have shown the possibility to employ gated-CT in fields as diverse as for process engineering [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF][START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF] and rotary machines [213] (demonstrated with gamma-rays), mechanical testing of materials [START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF] including fatigue [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF] or for the understanding of specific biological systems [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF]139]. The design of endstations dedicated to fast tomography acquisition [START_REF] Lovric | A Multi-Purpose Imaging Endstation for High-Resolution Micrometer-Scaled Sub-Second Tomography[END_REF] in synchrotron beamlines and the development of high brightness laboratory X-ray source providing spatial coherency sufficient for propagation-based phase enhancement [103,210] would both contribute to the improvement of gated-CT and open up new possibilities at their own level.

Figure 1.23: Spatiotemporal resolution expressed as pixel size versus phase width for state of the art gated-CT. The current limit for tomoscopy was proposed by García-Moreno et al. [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]. Boundaries clinical-CT were approximated using the tomoscopy trend.

Currently, the improvement of gated-CT spatiotemporal resolution is mainly conditioned by the dose sensitivity of the imaged sample and hardware related limitations, issues which are shared with tomoscopy. Also, the technique has not been fully exploited yet and its performances could bring new insights in a lot of scientific fields.

Chapter 1. State of the art

Synthesis and objectives

This state of the art demonstrates the ability of gated-CT to image fast oscillating structures in 3D at the micro-scale. However, there are shortcomings in the literature, especially regarding the use of this technique for high vibrating frequencies (i.e. > 50 Hz), which prevent the possibility to apply it without further investigations. Indeed, for materials science, there is a need of reproducible data acquisition in order to extract information which can be compared reliably between different scans. To our knowledge, this has not yet been done with the "pure" stroboscopic tomography, which is not suitable for quasi-periodic movements. Hence the following interrogations arise:

How to optimise the scanning strategy of gated-CT while ensuring the feasibility and reproducibility of the measurements?

This standardisation of the technique is expected but there is also a lack of understanding concerning the image artefacts production and above all how to mitigate them:

What are the links between the acquisition settings of gated-CT and the amount of image artefacts, and especially the inherent motion artefacts?

In addition, the literature does not report cases of kinematic field measurements at high oscillation frequency, a necessary step in order to characterise in 3D the microstructures and multiscale deformation mechanisms of vibrating divided media such as the vocal fold:

To what extend image artefacts induced by the technique have an impact on the resulting image quality and quantitativeness? Is kinematic field measurements even achievable at the micro scale and high oscillation frequencies?

We will try to answer those questions in the following chapters of this thesis.

2

A method to optimise 3D imaging during retrospectively gated X-ray microtomography This chapter describes a procedure for optimising the acquisition and reconstruction settings of gated X-ray tomography in order to guarantee the feasibility and reproducibility of the study while improving image quality by limiting the induced artefacts. It forms the basis of an article in preparation for Scientific Reports, by A. Klos, L. Bailly, S. Rolland du Roscoat, L. Orgéas, N. Henrich Bernardoni, L. Broche and A. King. 
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Introduction

Vibratory movements are ubiquitous in biological processes as well as in mechanical engineering. From a low frequency respiratory pattern [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF] to high frequency sound-induced vibrations [START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF], they cover a broad spectrum of both spatial and temporal scales. Their periodicity offers the possibility to develop dedicated imaging techniques in order to study their evolution that could not otherwise be imaged. Thus, stroboscopic methods have been designed to recover an averaged representation of the motion from multiple oscillation periods. The videostroboscopy is one of those technique that is for instance clinically used on a daily-basis to image and evaluate the proper functioning of the human vocal folds. However, this practice only gives access to 2D upper views spatial information (2D + time). In any case, the evolution of the internal structure remains unknown. To address this limitation, researchers combined videostroboscopy with X-ray radiographic imaging [136][137][138]. Oscillating internal motions became observable but the visualisation is restricted to defined orientation and disturbed by underlying-overlying structures. optical coherence tomography (OCT), a 3D imaging technique, was also proposed to obtain time-resolved structure of the vocal folds during vibration [START_REF] Chang | Triggered Optical Coherence Tomography for Capturing Rapid Periodic Motion[END_REF][START_REF] Benboujja | Quantitative Evaluation of the Human Vocal Fold Extracellular Matrix Using Multiphoton Microscopy and Optical Coherence Tomography[END_REF], but this method is limited by a spatial resolution of about 10 µm and by the strong attenuation of light beneath the first tissue layers.

With the aim of accessing the full 3D movement, some researches proposed to take advantage of the stroboscopic imaging in X-ray computed tomography (CT). Indeed, even the current highest acquisition speed in conventional CT (i.e. 1,000 tomographies per second (tps) in synchrotron) are not appropriate to image movements occurring faster than the duration required to acquire a sufficient collection of angular projections [START_REF] Dos Santos Rolo | In Vivo X-ray Cine-Tomography for Tracking Morphological Dynamics[END_REF][START_REF] Maire | 20 Hz X-ray Tomography during an in Situ Tensile Test[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. As it is often the case in emerging imaging techniques, the first attempts were made for medical applications and especially for the imaging of cardiac and respiratory motions [START_REF] Keall | Potential Radiotherapy Improvements with Respiratory Gating[END_REF][START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF][START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF]. Such oscillations are not regular over time so naive stroboscopic methods were not directly applicable. Instead, two adaptive approaches were designed, prospective and retrospective gating. For both methods, they generally require the additional acquisition of a so-called gating signal, which is a temporal representation of the oscillating movement. They differ in that the first one requires the real time monitoring of this signal to trigger the projection acquisition at pre-defined events [START_REF] Ford | Prospective Respiratory-Gated Micro-CT of Free Breathing Rodents[END_REF]104] (i.e. the R-peak of an ECG), whereas the second one consists in acquiring the projections at a constant rate and to sort them a posteriori according to the on-going phase of the motion at the time of their exposure, which is given by the analysis of the gating signal [START_REF] Drangova | Fast Retrospectively Gated Quantitative Four-Dimensional (4D) Cardiac Micro Computed Tomography Imaging of Free-Breathing Mice[END_REF]111]. It is worth mentioning that techniques called internal gating, as opposed to external gating, have been developed in order to recover the gating signal directly from the projection data [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF]109,120,125]. Numerous variants of gating-based X-ray tomography or gated-CT have been experimented since the first studies in the early 2000s. Basically, they follow the same progress as conventional X-ray tomography, proposing different scan and rotation schemes [START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF][START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF][START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF] (e.g. helical, cine, step-by-step, half-tomography, etc.), phase retrieval methods [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF][START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF] (e.g. propagation-based, grating interferometry, etc.), and benefiting from the same advances of X-ray sources and imaging instrumentation in terms of spatiotemporal performances [START_REF] Lovric | A Multi-Purpose Imaging Endstation for High-Resolution Micrometer-Scaled Sub-Second Tomography[END_REF][START_REF] Mokso | GigaFRoST: The Gigabit Fast Readout System for Tomography[END_REF]103]. Besides, the image analysis methods usually used for X-ray tomography data [START_REF] Maire | Quantitative X-ray Tomography[END_REF] stays also applicable for such imaging technique.

Introduction

Recently, investigators demonstrated that the conjugated use of high brilliance synchrotron facilities and judicious gating strategies allow the spatial and temporal resolution to be improved at least by an order of magnitude each [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF]. Thus, high frequency oscillations were imaged in 3D such as the motion of the steering muscles of a blowfly during its 150 Hz wingbeats at a pixel size of 3.3 µm [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF], or the sound-induced vibrations of the inner ear of fish up to 450 Hz and a pixel size of 2.75 µm [START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF]. For applications in mechanical and process engineering, other works also successfully applied pure stroboscopic CT on fully controlled and periodic oscillations such as for cyclic compression-stretch tests [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]139], or fluid mechanics experiments [START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF]. Although these studies gave interesting results, acquisition parameters specific to gated-CT are often determined empirically, which causes difficulty to transfer them to other oscillating structures. Prior methods have been suggested but they were limited to low frequency movements [114] (i.e. f 0 < 10 Hz), and more importantly they did not propose to mitigate the motion and streaking artefacts on the reconstructed data caused by the inherent motion and the irregular sampling of the projection space [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF][START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]108,109,183]. Hence, the challenge for optimising gated-CT for fast oscillating structures is to understand the link between the numerous acquisition parameters that come into play and the induced artefacts that can arise on the data.

In order to address this challenge, we developed an optimisation procedure based on the dialogue between a numerical approach and experimental campaigns carried out with composite materials in laboratory and synchrotron X-ray tomographs. On the one hand, the numerical study relies on tomographic simulations at the scale of the composite reinforcement of known and ideal 3D geometries, such as sphere or fibre. The objective is to mimic and to quantify the motion artefacts due to imaging process. Besides, a method to ensure a quasi equi-angular sampling of the projection space is also proposed. On the other hand, gated-CT of rigid body oscillating soft composite samples were conducted thanks to a custom-developed vibromechanical test rig with a continuous rotation and retrospective gating strategy. Then, by comparing the experimental and simulated data, the relevance of the methodology was evaluated with the help of image quality assessments on both approaches.

Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography 2.2 Guidelines towards the optimisation of imaging parameters

Problem statement

Let us consider a heterogeneous medium (e.g. a composite material made of spherical or fibrous inclusions embedded into a matrix) subjected to a sinusoidal rigid body translation, and whose 3D motions and evolving microstructure are to be characterised. More precisely, we seek to obtain a discrete sequence of the oscillation cycle into a given number N of phases, as illustrated in Figure 2.1A-B. For this purpose, retrospectively gated X-ray microtomography can be combined with a continuous-rotation scanning strategy. As previously described by Ford et al. [111], the global experimental procedure of such technique relies on four major steps (cf. Figure 2.1B-C):

(1) the continuous recording of a gating signal representative of the applied periodic translation;

(2) the synchronised acquisition of tomographic 2D projections; (3) the gating-based sorting of the projections into N phases; (4) the reconstruction of the 3D images for all phases of the oscillation cycle. The feasibility and quality of the final 4D data (3D + time) will depend on a series of parameters related to the X-ray scanning settings, as well as to the geometry and kinematics of the sample, detailed below and reported in Figure 2.1A-C.

• X-ray scanning parameters: the voxel edge length also called "pixel size", L vx (in µm); the mean energy of the synchrotron beam to obtain a good contrast on the 3D reconstructed datasets, E (in keV); the sampling rate of projections, f s (in Hz); the total number of projections to be recorded to reconstruct N volumes, n tot .

• Geometrical parameters: the characteristic sample size, defined as its maximum thickness along the X-ray beam path, L (in µm); the average size of the heterogeneities within the sample, d 0 (in µm).

• Kinematical parameters: the mean oscillation frequency, f 0 (in Hz); the peak-to-peak oscillation amplitude, A (in px). These parameters are independent, but the values assigned to them will indirectly drive the needed spatial and temporal resolutions of the measurement. The spatial resolution describes how far two features of the object need to be separated to be distinguishable in the measured image [214,215]. In standard tomography, it is partly related to the pixel size of the acquisition, L vx . The temporal resolution can be defined as the timestep between consecutive tomographic datasets [START_REF] García-Moreno | Using X-ray Tomoscopy to Explore the Dynamics of Foaming Metal[END_REF]. In the following, it also corresponds to the duration of one phase, t p , determined by the oscillation frequency and the number of phases to be imaged:

t p = (N f 0 ) -1 (cf. Figure 2.1B).
Therefrom, what are the optimal values to assign to all the above parameters to satisfy a target temporal resolution at a given pixel size L vx ?

In order to obtain an image quality that allows the quantification of microstructural features or field measurements, previous works have already given recommendations for the choice of some parameters such as the pixel size or the number of projections. Although these insights were applied in the case of (quasi-)static experiments, we make the assumption that they are good candidates for gated-CT as well. Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography Therefore, as the image quality depends partly on the number of projections used to reconstruct the 3D dataset based on filtered back-projection (FBP) approaches, the number of equally spaced projections over a full rotation is chosen based on the commonly accepted rule: n = πL/(2L vx ) [216]. Naturally, it then comes n tot = Nn. Furthermore, in order to be able to carry out a correct quantification of microstructural parameters, it was demonstrated that heterogeneities has to be sufficiently resolved, i.e. their typical size have to satisfy the condition: d 0 /L vx >= 5 px [START_REF] García-Moreno | Using X-ray Tomoscopy to Explore the Dynamics of Foaming Metal[END_REF]217].

In the following, to reduce the number of variables to be optimised, we propose to fix the geometrical parameters, the oscillation frequency f 0 , as well as the beam energy E, the voxel size L vx and temporal resolution t p (N, n and n tot being thus directly deduced from the above equations).

However, an extension of these criteria should be proposed for the specific case of retrospectively gated-CT to satisfy a target spatiotemporal resolution. Then, we will focus on the quantification of the effect of the oscillation amplitude A and the sampling rate of projections f s on the feasibility and quality of the obtained 4D data. Doing so, we will be able to recommend to the user an optimal choice of these parameters A * and f * s to allow the experiment and its quantitative analysis. The next sections detail the optimisation strategy for these two parameters. An overview of all the parameters mentioned in this study can be found in Appendix B.

Vibratory amplitude and motion artefacts

Motion blur descriptors

Depending on the kinematical and X-ray scanning parameters, several motion artefacts can affect the reconstructed outputs, yielding to blurred images with undesired information loss [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF]. The artefacts are all the more marked as the speed of the sample increases. More specifically, knowing the maximal displacement velocity achieved by the sample during its periodic translation (V max ), two different types of motion blur can be defined, as illustrated in Figure 2.1D:

(i) a motion blur directly induced during 2D projections recording, deriving from the relative displacement between the sample and the image sensor during the beam exposure time per projection, t e . In the following, this motion blur is noted β 1 . Its maximal magnitude is estimated by the displacement of an object that would move linearly at speed V max during t e :

β 1 = A π f 0 t e .
(ii) a motion blur induced during the reconstruction of the 3D data, deriving from the retrospective gating technique and the temporal resolution t p used to reconstructed the cycle. Namely, all the gathered projections will not be at the same location (Figure 2.1B-C). In the following, this motion blur is noted β 2 , and estimated by the displacement of an object that would move linearly at speed V max during t p :

β 2 = A π/N.

Limitation of the motion blur

By definition, both blur descriptors β 1 and β 2 are linked with A, f 0 , N and t e (Figure 2.1D) -f 0 and N being fixed at this stage. The exposure time t e is adjusted prior a gated-CT by performing a series 2.2. Guidelines towards the optimisation of imaging parameters of conventional CT on the sample at rest, under similar scan conditions (i.e. with n projections, a beam energy E, a pixel size L vx ). The shortest value of t e resulting in an image quality that allows an accurate quantification is then retained. Once t e is fixed, the motion blur descriptors β 1 and β 2 only depend on the peak-to-peak amplitude of the prescribed sinusoidal motion, A.

In the following study (cf. Section 2.4), we will estimate the critical values of these descriptors (β * 1 , β * 2 ) not to be exceeded to allow a given quantitative analysis of images. This will be achieved with the help of a numerical work, by simulating the blurring artefacts at the scale of the particles of known and ideal 3D geometry (sphere or fiber) for different couples (β 1 , β 2 ), and by quantifying the final image quality compared to a static reference configuration. Finally, this approach will lead to the proposal of an acceptable oscillation amplitude A * for the user.

Optimisation of the angular sampling of projections

In order to prevent reconstruction artefacts such as streaks and missing boundaries [START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]108,109,187,188], two main aspects should be also considered: (i) the total number of projections, n tot should be equally distributed between the N phases; (ii) within each phase, the angular sampling of the projections should be regular. Both conditions are directly influenced by the setting of the sampling rate of projections f s . It is therefore necessary to understand how to select this parameter while restraining the above artefacts.

In the first instance, one could choose f s as high as possible. However, depending on f 0 , projections for all the phases may not be acquired (cf. case II, Figure 2.2). Therefore, the proposed optimisation relies on the requirement to periodically acquire at least one projection in each of the N phases. With this aim, we first introduce i, representing the number of oscillation periods of the sample needed to acquire at least a continuous sequence of N projections, so that:

i ≥ N (t e + t l ) f 0 , ∀ i ∈ N ̸ =0 (2.1)
where t l is the minimum latency time between two consecutive exposures, typically equal to the detector readout time. In practice, we choose i = ⌈N(t e + t l ) f 0 ⌉ to minimise the acquisition duration, except if this leads to a sampling rate of projections that requires an inconsistent speed of the rotation stage ω. As possible examples, Figure 2.2A displays various acquisition cases, yielding to distinct values of i in the case where N = 4. Then, to meet the above requirements, the optimal sampling rate of projections f * s must fulfil the following condition:

∃ {k ∈ N | k ≥ N } , such as f * s = k i f 0 with    k = N i f i = 1 k mod i ̸ = 0 i f i > 1 (2.2)
where k includes an anti-aliasing correction as a function of the selected value of i.

Cases I and II in Figure 2.2A describe the examples where i = 1, and where i = 2 but no antialiasing correction would have been applied, respectively. Therefore, case I shows an appropriate sampling of all the N phases within one oscillation period, whereas case II depicts a wrong sam-Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography pling which will result in unusable data, characterised by irregular angular distribution of projections possibly combined with angular projection clustering, as illustrated in Figure 2.2B.

Cases III and IV show both alternatives to remedy this problem, and together with case I, they should produce a relatively regular sampling of projections ("realistic sampling", Figure 2.2B), close to the one obtained in conventional tomography ("ideal sampling").

The best choice between cases I, III and IV will then depend on the experimental constraints of each study. For example, ideal case I requires compatible detector performances, whereas case III implies a shorter acquisition duration so a lower radiation dose compared to case IV, which, in turn, could give better projection distribution between the phases. Thus, in the following, when the case I was not applicable, we chose the case III in order to prevent the effect of the dose on specimen.

Finally, note that in practice, once f * s is found, the latency time between two consecutive exposures t * l , is such that 

t * l = (1/ f * s ) -t e .
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Materials and Methods

The general concept and optimisation strategy of imaging parameters presented in section 2.2 were assessed thanks to a dialogue between, on the one hand, the numerical simulations of blurring artefacts at the scale of ideal reinforcements used in composites, and on the other hand, a series of experimental gated-CT experiments carried out on soft silicone composites filled with spherical or fibrous particles, and with a priori optimal scanning parameters, as detailed below.

Tomography simulation with motion artefacts

The tomography simulation was coded in Python, following a procedure illustrated in Figure 2.3 for the case of spherical reinforcements. For this purpose, two 3D ideal phantoms mimicking the shape (sphere or fibre) and average size d 0 of our real samples' heterogeneities (cf. section 2.3.2) were firstly designed, as suspended in air. More specifically:

(i) a sphere with a diameter of d 0 /L vx (in px) was generated thanks to the module Kalisphera from the Spam software [218,219]. In particular, for simulations of tomography conducted at medium spatial resolution, i.e. with L vx = 10 µm (cf. section 2.3.2), a sphere of 4 px in diameter was designed in a field of view (FOV) of 11×11×31 vx (air background in black), as sketched in Figure 2.3.

(ii) a fibre-shaped phantom with a diameter of d 0 /L vx (in px) and a length of ≈ 25 d 0 was designed and oriented perpendicularly to the rotation axis (z axis). In particular, for simulations of tomography conducted with L vx = 10 µm, a fibre of 2 px in diameter and 50 px in length was designed in a FOV of 61×61×31 vx (cf. Supplementary Figure 2.13).

Note that for both cases, a specific caution was paid on the phantom's interface, to simulate the partial-volume effect [219] which arises in volumetric images when more than one material occurs in a voxel, and which is strongly visible when the heterogeneity size d 0 is close to L vx .

In a second step, for each case, a blurred phantom was simulated by degrading the ideal and sharp 3D particle to simulate motion artefacts (β 1 , β 2 ). To do so:

• For each case, 200 sub-phantoms were computed with a first-order interpolation as the result of a translation between -10 and 10 px along the tomographic rotation axis (cf. top panel in Figure 2.3). This was equivalent to 10 phantoms for 1 px translation, so sub-voxel blurring was achievable.

• Then, each phantom used during the tomography simulation came from an averaging of consecutive sub-phantoms to reproduce a given set of parameters (β 1 , β 2 ), as illustrated in Figure 2.3 (second panel). The motion blurs β 1 and β 2 were both varied between 0 and 10 px with a 0.5 px step in a single direction, resulting in a total of 441 simulated tomographies. This specific step was parallelised for each slice to shorten the computation duration using joblib [220], which was especially useful for larger phantoms.
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•

The Astra-Toolbox [221][222][223] package was used to generate the virtual projections of the blurred phantoms considering a parallel beam, and for the filtered back-projection (FBP) reconstruction of the volumes. In order to focus only on the effect of the motion blur on image quality and to avoid other artefacts, we chose to oversample the projection domain (360 projections) and to not restrain artificial numeric noise. Note that the FOV was minimised to reduce as much as possible the computation time of both the sub-phantoms generation and the simulation of the imaging process.

• Finally, the quality of reconstructed blurred phantoms could be evaluated using metrics detailed in subsection 2.3.3.

Figure 2.3: Graphical synthesis of the progress of a tomography simulation on a spherical phantom for a given couple of motion blur descriptors. The effect of β 1 is visible when generating the projections whereas the one of β 2 is only observable after the reconstruction.
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Experimental developments

Sample preparation

We fabricated composite elastomers made of a soft highly-deformable silicone matrix (a two component addition-cure rubber compound Ecoflex™ 00-30, Smooth-On; density 1.07) reinforced with either solid glass beads (Silibeads ® SOLID, Sigmund Lindner, density ≈ 2.5 with a diameter ranging between 0 to 50 µm, mean value d 0 ≈ 40 µm; In any case, the volume fraction of particles was prescribed at ≈ 5%. Samples were prepared as follows: first, the two compounds of the liquid silicone were mixed with a 1A:1B mixing ratio by weight; then, particles were added and mixed at the defined volume fraction; the mixture was poured in a Petri dish to obtain a 2 mm-thick bulk, and immediately degassed in a vacuum environment for 5 min at 60 mmHg to eliminate air bubbles. Afterwards, it was left for curing at room temperature (T ≈ 21 • C) during 24 h, covered on a flat surface. Right before the X-ray experiment, the specimens were cut from the bulk using a scalpel to obtain 2 3 mm 3 cuboid samples (i.e. L = 2 mm), as shown in Figure 2.4D.

Vibratory setup

A custom vibro-mechanical setup was designed to subject samples to sinusoidal rigid body translation by controlling the oscillation frequency f 0 and the amplitude A (Figure 2.4). The excitation was performed by a small electromechanical shaker with embedded amplifier (Smartshaker™ K2007E01, The Modal Shop), able to oscillate in a wide range of frequency (1-1500 Hz). The apparatus was clamped in the test bench with two layers of rubber damping mats in between to prevent the spreading of vibrations in the whole setup. At the output of the shaker, two linear plain bearings (drylin ® Q, Igus) coupled with a square profile were added to ensure a purely unidirectional translation of the exciter tip along z. On the top, a dynamic force sensor (ICP ® 208C01, PCB Piezotronics; measurement range ± 45 N; maximum static force ± 270 N) was located just before the plateau onto which the samples were positioned (cf. Figure 2.4B), to assess the force. For each oscillation frequency of interest (i.e. f 0 varied from 1 to 400 Hz), the amplitude response of the setup was calibrated as a function of the input sinusoidal voltage (variations within ± 1 V) with a laser doppler vibrometer (LDV) (VibroFlex ® Xtra VFX-I-120, Polytec). Details of the calibration procedure are given in Appendix A, Figure A.1. Therewith, the peak-to-peak amplitude A was found to highly decrease with the applied frequency f 0 , as displayed in Appendix A, Figure A.2. In the end, oscillatory amplitude could be tuned between few micrometres up to a maximal value of 13 mm at lowest frequencies. The control of the applied sinewave was made through a LabView program, detailed in Appendix A, 

Acquisition procedure and synchrotron X-ray instrumentation

Samples were imaged at the PSICHÉ beamline of the SOLEIL synchrotron [224], allowing advanced micro-imaging possibilities including multi-resolution configuration and fast X-ray tomography at less than 1 s/scan. The optical setups chosen to image each composite sample both at rest (scans named as static reference in the following) and while vibrating with a target number of N = 30 phases to be captured.
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Multi-resolution acquisition -High-energy photons (15-100 keV) were produced from a invacuum wiggler (fixed gap 4.5 mm) and filtered using an X-ray mirror (Ir surface, 1.9 mrad angle) [225], combined with a set of filters to adjust the energy spectrum for pink beam illumination. Two configurations were used referred as medium resolution (MR) and high resolution (HR):

• For the MR configuration (L vx = 9.58 µm, FOV = 400×400×320 vx), the exposure time per projection t e , was set to 0.2 or 0.8 ms depending on the case under study. The mean photon energy was set to E = 30.3 keV (wavelength = 0.409 Å) with a flux of 2.3 10 12 photon mm -2 s -1 (obtained with 3.5 mm Al and 0.735 mm Sn filters) for t e ≈ 0.2 ms, and a flux of 0.96 10 12 photon mm -2 s -1 (with 3.5 mm Al and 0.608 mm Sn filters) for t e ≈ 0.8 ms. To convert the transmitted X-rays into visible light, a 250 µm-thick Ce-doped LuAG scintillator was placed behind the sample at a propagation distance of 700 mm which resulted in an convenient combination of absorption and phase contrast. Radiographic projections were acquired with a pco.Dimax CMOS HS4 (pixel size = 11×11 µm 2 ) detector mounted on a tandem optic composed of two Hasselblad HC 2.2 / 100 mm lenses.

• For the HR configuration (L vx = 2.17 µm, FOV = 1200×1200×1000 vx), t e was set to ≈ 0.15 ms. The flux was increased at 87 10 12 photon mm -2 s -1 (3 mm Al and 0.177 mm Sn filters) for a photon energy close to the MR configuration (E = 31.9 keV, wavelength = 0.389 Å). The scintillator was switched for a 250 µm-thick LuAG, the propagation distance was reduced to 110 mm, and a 5× 0.21 Mitutoyo low working distance objective was mounted on the camera.

Gated-CT acquisition procedure -As illustrated in Figure 2.1C, the acquisition procedure consisted of a continuous 360 • rotation of the sample stage along the z-axis (Figure 2.4A), while acquiring n tot projections (n tot being varied from 10,000 to 40,000 depending on the case under study). In practice, the rotation velocity ω was about 37 • s -1 in most cases, and exceptionally reached a maximum of 150 • s -1 , which corresponds to 10 s and 2.5 s for the acquisition of a complete gated-CT (with N = 30), respectively (i.e. ≈ 330 ms and 80 ms to scan a single 3D volume). According to the case under study, the optimised sampling rate of projections f * s was varied from 1033 to 4133 Hz (cf. details in section 2.4). The microtomograph detector was triggered by the rotation stage encoder and the acceleration ramp of the rotation was within the angle range of interest, therefore few of the first projections were not acquired at f * s .

Retrospective gating and projections sorting

After scanning, all projections were sorted according to the current oscillation phase at the time of their exposure, so as to redistribute them into N = 30 phases of one periodic cycle. This step relies on the measurement of the duration of successive cycles of a gating signal representative of the motion temporal evolution. It allows to minimise the influence of jitter or frequency drift of the oscillation on the reconstruction quality, compared to a purely stroboscopic technique [START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]139]. In practice, we used the control sinusoidal voltage of the electromechanical shaker as gating signal. This choice was made for the ease of processing such sinewave. Of course, a constant phase shift may exist between the gating signal and the actual motion, without any consequences for the following steps.
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The phase-based sorting algorithm we employed is illustrated in Figure 2.1C. It relied on the following steps:

• first, successive cycles were arbitrarily detected by processing of the signal in between two consecutive valleys of the gating sinewave. If periodicity inconsistency occurred during an acquisition and reached a ±10% error, the concerned projections were removed from the dataset to limit artefact production.

• then, each detected cycle was divided into N = 30 uniformly distributed temporal phases.

• finally, the projections were gathered by phase according to their acquisition shot instants to form distinct datasets. Note that with arbitrary choices of acquisition parameters and especially f s , this process could result in tomographic data whose projections have a non-uniform angular distribution.

The sorting program was written in Python. The sorted datasets were managed using the hdf5 virtual dataset feature, which greatly limits the size of the output files. In order to reduce the duration of the sorting step to one minute for 10,000 projections, the program was parallelised using the convenient Python package joblib [220].

Tomographic reconstruction

The reconstruction of each 3D volume relative to one temporal phase was performed by PyHST software [226] using a filtered back-projection (FBP) algorithm coupled with Paganin's method for phase retrieval [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF] with a kernel length of 7 px and 15 px respectively for MR and HR experiments. The center of rotation (COR) of the N datasets was defined manually using the one given by an automatic COR detection algorithm performed on the corresponding static reference. All the data was converted into unsigned 16-bit keeping the same dynamic range for scans acquired under the same X-ray conditions (e.g. t e , n, etc.). To sum up, the entire workflow of a X-ray gated-CT is depicted in Figure 2.5 from the acquisition of the static reference to the reconstruction of all phases. 
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Image processing for quantitative analyses of 4D data quality

Rigid volume registration

In order to perform a reliable pairwise comparison of the quality of the images obtained by scanning the same sample at rest and in vibration, a one-to-one correspondence must be established between the coordinates of the N images of a reconstructed gated-CT and those of its corresponding static reference. The 3D alignment of images to each other was achieved using the Spam software [218], which includes a rigid body volume registration function. Figure 2.6 illustrates the employed registration strategy. The registration algorithm minimises the error between the reference volume and the one deformed by Φ, a linear deformation function which is an extension of the transformation gradient tensor taking into account the translation vector t(t x ,t y ,t z ). As we made the assumption of rigid body motion, the transformation gradient tensor is equal to the orthogonal rotation tensor. The convergence of the registration algorithm was by default satisfied at the j th iteration according to the criteria |δ Φ j+1 | ≤ 10 -3 , with |δ Φ j+1 | being the norm of the variation applied to Φ at the (j+1) th iteration. The registration for the first phase was unsupervised whereas the computed Φ deformation function was given recursively as a preguess for the following phases. Therefore, the illustrated registration of the phase i in Figure 2.6 benefited from the preguess of the previous phase i -1, and helped the next registration in turn. The same image processing was also used to measure the 3D displacement (i.e. translations and rotations) of the sample over the 30 phases of the oscillation. In this case, the first phase was consistently considered to be at the initial position (t x ,t y ,t z ) = (0, 0, 0). Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography

Quality indices of the CT-scans

Three metrics were investigated to assess the image quality. They were chosen as representative of typical quantitative image analyses carried out on CT data [START_REF] Murtaza | Towards Improved Laboratory X-ray Tomography Imaging: Optimization of Acquisition Parameters and Use of Photon-Counting Detectors[END_REF].

• Structural similarity index measure (SSIM): the SSIM [227] was used to measure the similarity between the blurred volumes and the static reference that is considered as ground truth. This quality index is known to be an efficient and simple model to measure a perceived change in structural information of an image, and is widely used in image quality assessment [START_REF] Murtaza | Towards Improved Laboratory X-ray Tomography Imaging: Optimization of Acquisition Parameters and Use of Photon-Counting Detectors[END_REF]227]. The parameters of the SSIM computation were adjusted to match the implementation of Wang et al. [227]. The SSIM index between two volumes (X, Y ) is obtained from the average of local SSIM measurements, forming a quality map calculated with a windowing approach. Locally, the SSIM index between two associated windows (x, y) is defined as:

SSIM local (x, y) = (2µ x µ y +C 1 )(2σ xy +C 2 ) (µ 2 x + µ 2 y +C 1 )(σ 2 x + σ 2 y +C 2 ) (2.3)
with the local statistics µ x , µ y , σ x , σ y and σ xy being respectively the mean grey level intensities, the unbiased estimates of the standard deviation, and the estimate covariances of both windows. C 1 and C 2 are two variables that avoid instability of the division with weak denominator, and are defined as

C 1 = (K 1 L) 2 and C 2 = (K 2 L) 2
, with K 1 = 0.01 and K 2 = 0.03 by default, and L being the dynamic range of the grey levels. This range L was fixed by removing 1‰ outliers on the entire dataset under investigation, composed by several comparable volumes. The windows involved are 11 × 11 × 11 vx spherical symmetric normalised Gaussian weighted kernel (std = 1.5 vx). Hence, the SSIM index is defined as follows:

SSIM(X,Y ) = 1 M M ∑ i=1 SSIM local (x i , y i ) (2.4)
where M is the number of local windows in the image (e.g. the number of voxels), x i and y i are the volume contents at the i th local window. Moreover, the recommendations on the better usage of the SSIM proposed by Gourdeau et al. [228] were followed, first by choosing a constant dynamic range L (cf. above), and by not measuring the similarity between the backgrounds. For this specific purpose, a mask was implemented to only quantify the metric within the sample (referred as mask of ROI in Figure 2.6). Because the kernel used for the SSIM is a 11 px diameter sphere, this mask was generated from the one of the sample eroded six times. However, this fact also prevented us to be able to compute the SSIM for the simulation output because the kernel size for the SSIM computation was much larger than the heterogeneity size (i.e. d 0 /L vx < 5). Finally, the SSIM was computed using the scikit-image implementation.

• Pearson correlation coefficient (PCC): the PCC [229] is a global measurement of the linear correlation between two datasets and it is defined as the covariance of the two variables, here the grey levels of the two volumes (X,Y ), divided by the product of its standard deviations 2.3. Materials and Methods (σ X , σ Y ), such as PCC = σ XY /(σ X σ Y ).

It was computed within the aforementioned ROI that did not need to be eroded, because no kernel is involved in the calculation. In practice, the masked volumes were first flattened, which means that they were considered as two monodimensional signals to compute the PCC. We found it relevant because it is based on the same concept as common tools for CT analysis such as the digital volume correlation (DVC) but at the macro scale. Besides, this index is insensitive to uniform variations in brightness or contrast across an image, as it basically represents the spreading of the (X,Y ) distribution around a linear trend and do not account for its slope (uniform contrast variation) or y-intercept (uniform brightness variation). PCC values range from 1 for two 3D images whose grey level intensities are perfectly linearly related, to -1 if one image is the negative of the other. For the specific case of simulated tomographic data, the masked ROI was defined as a centered 6 px diameter cylinder oriented along the translation axis for the 4 px diameter sphere, and a centered 53 × 5 × 31 box for the fibre.

•

Error on heterogeneity volume (EHV): we define the EHV as the percentage of error made on the measurement of the heterogeneities volume between blurred simulated or gated-CT (V blur ) and its associated static reference (V re f ), both based on an Otsu threshold [230] (Equation 2.5). Thus, it is a possible metric to quantify how the segmentation and therefore a naive volume measurement is affected by the image quality. However, this metric is really sensitive to the d 0 /L vx ratio as small d 0 will lead to higher EHV [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF].

EHV = |V blur -V re f | V re f × 100 (2.5)
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Prediction of image quality degradation due to motion blur

A synthesis of the whole experimental database collected for samples subjected to sinusoidal rigid body translation is given in Appendix D, Figure D.1, showing a large number of configurations (≈ 40) depending on the particle shape (sphere or fibre), the oscillation frequency f 0 (from 100 up to 400 Hz), the pixel size L vx (≈ 2 or 10 µm), the exposure time t e (from 0.15 to 0.8 ms) and the screened oscillation amplitude A (from about 5 to 100 px, corresponding to various screened couples (β 1 , β 2 )).

In the following, a single configuration is firstly chosen to screen the image quality degradation due to motion artefacts (subsection 2.4.1 and 2.4.2): we proposed to fix the particle geometry to a sphere (mean diameter d 0 ≈ 40 µm), the oscillation frequency at f 0 = 100 Hz, as well as the beam energy E ≈ 30 keV, the exposure time t e ≈ 0.8 ms, the voxel edge length L vx ≈ 10 µm (MR configuration), and the number of phases N = 30 (thus yielding to a duration of one phase larger than t e in such a case, i.e. t p ≈ 0.3 ms). In a second step, the impact of the sample's geometry, kinematics and X-ray scanning parameters on the results are presented (subsection 2.4.3).

Practical application of the numerical guidelines

Identification of critical values for motion blur descriptors

Tomography simulations obtained at the scale of a single ideal sphere (4 px diameter) when subjected to a series of motion blurs (β 1 , β 2 ) are illustrated in Figure 2.7A. The reconstructed slices show a clear qualitative loss of image quality when increasing the motion blur descriptors, compared to the case predicted under static conditions (i.e. with β 1 = β 2 = 0). The quantitative counterpart of this image quality degradation is plotted in Figure 2.7B, showing the variations of quality indices PCC and EHV with (β 1 , β 2 ). Whatever the index, for β i ≤ 3 px, these maps predict a near-plateau area where the increase of (β 1 , β 2 ) seems to have very little impact on the quality degradation, i.e. where the index is altered by only a few percent (cf. the lightest yellow area in the PCC map, and the darkest blue area in the EHV one). For larger values of β i , the PCC (resp. EHV) globally follows a highly non-linear decay (resp. growth) with both descriptors. Compared to the static case, the decrease in PCC is related to a loss of global spatial correlation due to the expansion of the blur-affected background regions, while the growth of EHV is the result of a systematic overestimation of its volume when the motion artefacts change it from an ideal sphere to an oblong ellipse. Note that by definition, β 2 induces a random aspect on the spread of the projections within a motion interval (cf. Figure 2.1D and Figure 2.3), which can explain the observed fluctuations of the PCC and EHV indices around their global trends, which are especially noticeable for β 1 = 0. Besides, if we compare the impact of one motion blur parameter versus the other on image degradation (i.e. β 1 vs. β 2 ), according to these numerical simulations, neither appears to outweigh the other. Hence, there is no straightforward clue that one blur descriptor should be restricted more than the other.

If we now look at the quantitative levels predicted for both quality indices, and compare the errors expected for the same pair (β 1 , β 2 ), it turns out that they are much higher for the local descriptor related to morphometric changes of the heterogeneity (i.e. EHV), rather than for the more global descriptor (i.e. PCC), which is based on alteration of grey levels. Typically, for the most blurred reconstruction, obtained with (β 1 , β 2 ) = (10 px, 10 px), a decay of 40% is predicted for the PCC whereas an error of about 250% is reached for the EHV. Such errors are exacerbated by the small value chosen for d 0 and the choice of the threshold method such as Otsu [230]. Similar results were obtained with tomography simulation performed on a fibre phantom, albeit with even greater error levels (about 80% for the PCC and 600% for the EHV for (β 1 , β 2 ) = (10 px, 10 px); cf. Supplementary Figure 2.13).

Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography From this particle-scaled numerical database, the critical values of the motion blur descriptors not to be exceeded for an experimental design, denoted (β * 1 , β * 2 ), can then be defined by thresholding the above image quality metrics (PCC and/or EHV). The table of slices provided in Figure 2.7A allows a first identification of the blur ranges leading to an acceptable image quality for the operator, depending on the type of quantitative analysis to be performed. More specifically, by setting these β * 1 and β * 2 values when preparing an experimental protocol, a certain level of quality indices should be expected for the acquired 4D dataset -and this, for all phases of the prescribed sinusoidal motion. For instance, Supplementary Figure 2.13C shows threshold values chosen (arbitrarily) so that the errors generated by motion artefacts do not exceed PCC ≈ 0.85 and EHV ≈ 50% (red areas), which would lead to fix the critical descriptors around β * 1 ≈ β * 2 ≈ 5 px in the case of spherical particles (β * 1 ≈ β * 2 ≈ 2 px in the case of fibrous particles). Knowing this, it is possible to determine a peak-to-peak oscillation amplitude A * that should not be exceeded during the experiment (cf. Figure 2.1D).

Determination of the optimised sampling frequency

Following the guidelines detailed in subsection 2.2.3, the optimised sampling frequency of projections, f * s , can be determined for the specific configuration under study. Figure 2.8 displays all optimised values f * s predicted in the plane (t e + t l , N) when assuming f 0 = 100 Hz (cf. Equation 2.2) -note that equivalent graphs for f 0 = 50 Hz and f 0 = 400 Hz are given in Supplementary Figure 2.12. It is shown that the same frequency f * s can be suitable for different triplets of parameters (t e , t l , N). More particularly, the chosen case (t e ≈ 0.8 ms, t l ≈ 0 ms, N = 30) yields to f * s ≈1033 Hz, as located in Figure 2.8 (cf. black cross). Such a configuration requires at least i = 3 oscillation periods to acquire N consecutive projections, which means that all phases will be sampled every three oscillation periods. White lines depict boundaries of iso i regions and black cross points the value of f * s / f 0 for the presented experimental cases.

Prediction of image quality degradation due to motion blur

In the following experiments, several critical pairs (β * 1 , β * 2 ) associated with distinct threshold of quality metrics derived from surface plots in Figure 2.7B will be studied. Besides, the optimal sampling frequency f * s was directly deduced from the theoretical results reported in Figure 2.8. Its efficiency in giving even phase and angular distribution of projection will be further discussed.

Experimental validation

We present here three cases of experimental studies (S1, S2, S3) conducted sequentially on the same composite elastomer filled with solid glass beads, while progressively increasing the critical pairs (β * 1 , β * 2 ) from about (2.5 px, 1 px) up to (8.5 px, 3.5 px), and thus, the prescribed oscillation amplitude A * from 105 to 320 µm. The experimental parameters for each case are derived from the guidelines detailed above, and resumed in Table 2.1. The overall trends are firstly presented, and then compared to numerical predictions in terms of image quality.

General experimental trends

Figure 2.9 shows the typical images obtained on the composite once scanned under reference static conditions (A), tracked over N = 30 phases of its vibratory motion after gated-CT reconstruction (B), along with the quantitative analyses of the recorded 4D dataset (C-E). A video of the reconstructed slices over time is also available in Figure 2.9F. Results are here illustrated for case S2, characterised by intermediate kinematics and motion blurs, i.e. with (β * 1 , β * 2 ) ≈ (6 px, 2.5 px). Similar results are shown in Supplementary Figure 2.14 and 2.15 for cases S1 (amplitude A * divided by half compared to S2) and S3 (A * increased by a factor of ≈ 1.5) respectively. Whatever the case, we were able to acquire, reconstruct and process the 30 phases of the sample's motion. Several general trends can be highlighted, as detailed below.

Angular sampling of projections -One of the main objectives of the optimisation procedure was to ensure a uniform angular distribution of projections for 3D dataset. The barplot of the actual number of projections per phase, reported in Figure 2.9E, shows that this number varies little along

Geometry

Kinematics X-ray settings Table 2.1: Experimental parameters used for the three case studies. Grey backgrounds indicate optimised parameters. Note that the values reported here for β * i and A * were chosen a priori from the theoretical guidelines, then re-evaluated a posteriori on the recorded images, and rounded to the nearest half-pixel. In all cases, β * 1 /β * 2 ≈ 2.5 in such a configuration.

L d 0 f 0 A * β * 1 β * 2 L vx f * s t e n tot [µm] [µm] [Hz] [px] [px] [px] [µm] [Hz] [s] S1 ≈11 ≈2.5 ≈1 S2 
Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography 2). This first result evidences that we achieved a reasonable phase sampling. In addition, the polar histograms displayed in Figure 2.9B provide an overview of the projection space, and confirm that the angular distribution of the projections for each phase remains almost uniform, validating the proposed guideline.

In comparison and not surprisingly, the angular sampling of the static reference case is strictly uniform (cf. polar histogram in Figure 2.9A).

Motion measurements -Before evaluating the quality of the recorded 4D dataset, each reconstructed phase was registered on its static reference, as detailed in subsection 2.3.3. This step also allowed to measure the effective translation subjected to the sample, and to correct a posteriori the effective motion blurs β * 1 and β * 2 if necessary (cf. Table 2.1). The measured rigid translation in each direction is plotted in Figure 2.9C, relative to the phase number. Although we can notice a small shift in the direction of the x and y axis, most of the translation is measured along the z axis, which is also the rotation axis of the tomograph. This result is also confirmed for other case studies as shown in Supplementary Figure 2.14C and 2.15C, though the sample translation along the y axis became more significant in case S1 characterised by the lower oscillation amplitude. Moreover, for all cases, the translation profile was sinewave-like which is in agreement with our hypothesis of a sinusoidal motion.

Image quality assessment -The different quality indices of the CT-scans (SSIM, PPC and EHV), computed between each phase of a given registered scan and the static reference, are presented in Figure 2.9D for case S2, and in Supplementary Figure 2.14D and 2.15D for (S1, S3). The detailed mean and extreme values of all indices are reported in Table 2.2 for each case.

Whether for the PCC or the EHV, we can clearly identify that the poorest image quality is obtained when the translation speed is maximal (cf. shaded areas), thus when A * , β * 1 and β * 2 are maximum too, as shown by the PCC (resp. EVH) going from 0.84 to 0.67 (resp. 41% to 91%) in average when A * is tripled. Note that, while it was not relevant to compute the SSIM of the simulated data at the scale of individual microparticles, the application of this metrics was relevant at the scale of the whole composite. Thus, for our specific database, the SSIM turns out to be highly correlated with the PCC, which tends to support the general findings.

For all case studies, Figure 2.10 summarises the evolution of the three quality indices over the Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography 30 phases of the sinusoidal translation by means of box plots highlighting the statistical values detailed in Table 2.2. We can clearly observe the degradation of the metrics along with the increase of the blur descriptors, which are, by definition, relative to the phase with the maximum motion speed (cf. crosses). Besides, it is shown that the maximum values of the SSIM and PCC (respectively the minimum for the EHV), which correspond to the phase of the oscillation with minimal motion speed, stay almost constant along the three case studies (i.e. PCC ≈ 0.88, SSIM ≈ 0.75). This observation suggests that the motion blur is the only or at least the main cause of image quality degradation. So, the systemic gap of image quality between static reference and the gated-CT could be mainly explained by the fact that no phase is fully static, however other sources could enhance this gap. Indeed, the registration uncertainties, the angular distribution of the projections which is not as perfect as for the static reference, and the inherent random electronic noise may all play a minor part in the degradation of image quality. (bottom) Boxplots of the result of image quality metrics between the static reference and each of the 30 registered phases for the three case studies, as a function of the blur descriptors. Crosses show the value for the specific phase that happened at the maximum speed, for which the blur descriptors are defined. The points denote the interpolated results of the tomography simulation for these specific couples β 1 , β 2 .
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Prediction of image quality degradation due to motion blur

Comparison between experimental data and numerical predictions

Figure 2.10 also highlights the comparison between the experimental results and the numerical predictions of image quality indices PCC and EHV, as derived from the particle-scale simulations (cf. Figure 2.7). In both approaches, the size of the spherical heterogeneities were deliberately kept in the same range (d 0 /L vx ≈ 5) to allow suitable comparison. We find that experimental and numerical data follow the same qualitative trends on average over the 30 phases. From a quantitative point of view, the simulations globally overestimate the image quality. The uncertainty factors mentioned in the previous section could explain such a discrepancy between measurements and predictions.

In addition, with regards to the EHV, we note that image degradation increases more rapidly with blur according to numerical predictions than experimentally. The fact that the contrast ratio between the particle and the background is about three times higher in the model than in the real gated-CT ROI may partly explain these differences. Choosing a lower contrast between the particle and the image background in the model would have led to a rapid combination of grey levels with the blur. In this case, the histogram-based segmentation would have been more ambiguous, and the derived volume of heterogeneities less overestimated.

Finally, despite all simplifying assumptions, the proposed modeling seems to give relevant trends to predict how much the motion blur will affect the final image quality of the most critical phases.

Influence of sample's geometry, kinematics and X-ray parameters

In addition to the case studies selected above, numerous other configurations were tested on the PSICHÉ beamline following the same guidelines (cf. Appendix D,Figure D.1). A selection of three other cases is illustrated in Supplementary Figure 2.16, showing the versatility of the technique and its optimisation: case of a higher oscillation frequency ( f 0 = 400 Hz) requiring optimal values (A * ≈ 9 px, β * 1 ≈ 2 px, β * 2 ≈ 1 px, f * s =4133 Hz); case of other heterogeneous media owning a structural anisotropy (fibrous particles) requiring optimal values (A * ≈ 30 px, β * 1 ≈ 7.5 px, β * 2 ≈ 3 px, f * s =1033 Hz); and case of higher magnification (L vx = 2.17 µm, i.e. HR configuration) with optimal values (A * ≈ 105 px, β * 1 ≈ 5 px, β * 2 ≈ 11 px, f * s =3000 Hz). For each case, Figure 2.16 displays the static reference, the orthogonal slices of the vibrating composites in all directions after gated-CT reconstruction, the time-evolution of a selected line on each slide (in orange) yielding to kymograms, and a video of the slices over time. Although the methodology could be successfully applied for all cases, reducing A * for highest oscillation frequency or magnification was necessary in order to keep image quality at its best. Looking in more details, we observe in Supplementary Figure 2.16B that the previously discussed translation in the (x, y) plane is even more distinct for f 0 = 400 Hz. Moreover, an overlay artefact is visible at the bottom of the vertical slices for HR experiments (Supplementary Figure 2.16D). This is due to the unintentional presence of the translation plateau in the FOV of the reference projections used for the flat-field correction when imaging at L vx = 2.17 µm.

Finally, in parallel to the developments of gated-CT in synchrotron, we also developed and tested the imaging technique using a laboratory microtomograph (3SR laboratory, micro-focus source and flat panel detector, RX-Solutions), in order to demonstrate the effectiveness of the pro-Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography posed guidelines in a different context. Details of the setup, sample preparation and acquisition strategy are given in Appendix E, and will not be discussed here. When employing laboratory sources, the achievable spatiotemporal resolution decreases by several orders of magnitude (the maximal sampling rate of projections being f s ≈ 60 Hz in 460×364 px 2 , binning 4; maximal rotation velocity of about 15 • /s), but the principle of the technique is the same, therefore the proposed optimisation process stays relevant. Therefore, Supplementary Figure 2.17 shows the same analyses than that applied to synchrotron data in previous sections, albeit conducted here in the case of a composite filled with spherical heterogeneities (L =1 cm, d o = 1 mm), imaged with a pixel size of L vx =50 µm, while being subjected to rigid body oscillations at f 0 = 2 Hz and A * ≈1.5 mm (cf. all parameters listed in Table E.1, case T 2 ). This experiment is representative of a larger database depicted in Appendix D,Figure D.4. It should be noted that due to current technical limitations, the highest oscillation frequency that could be investigated at this amplitude A * by pushing the capabilities of the lab tomograph while imaging at L vx = 50 µm is close to 6 Hz (and still with a moderate image quality). However, compared to synchrotron beamlines, the easier access to such lab facilities allowed to test various acquisition and gating strategies. Supplementary Figure 2.18 reports the main results of such a parametrical study. More specifically, we assessed here the image quality of gated-CT varying the scan type (continuous or step-by-step), the gating source (external or internal, i.e. either based on the control voltage of the shaker or retrieved from the projection data itself respectively), and the motion blur descriptors (β 1 , β 2 ) at a fixed oscillation frequency f 0 = 2 Hz. As a result, the detection of the period T 0 = 1/ f 0 (Supplementary Figure 2.18A) seems to be less accurate based on external gating than using internal gating. For both gatings, the spreading of the T 0 distribution slightly increases with the motion amplitude. Looking at the quality metrics (Supplementary Figure 2.18B), no significant difference is observable between external and internal gating. Nevertheless, these metrics are slightly worse when using the step-by-step scanning type compared to the continuous scanning, at equivalent (β 1 , β 2 ). Interestingly, the projection angular distribution, illustrated here for the first phase only (Supplementary Figure 2.18C), looks really regular for all case studies. However, the perfect equi-angular distribution of projections, which should be expected when using the step-by-step scanning mode, was not obtained. Finally, being moderate in quantitative terms, differences between both scan types and gating sources for equivalent motion ranges can hardly be noticed qualitatively (Supplementary Figure 2.18D).

Discussion

Discussion

The presented optimisation procedure has made it possible to image a multiscale oscillator in a simple rigid body motion, but beyond the spatiotemporal limits currently acquired by gated-CT, as illustrated in Figure 2.11, but still restricted to quasi-periodic oscillations. This map does not reflect the velocity of the captured motion, nor the sensitivity of the sample to the dose or the degree of quantitativeness of the resulting 4D images. However it gives meaningful insights for the current limits of gated-CT for periodic or quasi-periodic motions. The following section discusses the choices made in this study, the performances and limitations that arise from them. Moreover, possible improvements and perspectives for future works are presented.

Figure 2.11: Spatiotemporal resolution expressed as pixel size versus phase width for state of the art gated-CT. The current limit for tomoscopy was proposed by García-Moreno et al. [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF]. Boundaries for laboratory and clinical-CT were approximated using the tomoscopy trend.

Acquisition procedure of gated-CT

Technical trade-off

Source type -As shown in previous section, this study is not exclusively limited to synchrotron sources, and only few changes should be considered to switch between the source type (cf. Appendix E). Nevertheless, the possibilities in terms of spatiotemporal resolution offered by lab sources are still much lower than those achievable in synchrotron facilities, which makes them currently unable to capture millimetre amplitudes oscillating at frequencies higher than ≈ 6 Hz, and more generally, oscillations such as f 0 >= f s whatever their amplitude. The high spatiotemporal resolution imaging presented in this study was only made possible by high brilliance synchrotron X-rays and dedicated hardware for fast tomography acquisition (cf. Figure 2.11).

Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography Gating type -A retrospective gating strategy was preferred over prospective gating for practical reasons. Indeed, prospective method requires to define the phases of the motion to image prior to the experiment (cf. section 1.3.3) Although such a choice could have been made in the case of the forced motions studied in this chapter, we do not always have a priori expectations about the oscillatory behaviour at pre-defined times (e.g. notably in medical imaging), and it is generally preferable to obtain 4D data with a constant time step to facilitate analysis. Furthermore, prospective gating requires real-time monitoring of the gating signal, which would be challenging for high-oscillation frequencies. Another straightforward method could have been to use pure stroboscopic tomography [START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF][START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF], as long as the oscillation was controlled. Indeed, in our case, the measured oscillation periods were really consistent (less than 1% variations, data not shown) and could have been considered as constant. Nevertheless, the experimental operation developed in this chapter differs from stroboscopic tomography in the way the synchronisation between image acquisition and the object's motion is performed. As the future applications we are aiming at are quasi-periodic oscillations, such as those found in many biological oscillators, projection sorting based on gating signal was preferred.

Scan type -The gated-CT acquisition was made with a 360 • continuous rotation, corresponding to a multiple rotations approach (i.e. two tomographic angular spans) for a parallel beam geometry. This choice was made because it still permits low-quality reconstruction if the oscillation does not persist for the entire 360 • acquisition [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]. For this reason, Walker et al. [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF] used the same multiple rotations approach, and it appears especially relevant when working on transient oscillating structures. Note that the transient aspect did not necessarily come from an expected behaviour, but it can result from instrumentation failure, material damage or thermal expansion due to the X-ray dose. Finally, this full turn acquisition was a trade-off between the aforementioned aspect, the technical limit of the rotation stage, the avoidance of inertial effects due to the rotation velocity [START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF], and the limitation of rotational motion during X-ray exposures. Moreover, we compared the step-by-step and continuous rotation modes on a lab microtomograph. We did not achieve the advantageous perfect equi-angular sampling of the projection space, which should be expected with the step-by-step mode (cf. section 1.3.2). This is due to possible interference between the rotation stage and the vibration of the setup (cf. Appendix E,section E.3). Instead, the obtained angular sampling was found rather close to that achieved with the continuous rotation mode when combined with optimised acquisition parameters. Also, the image quality obtained with continuous scanning was rather similar than with step-by-step mode, albeit for a much shorter experiment duration (4 to 5 times lower; cf. Appendix E, Figure E.3), which highly reduced the radiation dose on the sample. Finally, from a practical point of view, the step-by-step mode would require even more development to be used routinely in synchrotron facilities than continuous scan, which is basically the same strategy as for most of conventional CT.

Performances of the optimisation guidelines

The method described in this chapter for optimising gated-CT demonstrates reliable results regarding the feasibility and quality of imaging of fast oscillating structures. First, the dispatching 2.5. Discussion of the projections between the phases and its angular distribution was found stable and rather close to a uniform distribution, even when varying the X-ray scanning or kinematic parameters. The introduction of a finely tuned latency time between the projection exposures is the first reason of this achievement, which is however a compromise with the radiation dose. As the latter can affect materials properties and damage the sample [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF][START_REF] Fardin | In-Vivo Dynamic 3D Phase-Contrast Microscopy: A Novel Tool to Investigate the Mechanisms of Ventilator Induced Lung Injury[END_REF], the contribution of specific equipment such as synchronised rotating X-ray shutter [START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF] should be evaluated in future works. The dose mitigation is even more relevant for high resolution imaging, where the X-ray flux was increased almost by an order of magnitude, inducing obvious material damage after few scans. Regarding the angular sampling of the projections, the strategy used in this study implied minor projection clustering [190] (cf. Figure 1.18, induced by the use of case III in Figure 2.2A. Nevertheless, the obtained clusters are only composed of two consecutive projections, and they occurred in each phase approximately every N = 30 projections. For the presented datasets relative to synchrotron experiments (n ≈ 330), it resulted in about 11 two-projections clusters per phase, which was considered as a reasonable trade-off compared to case IV, which would have involved a 50% increase in acquisition duration and radiation dose. The possible use of the case IV combined with a rotating shutter would be an interesting way to overcome this issue.

Data preprocessing and reconstruction

Data preprocessing -Previous studies already showed the possibility to use an internal gating signal directly extracted from the projection data [START_REF] Pan | 4D-CT Imaging of a Volume Influenced by Respiratory Motion on Multi-Slice CT[END_REF][START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Maiditsch | Revealing Sound-Induced Motion Patterns in Fish Hearing Structures in 4D: A Standing Wave Tubelike Setup Designed for High-Resolution Time-Resolved Tomography[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF]109]. Based on these works, we proposed a simple method to recover an internal gating signal from projections of a sample subjected to rigid body oscillation in a lab-microtomograph (cf. Appendix E, Figure E.4). In the end, the image quality assessment between external and internal gating showed comparable results for both methods, even if internal gating required more post-processing operations. Because the rigid body oscillation was fully controlled through the shaker, the use of internal gating was not necessary here, but it remains an interesting option to explore in order to move towards minimalist experimental setup [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF]127]. Depending on the experimental constraints, one could also design an experimental workflow where the gated-CT is first quickly reconstructed on site using external gating for 'real time' qualitative overview, and then refined a posteriori using internal gating which should better describe the effective internal motion [128][129][130]. Besides, with the aim of reducing the motion blur β 2 , one could suggest not to define the phases directly successive. The advantage of this idea is that β 2 would not be related to N anymore. In other words, the motion blur could be reduced without the need to increase the number of phases. However, with retrospective gating, this can only be achieved by reducing the sampling rate f * s , or by discarding some acquired projections. In any case this is at the cost of a higher X-ray dose, which would have been problematic with our samples.

Data reconstruction -The use of FBP can be questionable due to the inherent blurs, the relatively undersampled projection space, and the non-strictly uniform angular distribution of projections. Indeed, it is known that under such circumstances, FBP is prone to produce streaking and motion artefacts [START_REF] Guo | 4D Micro-CT Using Fast Prospective Gating[END_REF]108,109,187,188]. This algorithm was preferred to iterative, AI-assisted [START_REF] Pelt | Improving Tomographic Reconstruction from Limited Data Using Mixed-Scale Dense Convolutional Neural Networks[END_REF]163], compressed sensing-based [167,168], or motion-compensated ones [159][160][161], in order to only Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography have to deal with issues relative to the imaging technique. For future works, the contribution of other reconstruction algorithms should be considered.

Simulation and phantom considerations

In the case of spherical particles, previous experimental work has already shown that the smaller the size of the sphere, the larger the relative errors generated in the measurement of its volume during the particle's oscillation [START_REF] Rietzel | Four-Dimensional Computed Tomography: Image Formation and Clinical Protocol: 4D Computed Tomography[END_REF]. However, this study did not investigate the impact of the particle shape. For fibre-like heterogeneities, it is clear that the typical size along the oscillation axis (i.e. fibre diameter d 0 in our case) is a better indicator than the particle volume on the blurring artefacts generated. That is why EHV was found greater for a 2 px diameter fibre than for a 4 px diameter sphere, despite a larger volume than the sphere (cf. Figure 2.7 and Figure 2.13). Besides, the velocity of the phantom was determined to be directly related to the measurement errors made on its volume, as highlighted by the grey boxes in Figure 2.9D. Nakamura et al. [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF] measured similar trends with a larger spherical phantom (d 0 /L vx = 16), correlating volumetric error to the phantom maximum velocity.

The tomography simulation was designed especially for this work, therefore its limitations are closely related to the scope of this study. It is fully implemented for parallel beam, and few modifications should be addressed in order to extend it to cone beam sources such as to take into account the magnification and the distortion due to the beam geometry and to implement dedicated reconstruction algorithms. Furthermore, although there are no technical restrictions, we have essentially developed simple 4D phantoms (sphere or fibre) subjected to rigid body motions. The same approach could be applied to more complex and heterogeneous displacements, but the challenge then is to mimic the realistic motion before the real experiment. In addition to its motion, the choice of the phantom itself should be discussed. Here we choose to isolate a single heterogeneity, and made the assumption of a spherical or cylindrical particle, which is not a strong hypothesis because the shape and size of the actual glass beads and fibreglass were rather homogeneous. Nevertheless, the best practice could be to use a more complex phantom, or even the real sample data coming from an anticipated conventional tomography. We have not been able to carry out this idea especially because of the long computation time required when increasing the phantom volume conjugated to the time-restricted access to synchrotron facilities.

Choice of image quality metrics

Selecting or creating image quality indices suitable for CT-data that include induced-motion artefacts has not been straightforward. The first idea was to find a metric able to describe the qualitative degradation of the image, close to the human visual rendering. The SSIM was found to be a gold standard metric for such a consideration, and has been already used to compare the results of reconstruction algorithms dedicated to gated-CT [177,179,231]. Despite being unsuitable for single heterogeneity simulation, the possibility of having a more realistic phantom in future work kept our interest in this metric. Then, the challenge was to identify measurement methods that were directly linked to the quantitative image analysis commonly performed on CT data. Such connection exists between DVC and 2.6. Conclusions the PCC. Moreover, the latter has the benefit of being insensitive to the mean uniform intensity shift due to the low variability of the number of projection n in each phase (Figure 2.9E). Another good candidate would have been the registration error, which is the mean residual difference in grey levels between the reference volume and the registered one. The use of such metric, which is sensitive to the average grey value mentioned, would however require a normalisation step. In the end, SSIM and PCC were found to be really correlated for our experimental data, suggesting a possible redundancy of those metrics. Factors composing the SSIM at the local scale (cf. Equation 2.3) were built in order to report variations of luminance, contrast and structure [227]. The definition of the structure term is really close to the definition of the PCC. Hence, in spite of their different computation approaches (local vs. global), any difference in trend observed between the two measurements could reasonably be attributed to changes in the luminance and contrast terms. Therefore, this a priori redundancy between SSIM and PCC indicates that no significant variation in luminance and contrast was measured between the phases. Besides, the presence of motion blur brings uncertainty to the phase segmentation in a divided media, so the goal was to quantify this uncertainty to retrieve an image quality measurement. Several attempts have been made before converging to the proposed EHV metric, which relies on the Otsu threshold of the heterogeneities. It was the most repeatable and generic method although it did not give reliable absolute measurement of the volume of the heterogeneities. Indeed, manual or machine-learning based segmentation would give a better estimation, but those approaches were case-dependent or implied a prior knowledge on the volume fraction of heterogeneities, which was inadequate in our case.

Conclusions

Although the presented work should not be considered as comprehensive, it attempts to gives a first outline on the standardisation of retrospectively gated X-ray CT for materials science. For this purpose, we first proposed a protocol for the optimisation of experimental parameters. Then, through a numerical approach, we tried to give quantitative clues on the degradation of the image quality due to motion blur. Both were finally validated experimentally during a synchrotron experiment imaging a rigid body 100 Hz oscillation at an equivalent rate of 3,000 tomographies per second. The next step will be to extend this optimisation to more complex motions and to evaluate the possible dynamic quantification at the local scale. The following chapter will be devoted to this challenge.

Chapter 2. A method to optimise 3D imaging during retrospectively gated X-ray microtomography 2.7 Supplementary material to Chapter 2 Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures

This chapter details some applications of the aforementioned optimisation in the case of experiments conducted on fast deforming samples subjected to sinusoidal loadings. An exploration of the possibility to measure kinematic fields on the reconstructed data is proposed. Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures

Introduction

The quantification of the data generated by time-resolved tomography is a necessary step in order to characterise to understand in 3D the microstructures and the related deformation mechanisms of loaded heterogeneous materials [START_REF] Maire | Quantitative X-ray Tomography[END_REF]. The subsection 1.3.5 already detailed the different types of quantitative analysis that can be performed on gated-CT data. They are summarised in Figure 3.1 as a function of the spatiotemporal resolution. For instance, studies showed the possibility to perform 3D kinematic field measurements such as particle image velocimetry (PIV) to retrieve tissue motion and expansion in mechanically ventilated mammalian lungs in vivo [START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF]103,135] or particle tracking velocimetry (PTV) to compute local strain maps of a rubber sample under cyclic tensile test [START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF]. Nevertheless, most of quantitative analysis and especially full-field kinematic measurements were performed only for data acquired at relatively low oscillation frequency or strain rates (i.e. f 0 < 10 Hz). The current cutting-edge studies reaching the highest spatiotemporal resolutions are restricted to qualitative observations, limited to morphometric quantifications [START_REF] Tekawade | Time-Resolved 3D Imaging of Two-Phase Fluid Flow inside a Steel Fuel Injector Using Synchrotron X-ray Tomography[END_REF], or to local strain measurements from manual [START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF] or semi-automatic [START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF] tracking of biological features.

Therefore, the objective of this chapter is to evaluate the possibility to quantify in 3D the kinematic of fast vibrating structures imaged using retrospectively gated X-ray microtomography at high spatiotemporal resolution ( f 0 ≈ 100 Hz, L vx ≈ 10 µm). For this purpose, several challenges must be overcome. Notably, the mitigation of image artefacts and especially motion artefacts which could considerably affect the data quality thus its quantitativeness [START_REF] Nakamura | Impact of Motion Velocity on Four-Dimensional Target Volumes: A Phantom Study: Impact of Motion Velocity on 4D Target Volumes[END_REF], as demonstrated in the previous chapter 2. Hence, based on the guidelines and the abacuses given by the tomographic simulations at the particle's scale, we acquired two series of gated-CT in synchrotron facilities, Figure 3.1: Qualitative or type of quantitative analysis performed on state of the art gated-CT data according to the spatiotemporal resolution achieved, expressed as pixel size (L vx ) versus phase width (t p ).

Introduction

imaging samples with to sinusoidal mechanical loadings. To this end, we first designed a vibratory setup dedicated to in situ X-ray microtomography, allowing both cyclic tensile test and cyclic bending test. Finally, we used the digital volume correlation (DVC) [START_REF] Maire | Quantitative X-ray Tomography[END_REF] on the reconstructed data, to assess the strain fields at the local scale, in order to gauge the limits of this method for such data.

Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures

Materials and Methods

Experimental developments

Sample preparation

The samples tested in this chapter were similar to those presented in chapter 2, i.e. composite elastomers made of a soft highly-deformable silicone matrix filled with solid glass beads or chopped fibreglass. Samples were prepared following the protocol already described in section 2.3.2, considering only few changes: specimens were cut with the dimensions of 2 × 2 × 22 mm 3 and 2 × 2 × 15 mm 3 , depending on the targeted mechanical tests (tensile or bending tests respectively). Moreover, when needed, a glass bead of 1 mm diameter was glued onto the surface of each sample, in order to track this reference point during CT-scan acquisition and/or reconstruction. The sample nomenclature and composition is provided in Table 3.1.

Vibratory setup

For this study, we designed two different extensions of the vibratory setup described in section 2.3.2. The goal was to deform the sample during oscillations provided by the setup, and to control the initial gauge dimensions of the sample at rest along (e x , e y , e z ), and notably its longest length ℓ 0 (see detailed dimensions in Table 3.1); its optional longitudinal pre-strain ε p ; the mode of vibratory loading (tension/compression/bending); the oscillation amplitude A * and frequency f 0 . Both configurations are described in Figure 3.2:

•

The cyclic tensile setup is described in Figure 3.2A-D. It allows a pre-strain ε p of the sample along its longitudinal direction (i.e. along z), and controlled sinusoidal oscillations in the same direction to be prescribed. The vibrations are directly transmitted by the electromechanical shaker linked to the bottom jaw.

• Similarly, the bending setup is described in Figure 3.2A,E-G. It allows a pre-strain ε p of the sample along in the horizontal direction (i.e. along y), and transverse oscillations to be prescribed through a probe, which is either fixed at mid-length with both sample's ends fixed or at one of the end of the specimen (cf. Appendix F).

In practice, whatever the configuration, the tensile pre-strain ε p could be varied up to ≈ 90%. The lower part of the setup, already developed in chapter 2, and the new one designed to provide the above functionality are linked by a partially open poly(methyl methacrylate) (PMMA) column (35 mm diameter, 2.5 mm thick), which is low X-ray absorbent. It should be noted that the extension of the vibratory setup did not necessitate any change in the setup control software, nor in the displacement calibration given the very weak forces required for the deformation of the sample (data not shown). However, mounting the sample in the press for each configuration (tensile or bending setup) required dedicated work. The jaws and the mounting procedure developed for each case is detailed in Figure 3.3 and 3.4,respectively. Given the size of the sample and the relatively small space requirement, the samples were pre-mounted into the jaws in both cases outside the vibratory setup, Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures and held in place with the help of a spacer (see steps ① to ③ in Figure 3.3). A standard cyanoacrylate glue was used to secure the bond between the samples and the jaws. For the tensile setup, because the jaws were not in the FOV, pieces of rough sandpaper were added to prevent the slippage of the sample. Then, the samples were mounted inside the setup where the spacer was finally disassembled (see steps ④ to ⑦), and the pre-strain ε p was prescribed (step ⑧) using a micrometric head screw 0.01 mm,Mitutoyo;Figure 3.2A). The screw was then removed during gated-CT to preserve the balance of the rotation axis and to reduce the space requirement. In the case of tensile test, we also had to apply a first ≈ 1 mm elongation to the soft sample before starting the experiment, to counteract the buckling effect obtained after the jaws were tightened. Moreover, a special attention was paid to the absence of metal parts in the X-ray beam path. Thus, all the subjected parts, including the jaws, were 3D-printed by fuse deposition modeling in polylactic acid (PLA) (PLA003/PLA190, ICE Filaments) and assembled with polyamide bolts which are low-absorbing materials .

Acquisition procedure and synchrotron X-ray instrumentation

The experiments were conducted within two different synchrotron facilities which offer multiresolution imaging configurations and fast X-ray tomographic acquisition (ESRF-ID19, coll. Ludovic Broche, proposal MA-5278 | SOLEIL-PSICHÉ, coll. Andrew King, proposal n • 20210430). The optical setups used for both cyclic tensile and bending vibration tests are detailed below. CT scans of the samples at rest (static reference) were acquired with the same optical settings. Also, in this chapter, the term "pixel size" refers to the voxel edge length L vx (in µm).

Cyclic tensile experiments -The cyclic tensile experiments were carried out on the PSICHÉ beamline of the SOLEIL synchrotron. The procedure and the X-ray instrumentation for both medium and high resolution configurations have already been described in section 2.3.2.

Cyclic bending experiments -The cyclic bending experiments were carried out on the ID19 beamline of the ESRF synchrotron. Two configurations were used referred as medium resolution (MR) and high resolution (HR) and detailed below. No results are presented here with the HR setup used in ID19, but we performed some experiments as specified in Appendix D, Figure D.3.

•

For the MR configuration (L vx = 11.13 µm, FOV = 2016×2016×500 vx), the beam (22.44 mm horizontal×5.56 mm vertical) was first filtered with a large bandwidth (40 keV) monochromator. The exposure time per projection, t e , was set to 0.2 or 0.8 ms depending on the case under study. The total integrated photon energy was detected at E = 80.1 keV (wavelength = 0.155 Å) (77.5 keV at the source, wiggler gap = 52.5 mm) with a flux of 1. 56 10 12 photon mm -2 s -1 for t e = 0.8 ms, and at E = 88.2 keV (wavelength = 0.141 Å) (81.2 keV at the source, wiggler gap = 41.5 mm) with a flux of 4. 53 10 12 photon mm -2 s -1 for t e = 0.2 ms (both obtained with 1 mm diamond, 2.8 mm Al and 1.4 mm Cu filters). To convert the transmitted X-rays into visible light, a 500 µm-thick LuAG scintillator was placed behind the sample at a propagation distance of 3,000 mm which resulted in an convenient combination of absorption and phase contrast. Projections were acquired with a pco.Dimax CMOS (pixel size = 11×11 µm) detector and a 100:100 ×1 Hasselblad optic was mounted on the camera.

Materials and Methods

•

For the HR configuration (L vx = 2.41 µm, FOV = 1260×1260×1260 vx), the beam (5 mm horizontal×5 mm vertical) was first filtered with a large bandwidth (50 keV) monochromator and a transfocator (12 Be lenses). t e was set to 0.2 or 0.8 ms depending on the case under study. The flux was increased at 5.43 10 13 photon mm -2 s -1 (1 mm diamond, 1.4 mm Al and 0.14 mm Cu filters), for a photon energy close to the MR configuration (E = 72.8 keV, wavelength = 0.170 Å, 70.7 keV at the source, wiggler gap = 26.5 mm). The scintillator was switched for a 250 µm-thick LuAG, the propagation distance was reduced to 700 mm, and a TripleMic Optic Peter ×5 objective was mounted on the camera. Application of the pre-strain to the sample using the micrometric screw. 9. Fastening the pre-strain slide. 10. Removal of the micrometric screw, the setup is ready for a cyclic tensile test experiment.

Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures Application of the pre-strain to the sample using the micrometric screw. 8. Positioning of the sample in contact with the exciter tip on which a small amount of uncured glue was deposited (10 min waiting time). 9. Fastening of the jaws to the pre-strain holder. 10. Removal of the micrometric screw, the setup is ready for a cyclic bending test experiment.

Between the two synchrotron campaigns, the photon energy E was increased from 30 to about 80 keV. This change was made in order to account for the larger sample dimension in the direction of the X-ray beam and because the jaws were in the FOV for the bending configuration. This change may also have helped to reduce the radiation damage observed during the first campaign at HR.

Oscillation parameters and gated-CT acquisition procedure -Table 3.1 resumes all the oscillation and acquisition parameters of each case study investigated in this chapter. In the following, for the sake of clarity, the composites tested under tension (resp. bending) and characterised by the 2 10 3 2 10 3 2 10 3 6 10 3 9 10 3 11.4 10 3 6 10 3 9 10 3 11.4 10 3 6 10 3 9 10 3 11.4 10 Table 3.1: Experimental parameters used for the three case studies. Multi-row cells depict variations in the value of the given parameters according to the sample pre-strain ε p at 0%, 50% and 90%, respectively. n tot values given as a product emphasize the use of M merged scans. Note that the values reported here for β * i and A * were chosen a priori from the theoretical guidelines, then re-evaluated a posteriori on the recorded images, and rounded to the nearest half-pixel. Both B1 and B3 are extreme cases in terms of β * i with the first acquired at high amplitude and blur as opposed to the second limited by the capability of the experimental setup at high frequency. * These values were estimated from the tracking of the displacement of the attached glass bead and not from the one of the bottom jaw, so they can differ from the initial targeted values. triplet of parameters ( f 0 , ε p , L vx ), will be denoted as Ti( f 0 , ε p , L vx ) (resp. Bi( f 0 , ε p , L vx )). Corresponding static reference experiments will be denoted Ti re f (ε p , L vx ) (resp. Bi re f (ε p , L vx )). Thus, for instance, a cyclic bending experiment imaged with L vx ≈ 10 µm will be labelled as B1(100 Hz, 50%, 10 µm) and its related static reference as B1 re f (50%, 10 µm).

In contrast with the gated-CT presented in chapter 2 (for which t e = 0.8 ms), the exposure time t e was in most cases fixed at maximum 0.2 ms, in order to reduce the motion blur β 1 in the Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures projections while preserving image quality thanks to a higher X-ray flux, albeit still at the expense of more noise with respect to t e = 0.8 ms. Multi-row cells in Table 3.1 depict variations in the value of the given parameters according to ε p at 0%, 50% and 90%. Indeed, in the case of our cyclic bending experiments, the pre-strain applied to the sample is directly linked to an increase in its dimension L perpendicularly to the rotation axis. Because n tot = NπL/(2L vx ), such variations of L implied to adapt the total number of projections for each gated-CT. Consequently the rotation velocity ω was between 22 • s -1 and 108 • s -1 , which yielded to a total experiment duration including merged acquisitions between 6.6 s and 50 s. In contrast to the previous procedure described in section 2.3.2 for the PSICHÉ beamline, at ID19 the rotation stage did not trigger the projection acquisition and the acceleration ramp was done before the beginning of the scan, thus all the projections were taken at a constant rate f * s . For all the cases presented in this study the number of phase to image N has been set at 30. The acquisition parameters such as f * s were optimised based on the guidelines detailed in section 2.2, being in the case I or III depicted in Figure 2.2 according to the oscillation frequency f 0 investigated. Moreover, we optimise most of our acquisitions to not exceed β i > 6 px to stay close to the study case S2 (chapter 2, Table 2.1) in term of motion blurs.

Retrospective gating -The sets of projections were sorted retrospectively following the approach detailed in section 2.3.2, using the control sinusoidal voltage of the electromechanical shaker as the gating signal. The oscillation cycle was sliced into N = 30 temporal phases regardless the experimental conditions.

Merged acquisition -As in the previous study (cf. section 2.3.2), the samples were imaged during 360 • rotation. However, because the internal memory of the high-speed detector (e.g. max 36 GB for the pco.Dimax) sometimes limited the maximum number of projections of a scan (i.e. n tot not achievable depending on the FOV), we have implemented the possibility to gather data coming from several gated-CT scans as long as they were comparable. Such operation is detailed in Figure 3.5, and will be referred as "merged scans" in the following. The concatenation of the datasets, up to M = 3 for the cycle bending experiment at ε p = 90% and an expected total number of projections of n tot = 75, 000, was performed with soft links using the virtual dataset feature available within the hdf5 file format, to keep raw data unchanged and to considerably limit the files size. The flat field correction was done using the darks and flats from the first scan in the series. This add-on was totally transparent for the acquisition and reconstruction process as it took place during the preprocessing step (cf. Figure 2.5).

Tomographic reconstruction

The tomographic reconstruction was performed by PyHST [226] at PSICHÉ and Nabu at ID-19, using a filtered back-projection (FBP) algorithm coupled with Paganin's method for phase retrieval [START_REF] Paganin | Simultaneous Phase and Amplitude Extraction from a Single Defocused Image of a Homogeneous Object[END_REF]. The filter's kernel length was set at 7 px and 15 px for MR and HR experiments at PSICHÉ, respectively. The center of rotation (COR) of 4D datasets was defined manually using the one given by an automatic COR detection algorithm performed on each static reference scans. 

Materials and Methods

Image processing

Segmentation

At the sample's scale -The digital volume correlation (DVC) analysis requires a mask of each sample in its static configuration (static reference). The segmentation was performed using the Otsu threshold [230] on filtered data (5 px radius 3D median filter). For cyclic bending data, a manual assistance was necessary in order to disconnect the sample from the jaws and thus obtain the mask of the sample. For cyclic tensile data, a same approach was used to disconnect the sample from the reference 1 mm diameter glass bead. In the peculiar case of high spatial resolution data, we made the choice to first downgrade the data volume by 4 3 before the segmentation process to reduce the computation time. Then, the data was again upgrade to its original shape.

At the particle's scale -In order to obtain qualitative data of the heterogeneities of the oscillating samples, we developed an iterative quick segmentation procedure. It relied on the determination of the threshold that led to a theoretical volume fraction of heterogeneities within the sample.

Strain measurements

Digital volume correlation (DVC) -The displacement and strain fields of deformed samples were retrieved using the DVC code Spam [218]. Figure 3.6 details the step-by-step method we used. First, a pixel-precise displacement field is quickly computed by performing a pixel-by-pixel search between both reference and deformed states. For each pixel in the reference, a subvolume is extracted around the pixel, and a brute-force search is performed in a given search range in the other image to find the subvolume with the best match by cross-correlation computation. The search range determines the maximum possible displacement. This field was then refined and filtered to finally compute the strain field. As previously achieved for the rigid volume registration in chapter 2 (cf. section 2.3.3), the algorithm described in Figure 3.6 was based on the minimisation of the linear deformation function Φ, relating a reference volume to a deformed one. The optimisation Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures procedure was based on a Newton's method, and a convergence criterion defined by |δ Φ| ≤ 10 -3 . The chosen DVC strategy was a "local" one, based on the partitioning of the image into small windows, each of which being characterised by the mean translation of its centre. The window size was fixed at 20 3 vx to ensure that most windows included enough particles (i.e. ≈ 12) forming a well contrasted speckle pattern. Only the windows with more than 50% of their volumes within the static reference mask (section 3.2.2) were considered for the fields calculation. This procedure was found to be the most effective in terms of computation time, leading to approximately one hour for the 30 phases of each presented gated CT-scan. More particularly, the strain fields were computed with Spam from the displacement field using linear interpolation (Q8 element) under the hypothesis of large transformations. The transformation gradient tensor, F, was calculated at the centre of the element with an equally weighted contribution of each node, such as F = I+∇u, where I is the identity tensor and ∇u the gradient of the displacement vector u. The transformation gradient tensor F contains rotation components that are not representative of the intrinsic material response to external loading. Therefore, the polar decomposition of F was used such as F = R • U with R the orthogonal rotation tensor and U the symmetric right stretch tensor. In addition, the stretch tensor was seen as the composition of a volumetric U vol (i.e. spherical) and distortion stretches U dis so that:

U = U vol • U dis with    U vol = J 1/3 * I U dis = J -1/3 * U (3.1)
where J = det(F). The strain tensor was defined as E = U -I, the Biot strain tensor derived from the Seth-Hill family of generalised strain tensor. From E, we extracted two scalars representative of the volumetric strain and shear distortion:

• the volumetric strain ε vol , defined as a first invariant of the strain tensor such as ε vol = J -1;

• the distortion strain, defined as the Frobenius norm of the distortion strain such as

ε dis = ∥A∥ F = tr(A T A) 1/2 , with A = U dis -I.
Discrete method based on marker tracking -To compare with the DVC measurements in the specific case of tension tests, the macroscopic strain E macro zz along the z axis was also manually measured on Fiji [232], by tracking reference material points in the sample: distinctive glass bead clusters were used as markers to follow their displacements within a single slice, from which the strain along the z axis was retrieved. These measurements were repeated five times at different locations of the sample for each pre-strain.

Renderings and displacement fields visualisation

The 3D and 4D renderings were obtained from segmented data using the software Paraview. To overcome the partial manual segmentation of the sample for all the phases, the 4D sample segmentation was obtained by a DVC-based method. Indeed, it was generated from the deformation of the original manual segmentation of the static reference using the spam-deformImage function of the Spam software, by applying the measured displacement fields at each timestep. Then, the segmentation of the other parts such as the jaws and the exciter tip was extracted after binary substraction of the mask of the sample followed by the labelling of the remaining regions. Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures

Vibration-induced deformations: preliminary investigation in cyclic tension

In the following, we present the extent to which the deformations experienced by the vibrating composites can be quantified. This part is illustrated on the samples Ti imaged during cyclic tension (Table 3.1) -note that a synthesis of the whole experimental database collected for samples subjected to sinusoidal tension combined to in situ gated-CT is given in Appendix D, Figure D.2. The quantification of strain fields is firstly studied at medium resolution (L vx ≈ 10 µm) on composite T1, filled with spherical particles, vibrating at f 0 = 100 Hz, and subjected to various conditions of pre-strain ε p (from 0 to 90%). Then, the possibility of extending these analyses to higher resolution (L vx ≈ 2 µm) is scrutinised on all Ti( f 0 , ε p , L vx ) samples.

Kinematical analyses at medium spatial resolution imaging

Figure 3.7 shows typical results with the composite T1(100 Hz, 20%, 10 µm). The quantification of the sample strain field could be successfully obtained in such illustrative case, where the medium voxel size combined with the ≈ 40 µm diameter glass beads allowed to get a suitable optical texture for DVC algorithms. More specifically, Figure 3.7 displays several slices selected on a middle vertical plane of sample T1, at 10 temporal phases of its oscillatory motion. Figure 3.7 presents the evolution of all the components of the displacement field u, those of the strain tensor E, and its invariants (ε dis , ε vol ) calculated with respect to this reference volume (phase 16), throughout the oscillation cycle. A video of the reconstructed slices over time is also available in Figure 3.8 (case ε p = 20%). The first phase of the cycle was chosen as the one where the sample is most stretched by the oscillation, while the "reference" phase (numbered 16) was defined in the mid-cycle where the sample is least stretched (in the absence of a usable static reference for cyclic tension datasets). At these two singular phases (numbered 1 and 16 respectively), images were the least blurred as expected (quasi-null velocity, β 1 and β 2 ; cf. Figure 2.1).

It is shown that the strain field remains rather homogeneous over the cycle and symmetric with respect to the reference phase, except for the top and bottom boundaries where some inconsistencies can be noticed. This could be due to the poor homogeneity of the X-ray beam on the edge of the ROI coupled with the presence of few ring artefacts in the same area. The vibration induces an average strain level close to ⟨E zz ⟩ ≈ 5% along the loading direction, at the maximum over the cycle. The lateral contractions of the sample due to Poisson effect in x and y-axes were also detected (see similar and negative mean values of E xx and E yy for phases before/after 16), as expected in tension. The volumetric strain stays locally small and almost null in average, which is in line with the assumed quasi-incompressibility of the elastomer. As anticipated for a tensile test, the distortion increases with the elongation of the sample, representing the change in the sample geometry.

The same computation was repeated on composite T1, albeit for other reference static conditions, to screen the effect of the applied longitudinal pre-strain ε p on the results (it being varied from 10 to 90%). Results are summarised in Figure 3.8, showing the slices and strain invariants 3.3. Vibration-induced deformations: preliminary investigation in cyclic tension obtained using the DVC technique, their mean measurement along the z axis ⟨E zz ⟩ was compared to the macroscopic value E macro zz , as detected manually by marker tracking. We excluded from this measurement the top and bottom rows of each fields not to take into account the mentioned inconsistencies at the edges. Compared values are reported in Table 3.2, showing that a good quantitative agreement between averaged DVC outputs and macroscopic measurements. A qualitative comparison of between the measurement of the dynamic force measured in situ by the force sensor and the mean displacement ⟨u z ⟩ and strain ⟨E zz ⟩ along the z-axis computed from the DVC output for each phase is given in Appendix I, Figure I.1. Finally, regarding the volumetric strain, Figure 3.8 suggests a minor increase of the sample volume when fully stretched which agrees with the hypothesis of quasi-incompressibility. In the end, these first results demonstrate that a reliable quantification of strain fields at a micrometre spatial scale and a sub-millisecond temporal scale can be a achieved for relatively large deformations. 

Extension and limitations at higher spatial resolution

We sought to extend the above quantitative analyses to finer scales, by increasing the spatial resolution (voxel size L vx ≈ 2 µm). These experiments were more delicate to carry out as the samples were notably sensitive to the X-ray dose involved in such a case. Indeed, only few gated-CT acquisition per sample (maximal number ≈ 4) were achievable before the X-ray beam changes their structural and mechanical properties in an irreversible way: this resulted in the formation of bubbles quickly followed by a high qualitative stiffening of the irradiated zone (cf. Appendix G). For these reasons, the quasi-periodicity of the sample motion would no longer be ensured, and the imaging technique would have become obsolete. Despite these challenges, we acquired a series of scans with different oscillation parameters (see blue markers in Appendix D, Figure D.2).

As an illustration, Figure 3.9 shows the typical tomographic slices and segmentation renderings of particles obtained for vibrating fibre-reinforced composites samples T2(100 Hz, 50%, 2 µm) and T3(400 Hz, 50%, 2 µm) (see details in Table 3.1). Following the protocol detailed in section 2.2, the image quality was preserved at the expense of the prescribed axial strain due to the oscillation, which was here reduced compared to MR cases. Looking at the movies, the first observation is that the oscillatory motion does not appear to be purely unidirectional at this scale. This observation could be explained by the combination of the already noticed tortuous motion Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures of the lower jaw for low amplitude oscillations (cf. Figure 2.14), combined with the deflections of the sample for low ε p , as discussed above. This is even more the case for f 0 = 100 Hz. Thus the effective motion blur is probably underestimated here. However, the oscillation was captured without major artefact at the exception of the inherent motion blur. We already showed that this blur has a significant effect on the result of the segmentation: indeed, the blurred particles tend to take an ellipsoid-like shape when the motion speed increases (cf. Figure 2.13), and we have seen in section 2.4.2 that this could result in a large overestimation of the particle volume when using naive automatic threshold. Here, the use of a segmentation algorithm based on the information of a given volume fraction of heterogeneities (i.e. ≈ 5% in such cases) and an adaptive threshold per phase partially remedies the problem as shown in Appendix H, Figure H.1. Nevertheless, we can observe that with the motion speed, smallest particles are more likely to be rejected, and larger ones overestimated. Figure 3.10 shows another interesting result noticed on two similar samples filled with glass beads, positioned at a similar pre-strain (i.e. ε p ≈ 50 %), while vibrating at two different frequencies f 0 100 Hz and 400 Hz and a given oscillatory amplitude resulting in constant strain induced by the oscillation for each applied pre-strain. For each case treated at f 0 = 400 Hz, a duplication of the sample is clearly revealed on the slices after gated-CT reconstruction (although not on the slices at f 0 = 100 Hz). Two hypotheses may explain this phenomenon: (i) either the sample's motion at f 0 = 400 Hz was no longer periodic enough during the duration of the scan. This could happen due to irreversible effects of the X-ray dose induced on the sample's structure and mechanics, as explained above; (ii) or a transverse mode of vibration may have been activated in the sample at these higher frequencies. Further investigations on the raw projections could answer this question but at first sight no clear evidence for either hypothesis has emerged.

Vibration-induced deformations: preliminary investigation in cyclic tension

Although very challenging, this part has shown that the combination of high spatial and temporal resolution for gated-CT is achievable. Even if the proposed analyses at L vx ≈ 2 µm have focused on qualitative observations within the time frame of this thesis, the quality of the recorded data suggests that meaningful quantifications may also be possible. 

Bending vibrations of composite beams

In what follows, we focused on the study of bending vibrations of composite pre-elongated beams. Such loading modes are close to the physiological ones endured by the vocal folds in vivo (cf. chapter 1, section 1.1). After a presentation of the general trends obtained when imaging samples subjected to this loading mode, we will focus the analysis on two parameters that are particularly relevant for longer-term application to phonatory biomechanics: the longitudinal pre-strain of the composite beams ε p at mean voice frequency ( f 0 =100 Hz for males), and the oscillation frequency f 0 .

General approach and trends

A synthesis of the whole experimental database collected for samples subjected to bending vibrations combined to in situ gated-CT is given in Appendix D, Figure D.3. As previously achieved in chapter 2 and section 3.3, a large number of configurations (≈ 60) were recorded, depending on the particle shape (sphere or fibre), the oscillation frequency f 0 (from 50 up to 400 Hz), the pixel size L vx (≈ 2 or 10 µm), the exposure time t e (0.2 or 0.8 ms), the oscillation amplitude A (from about 7 to 110 px), and the applied pre-strain ε p (from 0 to 90%). With respect to image acquisition and quantitative analysis, the chosen approach was very similar to that already presented for the tensile tests, although several points could be improved following the analyses presented in section 3.3: the FOV was chosen to include not only the whole sample, but also the jaws and the tip of the exciter in each case, in order to facilitate the analysis of the data. In addition, a systematic acquisition of static reference was performed before applying vibrations, i.e. not only at each sample change, but also after each new ε p applied, so as to use this pre-deformed state as a real static reference volume for the calculations of DVC computations. Doing so, results are presented thereafter on Bi( f 0 , ε p , L vx ) samples selected in Table 3.1, all filled with glass beads and scanned at medium resolution.

Focus is firstly given to composite B2(100 Hz, 0%, 10 µm), i.e. placed in rest position (no prestrain) before vibrating at f 0 = 100 Hz. Figure 3.11 presents the typical displacement and strain fields that we obtained for 10 out of the N = 30 phases investigated for B2 motion, using the DVC technique. Note that the first phase of the reconstructed cycle was here defined as the one where the exciter tip of the electromechanical shaker was as low as possible (arbitrary choice), whereas phase 16 corresponds to the highest position of the tip. Figure 3.11 shows that under such boundary conditions, the displacement of the sample occurs mostly in the (y, z) plane, with a small shift of the sample measured along the x-axis. The peak-topeak maximum local amplitude of the vibrating sample's displacement was found within a 60 px range along the z axis, which is close to the measurements made by tracking the oscillation amplitude of the rigid exciter (i.e. A * = 55 px). Because samples are quasi-aligned with the reference frame (e x , e y , e z ), we can look at the components of the strain tensor E. Focusing on the midregion of the sample far from the fixed and moving boundaries, in line with the beam theory, we observe for E yy a compressed zone at the top of the sample for the first phase of the cycle (above the neutral fibre), and its switch towards stretching at middle phase 16, where the tip pushes the Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures sample up. Compared to E yy , the antagonist behaviour measured for E zz and E xx , comes from the quasi-incompressibility of the elastomer. The volumetric strain is a bit noisier because of its very low values, but we can still observe a slightly compressed then stretched area at the top of the sample. Now looking at the shear components, the shear localisation gradually switching from one side to the other during the cycle is highlighted in the temporal representation of E yz , as well as in that of the distortion invariant. We can notice that E yy and E yz are about the same order of magnitude suggesting that the shear cannot be ignored for such considered aspect ratio, so that the Timoshenko beam theory [3] could better describe the strain than the one of Euler-Bernoulli, which makes the assumption of cross-sections remaining perpendicular to the neutral axis during deformation. Considering the whole area in between the fixed boundaries, isovalues lines in E yy are not fully horizontal, showing that the deformation is not linear along the y-axis and that the disturbed zone close to the jaws takes a non-negligible part in the strain field. Besides, the stiffening of the glue-affected zone in the near-field of the exciter tip explains why no deformation was measured at this location.

The analysis of displacement and strain fields was presented here only on a central slice because no additional information was retrieved along the x-axis due to the symmetry of the samples. Nevertheless, it is worth mentioning that the quantification was made fully in 3D as shown the video Figure 3.12B. All together, these observations demonstrate the successful use of DVC for the quantification of heterogeneous strain fields at the micrometre scale with a temporal resolution smaller than 1 ms.

3.4.2

Influence of the sample pre-strain ε p Figure 3.12A illustrates the different pre-strains parametrically applied to sample B2 prior to its vibration, based on the 3D views of each corresponding static reference. It also gives an overview of the particle 3D distribution within the samples, after segmentation. Such images help to have an overview of the setup at the macroscale, and of the components surrounding the sample. This also highlights the Poisson effect evidenced when stretching the sample, and the sedimentation of the glass beads inside the specimens, which occurred during the manufacturing process. Note also that the accuracy in the control of the sample pre-strains ε p was evaluated by comparing the target values (0%, 50% and 90%) with the ones a posteriori measured on these images, and it was found fully reliable as shown in Table 3.3.

In their first part, videos provided in Figure 3 outer shell of sample B2 for the three pre-strain conditions, as measured along the 30 phases of its vibration cycle at f 0 = 100 Hz. These dynamic renderings properly illustrate the observations made on the orthogonal slices. In a second part, videos show the 3D displacement fields calculated by DVC for each case, from which the segmentation of the outer shell was recovered. The segmentation of the particles was then calculated assuming a constant volume fraction for each temporal phase. Strain invariants derived from DVC analyses are further reported in Figure 3.13A (see middle case for f 0 = 100 Hz), for the most extreme phases (1 and 16), and in videos provided in Figure 3.13B for the whole oscillation cycle. We clearly observe the aforementioned shear localisation when the sample is initially undeformed (ε p = 0%). When applying pre-strains of 50% and 90%, this strain becomes incremental as the specimens are already really distorted by the prescribed pre-strain taking into account that ε vol ≈ 0. The incremental distortion strain decreasing with the applied pre-strain is then explained by the decrease of the ratio between the oscillation amplitude (A * ≈ Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures constant) and the length of the pre-strained beam (i.e. ell 0 (ε p + 1)). Focusing on the higher prestrains on phase 1 for instance allows to distinguish two phenomena: (i) the shear localisation which remains important at the boundaries. This is quite obvious at the exit of the jaws, but it is also observed around the stiffer zone related to the exciter tip gluing. (ii) the strain distribution commonly known for slender beams subjected to pure bending, which is maximum at the top and bottom surfaces (with limited edge effects). However, we notice that for ε p = 50%, a constant incremental strain is measured at the exit of the right jaw. Such localisation is not due to the cyclic bending load, but to an inconsistency between the static reference Bi re f (50%), used as reference for the DVC computation, and the gated-CT.

Investigation of more extreme vibratory conditions

By pushing the limits of the shaker close to the maximum, three samples B1(50 Hz, ε p , 10 µm), B2(100 Hz, ε p , 10 µm) and B3(400 Hz, ε p , 10 µm) were compared to roughly "mimic" several typical configurations encountered during phonation, with respectively: lowest fundamental frequency f 0 (≈ 50 Hz) and highest oscillation amplitudes A * ; medium frequency (≈ 100 Hz) and amplitudes; highest frequency (≈ 400 Hz) and smallest oscillation amplitudes. The strain fields obtained for those three samples are displayed in Figure 3.13, for several initial pre-strains ε p (0%, 50% and 90%). For the specific case of initial undeformed configuration (i.e. with ε p = 0%), the video in Figure 3.13C compares the effect of such vibratory conditions on the strain invariants obtained during the whole cycle. The medium case has already been commented in the previous section. Focus is given here to both extreme vibratory conditions:

• For f 0 = 50 Hz, the reconstructed gated-CT exhibits a distinct artefact close to the tip, which is not visible at the other frequencies, probably caused by a too high motion blur. Indeed, the motion blur descriptors (Table 3.1) and especially β * 2 = 11.5 px are way higher than the maximum value, i.e. ≈ 6 px, suggested in chapter 2. We still tried to measure strain fields from these data. The measured behaviour is mainly similar to the previous one at 100 Hz, however major inconsistencies appear where the motion artefacts are the strongest, at the middle of the beam. This makes the result difficult to interpret, but we are still able to measure a higher distortion, which is directly related to the greater oscillation amplitude A * used at this frequency.

• At f 0 = 400 Hz, the trends are qualitatively comparable to the ones obtained at 100 Hz. The really small oscillation amplitude gives low measured incremental strain, so the most visible strain localisation are located at the boundary conditions. These results show that by selecting relevant acquisition parameters, the quantitative comparison of data coming from separate gated-CT is achievable. 

Review of the technical choices

Several points concerning the experimental setup and the sample manufacturing need to be discussed. First, we have observed a sedimentation of the particles occurring during the cure of the silicone, which implies that the heterogeneities are not homogeneously distributed within the sample. This concern should be addressed in future works because it could have consequences both on the oscillating behaviour of the specimen, and on the accuracy of the DVC in the regions lacking of speckle patterns. For tensile tests, there is no evidence that this gradient of microstructure has an impact on the result. However, for bending, we observe more DVC discrepancies and noise at the top of the sample, where there are only few particles to correlate. Note that, extra experiments using hollow glass beads (diameter ≈ 30 µm) have already shown promising results in terms of homogeneous distribution in the sample's thickness, but the resulting speckle pattern has not been tested yet for quantitative analyses. Then, the choice to glue a reference glass bead on the surface of the sample for cyclic tensile tests was made first to help the localisation of the ROI on the radiographs and to track it after the application of pre-strains. The second reason was to be able to qualitatively control the reconstruction by partially having a non deformable object in the ROI, as the tensile jaws were not in the FOV in order to not make measurements of the boundary conditions. However, a substitute solution should be found because the bead could have a not negligible inertial effect during the oscillation and because the glue-affected zone is subjected to local stiffening of the specimen. A similar argument suggests that we should avoid gluing the exciter tip to the sample for cyclic bending test. Indeed, the DVC results prove a strong local stiffening of the sample but we nevertheless did not find convincing alternative yet. The use of a horizontal fork-like tip has been consider but the questionable improvement would be at the expense of a large region affected by boundary conditions. Furthermore, the improvement in the displacement control of the vibratory setup is necessary. During our experiments, we measured significant discrepancies between the calibrated amplitude and the effective one. The investigations suggest that the friction inside the sliding guide is really impacted by a misalignment of the system cause by the sometimes required reassembly of the test rig. To remedy this issue, a solution could be to improve the design of this specific part of the setup, or at least to perform an extensive calibration of the displacement right before each new experiment.

Acquisition parameters and beamlines instrumentation

Concerning the acquisition parameters, some adjustments could be done to improve the global quality of the 3D images. Indeed, the results are quite acceptable for quantification, however for extreme cases (β i > 6 px), it is necessary to review the acquisition strategies. The motion blur descriptors β * 1 and β * 2 are sometimes really different, whereas we show in chapter 2 that the combination of both types of blur do not degrade the image quality more than the same amount of blur taken independently, hence it could be relevant to equalise the descriptors. In concrete terms, the exposure time for the experiment Ti(100 Hz, ε p , 10 µm) could be for example adjusted from 3.5. Discussion and perspectives 0.2 10 -3 s to 0. 33 10 -3 s in order to increase the total collected photons, and so to improve the signal-to-noise ratio without having any major effect on the motion blur. This counter-intuitive approach seems also interesting to optimise the ratio between the exposure time t e and the inverse of detector sampling frequency (i.e. = f * s t e ), called the dose efficiency [141]. Indeed we already discussed that the radiation dose may damage the sample, so it is recommended to exploit as much as possible the available photons by increasing t e in a compromise between motion blur and noise.

Image analysis and local strain quantification

The 3D images obtained at medium resolution (L vx ≈ 10µm) displayed really suitable speckle patterns for DVC analysis using spherical particles (diameter ≤ 50 µm). Nevertheless, we were not able to retrieve consistent displacement and strain fields when the sample was subjected to motion blur exceeding around 6 px, as in the case of B1. Note that the window size used in the DVC algorithm could be probably reduced at the cost of a longer computation time. An important point to highlight is that we did not performed measurement of DVC uncertainties. Indeed, we observed discrepancies, mostly for the cyclic tensile test, that we attributed to the presence of image artefacts. However, the performance and the reliability of DVC is also link to the microstructural features to correlate and to the contrast and acquisition quality (i.e. noise) [233]. Several uncertainties measurements protocols are possible such as by comparing a reference scan to its numerically deformed or noisy twin, in order to test the accuracy of the correlation and its noise-sensitivity [233]. For future works, this step will be necessary and could include as well a study of the sensitivity of DVC to directional blur as the one induced by motion. Besides, the voxel size combined with a low contrast ratio made difficult the segmentation between the sample and the surroundings parts such as the jaws. For this purpose, we suggest to use a material with a different absorption coefficient at the concerned interfaces when applicable. Also, the segmentation of the particles within the sample was mainly limited to qualitative analysis, especially because the motion blur tends to make the smaller particles disappear and to overestimate the larger ones. On the other hand, when using higher resolution (L vx ≈ 2 µm), we demonstrated that the particles segmentation is achievable. This extends the possible quantitative analysis to the heterogeneity scale and the tracking of the particle displacement (discrete digital image correlation, spam-ddic [218]), and the measurement of even more specific variables such as the fibres alignment becomes an option.

Acquired database

The whole database detailed in Figure D.2 and Figure D.3 is unique for such soft composite. It enriches the data obtained in the laboratory on the viscoelasticity of this materials, which is widely used for vocal fold models, but whose mechanical behaviour is still poorly characterised in vibration. Indeed, up to now, only mechanical behaviour in quasi-static cyclic loadings (tension, compression, shear) [START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF], and few dynamic mechanical analysis at loading frequency up to 10 Hz and small strains [234] have been performed. Thus, the established method that is able to characterise in 3D the strain fields undergone during oscillation, will allow a better understanding of the Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures dynamic mechanical behaviour of soft reinforced composites. At the moment, it certainly involves heavy and time-restricted synchrotron instruments but recent developments in lab tomography are promising for a future development of gated-CT for high frequency oscillations [START_REF] Murtaza | Towards Improved Laboratory X-ray Tomography Imaging: Optimization of Acquisition Parameters and Use of Photon-Counting Detectors[END_REF]103].

Conclusions

We investigated the use of gated-CT for the quantification of 3D strain fields in fast deformable vibrating structures. With this aim, two vibratory setup were designed to study cyclic tensile and bending loading modes. Then, experimental campaigns were performed within two different synchrotron sources. The performance and the versatility of the technique was demonstrated on several spatiotemporal resolutions, by judiciously selecting the imaging and oscillating parameters. Thus, an equivalent rate of 12,000 tomographies per second (tps) was achieved, by imaging at the micrometre scale samples oscillating up to 400 Hz. Moreover, quantitative measurements of strain fields (resolution ≈ 200 µm) were achieved on the 4D data, and we showed the reliability of such measurements by retrieving some of the expected mechanical phenomena.

Conclusion and outlook

Conclusion and outlook

This thesis focused on the numerical optimisation of stroboscopic X-ray microtomography with retrospective gating, and its use for the structural and mechanical characterisation of heterogeneous materials oscillating at high frequency from ≈ 50 Hz up to 400 Hz, with the longer-term challenge to quantify the 3D deformation of vocal fold models mimicking the periodic vibration of the native structures during human phonation.

First, the state of the art presented in chapter 1 showed that X-ray microtomography combined with phase retrieval methods is able to reveal the multiscale internal structure of soft materials down to the nanometre scale. Recent advances in in situ tomoscopy at high scanning rate (up to 1,000 tomographies per second) and high spatial resolution (micrometre scale) have been allowed by the development of dedicated hardwares and softwares, opening up new possibilities for the scientific community. However, the temporal resolution achieved is still inadequate for imaging fast oscillating structures such as the vocal folds. Stroboscopic gated-CT, i.e., a variant of X-ray tomography, has been designed for quasi-periodic motions, and could overcome the current spatiotemporal limitations of tomoscopy. Indeed, pioneer works demonstrated that imaging 150 Hz oscillations at the microscale was now feasible. However, very few studies have been conducted at such a spatiotemporal resolution so far, and most publications in the field of gated-CT concern clinical studies at low frequency (< 10 Hz). Today, several acquisition and post-processing modes coexist, depending on the capabilities of the microtomograh and the type of sample concerned. For fast oscillations such as those investigated in this study, the retrospective gating procedure has always been preferred. Image artefacts, mainly streaking and motion blur artefacts, are inherent to the gated-CT process, and numerous factors can influence their appearance or attenuation in the reconstructed data, such as the periodicity of the oscillation and the speed of motion. However, to our knowledge, no method exists to assist in the choice of these parameters, to ensure reproducible data acquisition and reconstruction, or to optimise them for quantitative analysis of complex heterogeneous materials characterised by several spatial scales (from cm down to µm scale) and oscillating rapidly (above 10 Hz).

Hence, in chapter 2, we focused on the optimisation of stroboscopic gated-CT acquisition and reconstruction processes in order to enable the quantification of data. Then, based on these first developments, we demonstrated the possibility to measure strains induced by vibrations in soft particle-reinforced composites, subjected to loadings increasingly similar to those encountered in phonation (chapter 3). The achievements in terms of methodological developments and realised analyses can be detailed.

Conclusion and outlook

The main methodological developments are:

• The elaboration of dedicated numerical tools to predict the amount of motion-induced artefacts. This was conducted by tomographic simulation at the particle's scale in this work, nevertheless fully transferable to the macroscopic one.

•

The design of a new mechanical setup for in situ experiments, together with the design of a complete acquisition workflow for gated-CT compatible with synchrotron (SOLEIL PSICHÉ, ESRF ID-19) as well as with lab microtomographs (3SR). This workflow is suitable for multiresolution, various sinusoidal loadings with or without sample deformation, and for a wide range of frequencies and amplitudes of oscillation.

•

The development of a sequence of quantitative analyses of 4D data particularly subjected to motion artefacts and noise (compared to ideal quasi-static conditions), from the reconstruction of the images, the phase segmentation, the image quality assessment to the quantification of motions and strains induced by the vibration.

•

The proposition of theoretical guidelines for gated-CT users, based on the dialog between numerical and experimental data for optimisation of parameters such as the sampling frequency of projection f s and the critical amplitude A * for a given oscillation frequency. Several scenarii were discussed taking into account the non-uniqueness of the solution, according to the ratio f s / f 0 .

These methodological developments were applied to the quantitative analysis of high-frequency oscillating heterogeneous materials. The main results are:

• The production of a large database (≈ 210 cases), varying the X-ray source (synchrotron and lab-source), the voxel edge length (from 2 to 50 µm), the mechanical oscillation frequency (from 2 to 400 Hz), the type of heterogeneities reinforcing the composites (solid/hollow spheres, fibres), and the mechanical loading (rigid body translation, traction and bending). This constitutes about 18 TB of projection data and more than 27 TB of reconstructed volumes, available for the scientific community at the end of the thesis.

•

The experimental validation of the numerical guidelines and of the predicted quantitative degradation of the image quality versus motion blur, based on both macro-and micro-level metrics.

•

The study of the impact of geometrical parameters (pre-strains, particle shape, etc.), kinematical ones (oscillation frequency and amplitude), and X-ray scanning settings (exposure time, voxel edge length, continuous or step-by-step scan, etc.) on the resulting image quality, kinematic fields quantitativeness and soft composites deformation.

•

The improvement of spatiotemporal boundaries of the imaging technique: an equivalent rate of 12,000 tps was achieved, by imaging at the micrometre scale samples oscillating up to 400 Hz.

Conclusion and outlook

Figure I shows the achievements of this thesis in terms of the type of analysis performed on the reconstructed 4D data, for a given spatiotemporal resolution. To our knowledge, this work is the first to achieve full-field kinematic measurements based on digital volume correlation at the micrometric scale (measurement resolution = 200 3 µm 3 ) for temporal resolution below 1 ms. Indeed, investigations of high frequency oscillations using pure stroboscopic CT or ones with restropective gating (labelled "gated-CT" in Figure I) mostly yielded to qualitative analyses or to a lower degree of 3D quantification such as morphometric or marker-based discrete measurements on higher spatial resolution data. 

•

The determination of strain fields and their periodic evolution for various beam slenderness. Some expected mechanical phenomena for deformed beams were found from the analysis of kinematic fields, suggesting the reliability and the repeatability of such measurements when limiting the motion artefacts.

• Some qualitative observations based on phase segmentation for extreme cases (high resolution, high oscillation frequency).

The results of this thesis work open up a number of perspectives:

• Gated-CT on laboratory microtomograph:

We have demonstrated in chapter 2 that the gated-CT optimisation we proposed is not limited to synchrotron sources and also performed well in laboratory microtomograph, albeit for maximal oscillation frequencies close to 6 Hz for now (cf. Appendix E). The recent development of high-brightness and spatially coherent lab-sources [START_REF] Murtaza | Towards Improved Laboratory X-ray Tomography Imaging: Optimization of Acquisition Parameters and Use of Photon-Counting Detectors[END_REF]210] could allow to beat the current spatiotemporal limits by several orders of magnitude, providing the possibility to acquire Conclusion and outlook projections with shorter exposure time, and to use propagation-based phase contrast. Also, the emergence of dual (or multiple) source CT will be a game changer for fast tomographic acquisition, reducing the experiment duration by two or more. This will be particularly adequate for spontaneous or self-sustained oscillations for which the difficulty to maintain stable periodicity increases with longer acquisition. However, lab setup have to be designed on the purpose of fast tomography, as some hardware limitations (e.g. detector frame rate, rotation stage velocity) can drastically limit the possibilities.

•

High spatial resolution data:

As discussed in chapter 3, the data quality obtained when working at a pixel size of 2 µm is really promising in term of quantitativeness, and could provide a deeper mechanical characterisation at the particles' scale. We already demonstrated that the segmentation of particles is achievable, so future investigations on this database could focus on the quantitative analysis at the scale of the heterogeneities. One should be able to performed morphometric analyses such as the measurements of fibres alignment under the mechanical loading of the soft composite, or to retrieve kinematic fields by tracking the displacement of individual particles.

•

Vocal fold models:

The database acquired during this thesis (cf. Appendix D) provides a unique characterisation of elastomeric particle-reinforced composites under fast cyclic loading, which are also used for the design of biomimetic vocal fold models, as depicted in Figure II. Combined with the 3D numerical modelling of the transient dynamics of such replica [3], the data acquired in this thesis will help to better implement and understand the dynamics and viscoelastic behaviour of such models. A next stage will also be to image vocal fold models subjected to flowinduced oscillations, such as the one shown in Figure IIA, to quantify their 4D deformation (not accessible to in vivo measurement on real tissues), and take another step towards a better understanding of the biomechanics of the human voice. [START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF][START_REF] Giraud | Testbed Design for In-Vitro Characterisation of Biomimetic Vocal Folds in MAVEBA[END_REF] • Numerical phantoms: Ideally, our tomographic simulation and image quality measurements have to be extended to other phantom size and geometry, in order to generalise our observations. Further investigation of the effect of the magnitude of the contrast between the particle and the background could also provide interesting insights into the priority to be given to motion blur and contrast for a given level of data quantization. Also, the significance of the blur caused by rotational Conclusion and outlook motion of the sample during X-ray exposures in continuous scan mode should be evaluated and implemented to the simulation if relevant.

• What to improve next?

In order to keep improving the data quality of the stroboscopic gated-CT acquisition presented in this study, the author proposes several possibilities which can be carried out simultaneously. The order presented here does not reflect any prioritisation. First, the use of internal gating should be consider to move towards minimalist experimental setup and minimise the risk of instrumentation failure during acquisition. Moreover, as proposed previously, the use of internal gating could be implemented in an experimental workflow, where the gated-CT is first quickly reconstructed on site using external gating for real time qualitative overview, and then refined a posteriori using internal gating which should better describe the effective internal motion. The spatiotemporal imaging is linked to an increase of the X-ray dose on the sample, which is critical for sensitive samples such as the elastomer used in this work. Hence, the contribution of specific equipment such as synchronised rotating X-ray shutter should be evaluated in future works. Finally, improvements can certainly be achieved on the reconstruction process. Algorithms more efficient when the angular sampling is not perfectly uniform, or based on motion model to compensate for the image blurring could help reduce the occurrence and amount of streaks and motion artefacts on the reconstruction. 

F Alternative bending configuration (II)

This appendix presents a second bending configuration tested for the vibratory setup, with one end of the sample fixed in a jaw, and the other fixed to the oscillating probe. Partial results of experiments using this mode are presented but are not discussed in the thesis. 
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Chapter 1 .

 1 Figure 1.1: A. Vocal fold histology. (left) Idealised scheme of the human larynx and of one vocal fold, with focus on its major sublayers and fibrous microstructure: lamina propria and vocalis. (right) Corresponding 2D histological photomicrographs prepared with HES staining for the vocalis (striated muscular fibers in pink), and using two-photon excitation microscopy for the lamina propria (collagen in green, elastin in yellow). B. Recent advances in vocal fold microstructural characterisation by 3SR/GIPSA-Lab/LADAF (ESRF, MD-957): (left) X-ray tomographic image of a larynx vertical slice. (middle) Zoom on the left vocal fold mesostructure. (right) 2D slices and 3D reconstructed view of the vocal fold's muscular, collagen and elastic fibrous network. | Adapted from[2,[START_REF] Cochereau | Human Vocal Fold Structure and Mechanics: Multi-Scale Characterisation and Modelling[END_REF][START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF] 

Chapter 1 .

 1 Figure 1.2: A. Principle of videostroboscopy. (top) Images are acquired during the oscillation while light flashes are triggered at a known and controlled frame rate. (bottom) The recorded images are sequenced to build a representative oscillation cycle. B. Principle of videokymography. (a) Snapshot of the vocal fold in vivo. (b) Kymogram along the white line over time. BV: ventricular bands, CV: vocal fold. C. Serial coronal slices through a vocal fold vibration period acquired using four dimensional (4D)-OCT. The planes shown at top were separated by 3 mm. Two phases of motion, open phase (near complete abduction) and closed phase (near complete adduction), are shown below. | Adapted from[START_REF] Deliyski | High-Speed Videoendoscopy: Recent Progress and Clinical Prospects[END_REF][START_REF] Bailly | Interaction entre cordes vocales et bandes ventriculaires en phonation : exploration in-vivo, modélisation physique, validation in-vitro[END_REF][START_REF] Kobler | Dynamic Imaging of Vocal Fold Oscillation with Four-Dimensional Optical Coherence Tomography[END_REF] 

Figure 1 . 3 :

 13 Figure 1.3: Common X-ray computed tomography configurations and reconstruction method. A. Gantry system where the source and the detector rotate in tandem around the patient, animal or specimen. B. Cone beam system typical of laboratory systems. C. Parallel beam system geometry typical of synchrotron X-ray systems. D. Backprojection reconstruction method for a single slice obtained by parallel beam computed tomography. (i) Original object slice (a human head where the highly attenuating features are brightest). (ii) Set of projections collected at different angles. (iii) Sinogram resulting from many projections. (iv) Process of backprojecting the sinogram. (v) Final backprojected image. (vi) Equivalent filtered backprojection image. | Adapted from [23].

Chapter 1 .Figure 1 . 4 :

 114 Figure 1.4: Attenuation contrast (A) and phase contrast (B) computed tomography sections of breast tissue acquired with grating interferometry alongside the corresponding histological slice (C). | Adapted from[START_REF] Withers | X-Ray Computed Tomography[END_REF][START_REF] Hellerhoff | Assessment of Intraductal Carcinoma in Situ (DCIS) Using Grating-Based X-ray Phase-Contrast CT at Conventional X-ray Sources: An Experimental Ex-Vivo Study[END_REF].

Figure 1 . 5 :

 15 Figure 1.5: Computed tomography slices illustrating common reconstruction artefacts. A. Ring artefacts. B. Beam hardening artefacts. C. Limited (here, 30 projections) projections artefacts for the reconstruction of a titanium additively manufactured bracket (see inset for the full component). D. Streak artefacts in a section of upper jaw due to silver amalgam crowns. E. Titanium additively manufactured bracket with (left) and without (right) motion artefact. F. Cone beam distortion. | Adapted from [23].

Figure 1 . 6 :

 16 Figure 1.6: A. Schematic depiction of various strategies to obtain time-resolved tomographic data representing an evolving sample. M stands for measurement and vertical dashes for an interruption of a process evolving the sample (blue cylinder) from small to large. The size of the sample symbolises their different stadia of evolution. B. Illustration of different data acquisition modes for fast tomographic measurements. The angular position of the sample is displayed by the green line as a function of time in the θ (t) coordinate system. Below this plot, typical TTL control signal sequences are represented by the blue line for the camera enable signal and the red line for individual camera frame exposure signals. The translucent blue rectangles mark the boundaries for individual tomographic scans. Four different acquisition modes are shown: (i) continuous acquisition during a continuous rotation of the sample. The total rotation angle covers many times the 180 • range required to reconstruct a single volume. (ii) The so-called "sequence scan,"where acquisition windows can be programed to occur at configurable positions of the continuous rotation, allowing for a tighter control of the time series properties and scanning intervals. (iii, iv) Where a continuous rotation of the sample is not possible, scans can be acquired in a back-andforth motion of the sample, either in both movement directions (iii) or only along one direction with a rewinding operation in between (iv). Legend cited from[START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF] | Adapted from[START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF][START_REF] Marone | Time Resolved in Situ X-Ray Tomographic Microscopy Unraveling Dynamic Processes in Geologic Systems[END_REF].
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 117 Figure 1.7: Typical four dimensional (4D) data obtained by X-ray tomoscopy. A. Renderings of in vivo tomoscopy sequence of a moving weevil. B. Reconstructed slice extracted from the same region in the middle of a sample at different instants during fracture experiment. The tensile axis is vertical in the figure. The crack can be clearly seen nucleating at the notch and then propagates from left to right. The white arrows at t = 9 s indicate a change in propagation plane. C. 3Drendering of the gas bubble arrangement (i) in a liquid AlSi8Mg4 foam recorded with 1000 tps showing the rupture the separating film followed by the coalescence of the two bubbles (ii-iv) and the relaxation of the resulting bubble (v-vi). | Adapted from[START_REF] Dos Santos Rolo | In Vivo X-ray Cine-Tomography for Tracking Morphological Dynamics[END_REF][START_REF] Maire | 20 Hz X-ray Tomography during an in Situ Tensile Test[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF].

Figure 1 . 8 :

 18 Figure 1.8: A. Temporal versus spatial resolutions expressed by pixel size versus scan time or acquisition speed of time-resolved tomography experiments in materials science since the year 2000. Red broken line denotes the current limit of spatiotemporal resolution. B. Development of the temporal resolution of tomoscopy with pixel size in the micrometre range since 1995 in terms of scan time or tomograms per second. The broken red line denotes an approximate value for the highest available scan rate at all the available tomoscopy setups over time. C. Radar plot showing the dependence of six competing parameters as they were selected in five experiments performed at different scan rates. | Adapted from[START_REF] García-Moreno | X-ray Tomography and Tomoscopy on Metals: A Review[END_REF][START_REF] García-Moreno | Tomoscopy: Time-Resolved Tomography for Dynamic Processes in Materials[END_REF].

Figure 1 . 9 :

 19 Figure 1.9: Schemes of original experimental setups for X-ray gated-CT. A. Respiratory system of small mammals under forced ventilation (phenomenon frequency f 0 = 1.1 Hz). B. In vitro beating heart of a murine in synchrotron ( f 0 = 5 Hz). C. Blowfly's wingbeat under tethered flight. D. Droplet formation from a microfluidic device ( f 0 = 0.8 Hz). E. Cyclic tensile test of a rubber sample ( f 0 = 1 Hz). | Adapted from[START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF][START_REF] Dejea | A Tomographic Microscopy-Compatible Langendorff System for the Dynamic Structural Characterization of the Cardiac Cycle[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF].

1. 3 .

 3 Figure 1.10: 4D phantom designed for X-ray gated-CT. A. Anatomical mechanical 4D phantom. (i) View of the infrared reflective box required for the external gating acquisition. (ii) View of the target placed inside the phantom and that moves synchronously with the body surface and lungs by the applied air pressure. (iii-iv) Sagittal and axial CT slices of the phantom. B. Respiratory-gated CT images generated using the 4D female XCAT phantom. | Adapted from[START_REF] Doi | Validation of Four-Dimensional Computed Tomography without External Reference Respiratory Signals for Radiation Treatment Planning of Lung Tumors[END_REF][START_REF] Segars | 4D XCAT Phantom for Multimodality Imaging Research: 4D XCAT Phantom for Multimodality Imaging Research[END_REF].

Figure 1 . 11 :

 111 Figure 1.11: Diagram of different gating strategies for respiratory and cardiac systems. A. Onephase double-gated prospective gating in step-by-step scan mode. The acquisition waits for the coincidence of the desired respiratory and cardiac phases. B. Multi-phase prospective gating in step-by-step scan mode. Projections of all phases are acquired at each angle before rotation and the delays between each acquisition are computed in real time. C. Multi-phase retrospective gating in continuous scan mode. Acquisition occurs at fast and constant rate while the ECG and respiratory signals are recorded. | Adapted from [81].

Figure 1 . 12 :

 112 Figure 1.12: Retrospective gating workflow from data acquisition to reconstruction. A. Sketch of the complete procedure for the imaging of a perfused beating heart of a murine. B. Illustration of the step 2 (Identify corresponding projections). (i) top -Phase of the tomographic rotation as a function of time, projection acquisition shot instant are indicated by numbered asterisks. bottom -Phase of the oscillation as a function of time, labeled by colors according to 3 equally sized bins (alias of phases). (ii) Polar representation of the ungated sequentially acquired projections. (iii) Polar representation of the three phases after phase-based projection sorting. | Adapted from[START_REF] Dejea | A Tomographic Microscopy-Compatible Langendorff System for the Dynamic Structural Characterization of the Cardiac Cycle[END_REF] 114].

Figure 1 .Figure 1 . 13 :

 1113 Figure 1.13: Examples of internal gating techniques. A. Semi-automatic fiducial marker tracking on projection data acquired with clinical-CT. B. Estimation of the vertical movement of the thorax during wingbeat. (top) Local image motion vectors computed by spatial cross-correlation of consecutive projections obtained with a synchrotron source. (bottom) Smoothed internal gating signal obtained. C. Assignment of the phase of each projection by automatic segmentation and measurement of droplet shape descriptors. The projections were acquired with a lab-microtomograph. | Adapted from[START_REF] Mokso | Four-Dimensional in Vivo X-ray Microscopy with Projection-Guided Gating[END_REF][START_REF] Schuler | Micro-computed Tomography for the 3D Time-resolved Investigation of Monodisperse Droplet Generation in a Co-flow Setup[END_REF] 123].

Figure 1 . 14 :

 114 Figure 1.14: Illustrations of stroboscopic tomography time charts for mechanical testing of materials. A. Synchronisation between the cycle tensile test, the sample rotation and the projection acquisition at constant rate and step-by-step scan. B. Time chart of the synchronisation between the rotating beam shutter, the grating displacement, the compression-stretch loading (frequency = 24 Hz, peak-to-peak amplitude = 5 mm), the continuous sample rotation and the image acquisition system. | Adapted from[START_REF] Wu | Time-Resolved x-Ray Stroboscopic Phase Tomography Using Talbot Interferometer for Dynamic Deformation Measurements[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF].

Chapter 1 .

 1 State of the art 148]. Previous works also tested algorithm such as the McKinnon-Bates algorithm [149] to introduce prior knowledge based on ungated tomography into the reconstruction framework [150].

Figure 1 .Figure 1 . 15 :

 1115 Figure 1.15: Reduction of streaking and motion artefacts by the use of dedicated reconstruction algorithms applied to respiratory systems. A. From left to right, cross sections of: FDK reconstruction of ungated data, FDK reconstruction of respiratory-gated phase-based data, motioncompensated reconstruction. B. From left to right, representative slices (i) and ROI (ii) of: FDK reconstruction of respiratory-gated data, FDK reconstruction of ungated data, two compressed sensing-based reconstructions, two deep learning-based reconstructions, ground truth. (h)-(m) are difference images between the (a)-(f) and (g). | Adapted from [160, 163].

1. 3 .

 3 Figure 1.16: Schematic illustration of regular and irregular oscillations, here described as breathing curves. Irregular breathing correspond to a combination of the other irregularities. | Adapted from [200].
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 1 17C).

Figure 1 . 17 :

 117 Figure 1.17: Quantification of the measurement error of a target volume according to its motion speed. A. Vertical slices of a spherical phantom 16 px diameter along 10 phases of its oscillation. The rows correspond to an increase of motion speed (from top to bottom) characterised by its oscillation frequency and amplitude. B. Corresponding measurement of the ratio between the phantom volume measured on the reconstructed phases (TV size: target volume) and the volume of reference (V 0 ). C. Volumetric deviation between TV size and V 0 as a function of V max , an estimation of the maximum motion velocity. Positive values indicates that TV size is larger than V 0 . | Adapted from [82].

  Figure 1.18 for sinusoidal motion, the amplitude sorting resulted in unevenly distributed projections among the phases and angular clustering [190]. In order to benefit from both sorting methods, Johnston et al. [142] demonstrated artefacts reduction by combining them, and other investigators proposed alternative sorting processes (cf. section 1.3.3) for the same purpose [102, 131, 147].

Figure 1 . 18 :

 118 Figure 1.18: Illustration of projection clustering. A. Projection schedule for conventional gated-CT with amplitude-based sorting over one oscillation cycle indicated with dashed vertical lines. Cross marks on the sine wave show how many projections will be sorted into each bin (alias phase). Bins 1 and 10 exhibit the worst clustering effect. B. Angular distribution of projections for bin 1 (i.e. phase 1) showing projection clustering. δ θ is the angle between consecutive projections in the bin, ∆θ is the angular span travelled by the rotation stage during one oscillation period. | Adapted from [190].

  , or to measure geometrical variations of the cross section of a tendon fascicle under uniaxial stretching and releasing motion[139].

1. 3 .

 3 Figure 1.19: Quantitative analysis of a stroboscopic CT based on segmentation process. A. 3D snapshots at various timesteps acquired at 100 µs time-resolution show the development of the flow during the fuel injection. B. (left) Slices from the fully reconstructed CT volume show flow separation and cavitation leading up to the nozzle exit. (right) 3D volume rendering of the liquid phase illustrating the wrinkled nature of the liquid-gas interface. C. Gas layer thickness at three axial distances along the nozzle, plotted against azimuthal angle and compared with local inlet corner radius. | Adapted from [78].

Figure 1 .

 1 Figure 1.20: 3D rendering snapshots of phase tomogram obtained for a polymeric foam sample. A. (left) Static reference. (right) Phase tomograms at 12 phase positions during compressionstretch motion. B. 3D rendering snapshots of the phase 1 for few minutes of fatigue test. Breakings at i and ii (indicated by white arrows) were found at 106 and 212 s. C. Refractive index δ variations at tracers iii and iv (indicated by red arrows) during the continuing measurement. | Adapted from [79].

Figure 1 . 21 :

 121 Figure 1.21: Cutaway visualization of the steering muscles and measured strains (blue: highamplitude wing, red: low-amplitude wing). The data points plot the strains measured for each individual fly (n = 4) at every stage of the wingbeat, starting at the beginning of the downstroke.The fitted curves are simple harmonic functions, except in the case of III1, which showed no significant time-periodic strain. Black vertical lines indicate the mean timing of the start of the upstroke. The strain in I1 was measured along a line running down the middle of the muscle and its tendon (white dashed line) to take account of buckling. | Adapted from[START_REF] Walker | In Vivo Time-Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor[END_REF].

Figure 1 . 22 :

 122 Figure 1.22: Examples of field measurements performed on gated-CT data. A. Flowchart of the 3D-PIV analysis applied the imaging of the respiratory system. The 4D data is used to calculate the tissue velocity fields, tissue expansion fields and to segment the airway network for the entire ventilation cycle. The airflow distribution is then calculated by associating regions of tissue with their corresponding supplying airways. B. Regional tissue displacement (top) and tidal volume (bottom) for mechanical ventilation (left) and cardiogenic oscillations (right) of a mouse under forced ventilation. The displacement and tidal volume generated by the cardiogenic oscillations of the heart are localised to the vicinity of the heart. C. Local axial strain maps over a cyclic tensile test measured by 3D-PTV. | Adapted from[START_REF] Dubsky | Synchrotron-Based Dynamic Computed Tomography of Tissue Motion for Regional Lung Function Measurement[END_REF][START_REF] Matsubara | Dynamic Observation of a Damping Material Using Micro X-ray Computed Tomography Coupled with a Phase-Locked Loop[END_REF] 135].
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 21 Figure 2.1: A. Illustration of N = 4 phases of a cubic sample subject to a rigid body oscillation. B. Representation of a typical oscillation period splitted into N = 4 temporal phases. C. Illustration of the phase-based projection sorting procedure for retrospectively gated-CT using continuous rotation. D. Definition of β 1 , β 2 and V max on a detailed view of an oscillation period. The duration of t e and t p is arbitrary. The red arrow stands for the maximum slope of the sinusoidal motion, and the blue point for a projection acquisition shot-instant.

Figure 2 . 2 :

 22 Figure 2.2: A. Scheme of the different cases for the optimisation of the sampling rate of projection, f s . N = 4. B. Polar histograms of typical angular distribution of the projections of a phase after the sorting process, for illustration purposes. The angle represents the angular position of the projections and the radial axis the number of projections per bin (n = 360 projections, bin width = 2 • ). The ideal sampling is generally obtained in conventional CT. Angular clustering and missing views distribution could produce strong image artefacts.

Figure 2 .

 2 4E), or chopped fibreglass (Conrad ® , ref. 2101101, with mean dimensions ≈ 20 × 200 µm and maximal length ≈ 500 µm; Appendix C, Figure C.1).

  Figure 2.4: A. Schematic view of the vibratory setup and its simplified wiring diagram during in situ testing on the PSICHÉ beamline. B. Detailed 3D rendering of the vibratory setup. C. Picture of the setup on the motorised rotation stage. To deal with space requirement the setup was inserted inside the hollow stage. D. Picture of the imaged sample. E. Optical microscopy image of a representative distribution of the glass beads filling the sample.

Figure 2 . 5 :

 25 Figure 2.5: Scheme of the end-to-end progress of a synchrotron gated-CT experiment with retrospective gating.

Figure 2 . 6 :

 26 Figure 2.6: Details of the strategy used for rigid volume registration with Spam [218]. The rotations and translations are computed between the phases of a gated-CT and its associated static reference with the help of a recursive preguess of Φ. Then, the 3D volumes of each phase are displaced to match the alignment of the static reference, finally, comparative quality metrics can be computed accurately within the ROI.

2. 4 .

 4 Figure 2.7: A. Result of the tomography simulation of a 4 px diameter sphere. Vertical slices of all reconstructed data according to β 1 and β 2 , orange box denotes the static reconstructed sphere (β 1 = β 2 = 0). Detailed view of the slices are given for the couples (β 1 = β 2 = 0), (β 1 = 10, β 2 = 0), (β 1 = 0, β 2 = 10), (β 1 = β 2 = 10), B. (top) 3D surface plot of the PCC computed between each blurred simulation and the static one. (bottom) Idem for the EHV with switched axis for better illustration. For both plots, data were 3 rd order interpolated with a step of 0.1 px.

Figure 2 . 8 :

 28 Figure 2.8: Optimised sampling frequency of projections f * s according to the number of phases N and to the minimum time between consecutive exposure, typically close to t e . The represented value correspond to case I if applicable or to case III otherwise (cf.Figure 2.2A), for f 0 = 100 Hz. White lines depict boundaries of iso i regions and black cross points the value of f * s / f 0 for the presented experimental cases.

Figure 2 .

 2 Figure 2.8: Optimised sampling frequency of projections f * s according to the number of phases N and to the minimum time between consecutive exposure, typically close to t e . The represented value correspond to case I if applicable or to case III otherwise (cf.Figure 2.2A), for f 0 = 100 Hz. White lines depict boundaries of iso i regions and black cross points the value of f * s / f 0 for the presented experimental cases.

Figure 2 . 9 :

 29 Figure 2.9: Example of typical result for case study S2. A. (top) Vertical slice of the static reference. (bottom) Polar histogram of the angular sampling of projections for the static reference, bin width = 1 • (1 projection every ≈ 1.1 • ). B. 10 out of 30 vertical slices of the case study and its corresponding polar histogram of the angular sampling of projections. C. Plots of the measured 3D translation with Spam rigid registration, black arrows denote maximum slopes of the sinusoidal motion. D. Image quality metrics between the static reference and each of the 30 registered phases, grey boxes depict phases with minimal image quality. E. Barplot of the number of projections per phase n. F. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ Jy GA Wi yY sF C7 jH t .

Figure 2 .

 2 Figure 2.10: (top) Vertical slices of registered volumes at the maximum motion speed for each case studies. Orange outline denotes the boundaries of the ROI for PCC and EHV computations.(bottom) Boxplots of the result of image quality metrics between the static reference and each of the 30 registered phases for the three case studies, as a function of the blur descriptors. Crosses show the value for the specific phase that happened at the maximum speed, for which the blur descriptors are defined. The points denote the interpolated results of the tomography simulation for these specific couples β 1 , β 2 .

Figure 2 . 12 :

 212 Figure 2.12: Same as for Figure 2.8 for the three oscillation frequencies investigated in this study.

Figure 2 .

 2 Figure 2.13: A. Same as for Figure 2.7A for the fibre phantom described in subsection 2.3.1. B. (left) 3D surface plot of the PCC computed between each blurred simulation of the fibre phantom and the static one. The red region gives maximum β 1 and β 2 to not exceed a PCC threshold at 0.85. (right) Idem for the EHV with switched axis for better illustration and a threshold at 50%. For both plot, data was 3 rd order interpolated with a step of 0.1 pixel. C. Same panel layout with the spherical phantom data already described in Figure 2.7.

Chapter 2 .

 2 Figure 2.14: Same as Figure 2.9 for case study S1. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ bE 37 jR es Zj AS fq i .

Figure 2 . 15 :

 215 Figure 2.15: Same as Figure 2.9 for case study S3. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ B4 JJ qs 8G Qx Je 2G m .
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 2 A method to optimise 3D imaging during retrospectively gated X-ray microtomography

Figure 2 . 16 :

 216 Figure 2.16: Overview of other acquired gated-CT varying the oscillation frequency, the heterogeneity type and the pixel size. A. Vertical slices of the static reference of each following case. B. Sample oscillating at f 0 = 400 Hz. Orthogonal slices of the first phase in each direction and its associated kymograms (repeated 3 times) drawn along the orange axis over the 30 phases. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ 7r xA tX xQ 3j 7H oe k . C. Same panel layout for a sample containing fibreglass (link: ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ DN or 6H YE SY 2Q 8W W ). D. Same panel layout for a sample imaged at HR with a pixel size L vx = 2.17 µm (link: ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ bF Z6 pW te Wr Z3 eS 4 ).

Figure 2 . 17 :

 217 Figure 2.17: Same layout as for Figure 2.9 but for Supplementary case study T2, at f 0 = 2 Hz and β 1 = β 2 = 3 px imaged with a laboratory microtomograph and a continuous scan type. Note that in such a case, in the reference polar diagram, one bin out of 3 contains 2 projections, the others only one (n = 480, bin width = 1 • , i.e. 1 projection every ≈ 0.75 • ). Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ ks xm tw bF nb AZ Wd 7 .
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 2 A method to optimise 3D imaging during retrospectively gated X-ray microtomography

Figure 2 . 18 :

 218 Figure 2.18: Evaluation of retrospective gating strategies and scan type of gated microtomography on a cone beam X-ray source. A. Boxplots of the detected period length T 0 on the gating signal for a continuous scan type (left) and a step-by-step scan type (right). The white boxplots state for external gating strategy and the grey boxplots for internal gating. B. Boxplots of the result of image quality metrics between the static reference and each of the 30 registered phases for the 8 case studies, as a function of the blur descriptors (same approach as for Figure 2.10). C. Polar histogram of the angular sampling of projections of the first phase for external gating case studies. D. Vertical slices of the first phase for each case studies. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ rn 6m fX jY 95 zt P3 K .
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3. 2 .

 2 Figure 3.2: A. Scheme of the original vibratory setup designed for rigid body translation. (left) Scheme of the extension for cyclic tensile test, samples are depicted in red. (right) Scheme of the extension for cyclic bending test. B. Detailed view of the sample zone in tensile test configuration, the blue arrow depicts the possible part motion for the pre-strain application, the orange arrow shows the oscillating part. C. Picture of the cyclic tensile setup mounted on the SOLEIL-PSICHÉ beamline. D. Video of the cyclic tensile setup in operation at 10 and 50 Hz slowed down 4 times, available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ Li pS Fm jM kZ Af 9m Z , scale bar = 10 mm. E. Detailed view of the sample zone in bending test configuration. F. Picture of the bending tensile setup mounted on the ESRF-ID19 beamline. G. Video of the cyclic bending setup in operation at 10 and 50 Hz slowed down 4 times, available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ wQ 98 jw Nt WR WA HB 5 , scale bar = 10 mm.

Figure 3 . 3 :

 33 Figure 3.3: Step-by-step details for the sample mounting in the cyclic tensile setup. 1. From left to right: half bottom jaw, removable bottom and top jaw parts linked by a 10 mm spacer, half top jaw. 2. Positioning of the sample on the half jaws and gluing of its ends. The reference glass bead was glued prior to the sample mounting. 3. Closing of the jaws. 4. The vibratory setup is placed in maintenance configuration. 5. Mounting of the top jaw in the test rig. 6. Positioning of the jaws assembly inside the column and mounting of the bottom jaw. 7. Removal of the spacer. 8.Application of the pre-strain to the sample using the micrometric screw. 9. Fastening the pre-strain slide. 10. Removal of the micrometric screw, the setup is ready for a cyclic tensile test experiment.

Figure 3 . 4 :

 34 Figure 3.4: Step-by-step details for the sample mounting in the cyclic bending setup. 1. (left) Pair of half jaws and a 6 mm spacer. (right) Mounting of the half jaws on the spacer. 2. Positioning of the sample on the half jaws and gluing of its ends. The red point denotes the top surface of the sample after its curing. 3. Closing of the jaws. 4. The vibratory setup is placed in maintenance configuration. 5.Mounting of the jaws in the test rig. 6. Removal of the spacer. 7. Application of the pre-strain to the sample using the micrometric screw. 8. Positioning of the sample in contact with the exciter tip on which a small amount of uncured glue was deposited (10 min waiting time). 9. Fastening of the jaws to the pre-strain holder. 10. Removal of the micrometric screw, the setup is ready for a cyclic bending test experiment.

Figure 3 . 5 :

 35 Figure 3.5: Diagram of the procedure for merged scans acquisition and reconstruction.

Figure 3 . 6 :

 36 Figure 3.6: Details of the strategy used for the displacement and strain field measurements with the DVC code implemented in Spam.

Figure 3 . 7 :

 37 Figure 3.7: Typical results for case study T1(100 Hz, 20%, 10 µm). (top left) Vertical slice of the phase 16 used as reference for the DVC, the orange outline denotes the boundaries of the ROI. (center) From top to bottom: Vertical slices (10 out of the 30 phases), displacement field within the sample (10 out of the 29 measurements), components of the strain tensor, volumetric and distortion invariants. Scale bar = 1000 µm.

Figure 3 . 9 :

 39 Figure 3.9: A. Renderings of a fibre-reinforced sample subjected to cyclic tensile test for f 0 = 100 Hz and f 0 = 400 Hz imaged at high resolution. B. Dynamic version of the renderings are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ cg aQ Jx 6H j5 47 3p 7 .

Figure 3 . 10 :

 310 Figure 3.10: Observation of duplicated object at f 0 = 400 Hz. The effect is enhanced at higher A * . The top row shows static references vertical slices. Columns display two different samples prepared from the same bulk. Dynamic version of the vertical slices are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ 6S cY LT 6o J4 xc Nz d

3. 4 .

 4 Figure 3.11: Typical results for case study B2(100 Hz, 0%, 10µm). (top left) Vertical slice of the static reference B ref (0%, 10 µm) used as reference for the DVC, the orange outline denotes the boundaries of the ROI, the green lines show the position of the jaws. (center) From top to bottom: Vertical slices (10 out of the 30 phases), displacement field within the sample (10 out of the 30 measurements), components of the stretch tensor, volumetric and distortion invariants.

Figure 3 .

 3 Figure 3.12: A. Renderings of the static reference for each pre-strain for the cyclic bending test. The jaws are represented in purple, the exciter tip in green, the sample outer shell in semi-transparent grey and the inner particles in red. B. Dynamic renderings of cyclic bending test for each pre-strain at f 0 = 100 Hz are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ ne J3 qT Po jc Ya QH b . (first part) View of the sample outer shell. The jaws are represented in purple, the exciter tip in green, the sample in red. (second part) View of the inner particles during the oscillating motion. The jaws are represented in purple, the exciter tip in green, the sample in semi-transparent grey and the particles in red. (last part) View of the representation of the computed displacement field. The jaws are represented in purple, the exciter tip in green, the sample outer shell in semi-transparent grey. Arrows are scaled by a factor of two for better visualisation.

Figure 3 .

 3 Figure 3.13: A. Local strain measurements of distortion and volumetric strain of cyclic bending tests for each investigated pre-strain (0%, 50% and 90% at the first, second and third columns, respectively) and oscillating frequency (50 Hz, 100 Hz and 400 Hz at the second, third and forth rows, respectively). For each case studies, result for both extreme phases 1 and 16 are shown. (first row) Vertical slices of the static reference used as reference for the DVC, the orange outlines denotes the boundaries of the ROI. Green lines show the position of the jaws. Dynamic versions of this result showing the influence of the pre-strain at f 0 = 100 Hz (B) and the influence of the oscillation frequency at ε p = 0% (C) are available with the QR codes or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ Ej Mw LA 5A 47 iC Yf Y and ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ nb iL Cs 92 WZ 7L ed Y , respectively

Figure I :

 I Figure I: Qualitative or type of quantitative analysis performed on state of the art gated-CT data, including this thesis work, according to the spatiotemporal resolution achieved, expressed as pixel size (L vx ) versus phase width (t p ).

Figure

  Figure II: A. Snapshots of functional vocal fold replicas during flow-induced oscillations ( f 0 ≈ 100 Hz) acquired with high-speed camera. B. Electronic microscopy of polycaprolactone fibres, which are embedded in the lamelar structure of the vocal fold model. | Adapted from[START_REF] Yousefi-Mashouf | Design of Self-Oscillating Biomimetic Vocal Folds: Materials, Mechanics and Vibrations[END_REF][START_REF] Giraud | Testbed Design for In-Vitro Characterisation of Biomimetic Vocal Folds in MAVEBA[END_REF] 

Acronyms

  4D four dimensional AI artificial intelligence COR center of rotation CT computed tomography DVC digital volume correlation ECG electrocardiogram EHV error on heterogeneity volume FBP filtered back-projection FDK Feldkamp-Davis-Kress FOV field of view HR high resolution HU hounsfield unit IGRT image-guided radiation therapy LDV laser doppler vibrometer MR medium resolution OCT optical coherence tomography PCC Pearson correlation coefficient PIV particle image velocimetry PTV particle tracking velocimetry ROI region of interest SNR signal-to-noise ratio SSIM structural similarity index measure tps tomographies per second Appendix B.

Figure F. 1 :

 1 Figure F.1: A. Scheme of the bending configuration II. One end of the sample (red) fixed in a jaw (blue), and the other is fixed to the oscillating probe (grey). Application of pre-strain is possible by the displacement of the jaw depicted by the blue arrow. B. Picture of the bending configuration II mounted on the ESRF-ID19 beamline. C. Detailed view of the sample zone.

Figure F. 2 : 9 G

 29 Figure F.2: Typical result of gated-CT with bending configuration II on a sample containing fibreglass imaged at medium resolution (pixel size ≈ 10 µm) on the ESRF-ID19 beamline. One phase out of 30 for a f 0 = 100 Hz oscillation is shown. Dynamic version of the frontal slices for experiments at f 0 = 50 Hz, f 0 = 100 Hz and f 0 = 400 Hz are available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ Sr eo EY 7g ED Wb 7R 9

Figure G. 1 :

 1 Figure G.1: Observation of material damage due to X-ray radiation dose. (left) A sample which does not present evidence of damage. (right) Another sample presenting obvious damage in the Xray beam path, characterised by change in the color or the elastomer and the glass bead, shrinkage of the specimen section, and stiffening of the irradiated zone.
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2: Table of minimal, maximal, mean and standard deviation values of image quality metrics for each case studies.

  3.2. Materials and Methods

			Tensile test			Bending test	
		T1	T2	T3	B1	B2	B3
	particle	sphere	fibre	fibre	sphere	sphere	sphere
	L	[µm]					

Table 3 .

 3 2: Table of the measured and targeted macroscopic and local strains along the z axis between phases 1 and 16 for each case studies. The top and bottom rows of each DVC results were not included in ⟨E zz ⟩ to ignore inconsistencies at the edges.

			T1(100 Hz,	T1(100 Hz,	T1(100 Hz,	T1(100 Hz,
			10%, 10 µm)	20%, 10 µm)	50%, 10 µm)	90%, 10 µm)
	E macro zz	[%]	n.a.	4.5 ± 1.5	3.8 ± 0.7	3.0 ± 0.3
	⟨E zz ⟩ [%]	4.6 ± 5.3	4.9 ± 0.7	3.6 ± 0.6	2.6 ± 0.4

  .12B illustrate the qualitative displacement of the

		B2 ref (0%, 10 µm)	B2 ref (50%, 10 µm)	B2 ref (90%, 10 µm)
	Jaws spacing [px]	535 (ℓ 0 )	806	1016
	Measured pre-strain	n.a.	50%	90%

Table 3 .

 3 

3: Comparison between expected and effective pre-strains ε p measured on static reference for cyclic bending tests

  Table of the study parameters Table B.1: Table of the parameters used in this thesis.

	Parameter Description	Unit
	N	Number of oscillation phases to image	-
	f 0	Mean oscillation frequency	Hz
	T 0	Mean oscillation period	s
	t p	Temporal resolution	s
	L vx	Voxel edge length (pixel size)	µm
	V max	Maximum displacement speed of a sinusoidal oscillation	px/s
	ω	Rotation speed of the tomograph rotation stage	deg/s
	β 1	Motion blur on the projections related to the exposure time	px
	β 2	Motion blur on the reconstruction related to the imaging technique	px
	A *	Optimised peak-to-peak oscillation amplitude	px
	β * 1	Critical value of β 1 for a given heterogeneity	px
	β * 2	Critical value of β 2 for a given heterogeneity	px
	n	Number of projections per oscillation phase to image	-
	L	Typical sample dimension	µm
	d 0	Mean size of the heterogeneities within the sample	µm
	n tot	Total number of projections of the scan	-
	f s	Sampling rate of projections	Hz
	t e	Exposure time of the X-ray detector	s
	E	Mean energy of the synchrotron X-ray beam	keV
	t l	Minimum latency time between two consecutive exposures (≈ detector readout time)	s
	i	Number of oscillation periods in which a sequence of N projections are taken	-
	k	Optimisation factor which includes an anti-aliasing correction	-
	f * s	Optimized sampling rate of projection	Hz
	t * l	Optimized latency time between consecutive exposure (includes t min l )	s
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Chapter 3. Quantitative image analysis of retrospectively gated X-ray microtomography of deformable vibrating structures Figure 3.8: Local strain measurements of distortion and volumetric strain of cyclic tensile tests for each investigated pre-strain (ε p = 10%, 20%, 50% and 90% at the first, second and third and forth rows, respectively) at f 0 = 100 Hz. For each case studies, result between extreme phases 1 and 16 are shown: (first column) vertical slices of the reference phase 16 for the DVC computation, the orange outlines denotes the boundaries of the ROI; (second column) vertical slices of phase 1, where the sample is most stretched. Scale bar = 1000 µm. Dynamic version of this result is available with the QR code or at ht tp s: // cl ou d. un iv -g re no bl e-a lp es .f r/ s/ 5o qz LS Za rr j4 eE Y .

obtained by comparing the two extreme phases of the oscillation cycle (i.e. phases 1 and 16). Videos of each parameter varying in time throughout the cycle are also available on the links provided. First of all, the lateral displacements along x and y-axes, which derive from the initial buckling of the sample at lowest pre-strains and/or from deflections due to the applied vibrations, tend to disappear with ε p (cf. video Figure 3.8). Then, we clearly observe the decrease of the distortion according to the increase of the pre-strain. To check the orders of magnitudes of the local strains

A

Vibratory setup

This appendix details the calibration procedure of the vibratory device designed in this thesis, as well as the graphical user interface and the associated block diagram of the software developed for its operation. 

A.1. Calibration

A.1 Calibration

A.2 Overview of the LabView program

B

Table of the study parameters

This table provides definitions and units of all the main parameters used in this document.

C

Fibre microparticles

Details of the chopped fibreglass embedded in some of the reinforced soft composites manufactured in this study. 

D

Overview of the collected database

This appendix summarises the whole database collected this thesis work using 3D scatter plot to allow quick overview of the varying parameters. Note that here, the oscillation amplitude A and blur descriptors β 1 and β 2 are the one that were intended hence not taking into account the discrepancies coming from the calibration of the vibratory setup. In addition, for synchrotron studies, hollow spherical particles with a diameter range of 13-22-36 µm (1 st decile -median -9 th decile) (iM16K, 3M™; density 0.46) were also tested and the result are not discussed in the thesis. 

D.1. SOLEIL -PSICHÉ beamline

D.1 SOLEIL -PSICHÉ beamline

D.2 ESRF -ID19 beamline

E Extension of the imaging technique to a laboratory X-ray microtomograph

This appendix describes all the particular developments and gated-CT tests realised in a laboratory X-ray microtomograph. It includes specific sample preparation and experimental setup, details of the step-by-step scan and internal gating procedures, and it emphasises the particular limitation of the rolling shutter effect.

Appendix E. Extension of the imaging technique to a laboratory X-ray microtomograph

E.1 Sample preparation

For samples tested in the laboratory microtomograph, the protocol is similar to the one described in section 2.3.2 except that the samples were obtained by pouring a first 1 mm thick pure silicone layer followed by three 2 mm thick layers of silicone charged with particles/fibers on top of each other respecting 2-hour curing time between consecutive layers. Glass beads (d 0 ≈ 1 mm) or nylon fibers (diameter ≈ 450 µm×10 mm) were embedded in the silicone layers. Samples were then cut from the bulk to the dimensions of 10 × 10 × 7 mm 3 (L = 10 mm, cf. 

E.2 Experimental setup and imaging considerations

The vibratory setup is identical to the one presented chapter 2. The laboratory microtomograph (RX-Solutions) used is hosted in the 3SR laboratory. It is equipped with a micro-focus X-ray source and a flat panel detector (PaxScan ® 2520DX, Varian Imaging). To speed up the acquisition frame rate to its maximum, binning 4 and no frame averaging was applied, resulting in a FOV of 454 × 454 × 336 vx. The FBP reconstruction was performed with the Xact software. 

E.3 Step-by-step scan

The step-by-step scan type is detailed in Figure E.3. At each angle step, a sequence of k/i projections were acquired (here k/i = N = 30). Hence, this scan mode results in equi-angular distribution of projections. During experiments, the vibration of the setup interfered with the encoder of the rotation stage, thus the angular positioning at each step took much more time than excepted. The resulting scan duration was about four to five times longer than the ≈ 240 s necessary for the continuous scan. Moreover, the pauses in the projection acquisition prevent the possibility to perform internal gating in the same way as for the continuous scan mode. 

E.4 Internal gating

The Figure E.4 details the method used for the internal gating acquisition. The phase cross correlation function (upsample factor = 100) of the scikit-image package for Python [235] was used to calculate the vertical component of the translation between two consecutive projections ∆z. The internal gating signal is obtained from a cumulative sum of the ∆z over all the projection data. The external gating was acquired at sampling frequency of 1 kHz and filtered with a median filter (kernel size = 99). The internal gating sampling frequency was 60 Hz (i.e. the projections frame rate) interpolated (3 rd order) to match the 1 kHz sampling frequency of external gating. 

E.5 Case studies

Table E.1 lists the parameters for five case studies presented for the lab-source experiment.

Geometry

Kinematics X-ray settings Other 

E.6 Rolling shutter effect

The Figure E.5 illustrates the rolling shutter effect which causes the distortion of the projection geometry due to the sequential readout of the sensor's photosites, here using a flat panel detector. Both panels show radiographs of the same sample subjected to rigid body oscillations ( f 0 = 6 Hz), at approximately the same projection angle. The sample in Figure E.5A was almost static compared to Figure E.5B where the increased motion speed induced a strong rolling shutter effect associated with motion blur that substantially distorted the effective geometry of the sample. Such data was unusable for our analysis because it was not possible to distinguish the impact of both effects on the reconstruction. 

H

Fibres segmentation for high resolution data

This appendix shows the differences between the naive segmentation based on a Otsu threshold compared to a segmentation including a prior knowledge on the volume fraction of heterogeneities. Otsu threshold tends to overestimate the fibre content in this case. 

I

Comparison of dynamic force, displacement and strain measurements

This appendix compares the signal measured by the force sensor during a gated-CT acquisition in cyclic tensile test, to the result of the displacement and strain computed by DVC. The force signal was always recorded but not used in the thesis. Note that the measured force is computed from the sensor specifications and we did not calibrate the force on our own.

Appendix I. Comparison of dynamic force, displacement and strain measurements