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Vibro-impact (VI) based control strategies exploit non-linear phenomena occurring during impacts between oscillating masses and vibrating structures to mitigate vibrations. They are known to be effective on a wide frequency range, in harsh environnement, and they are eco-friendly in comparison to some visco-elastic polymers used for the same application. Different assumptions emerge to explain energy dissipation such as material and contact effects, or dynamic energy transfers between the structure and the oscillating masses acting as non-linear absorbers. As classical vibratory measurement tools do not allow to accurately and easily measure what happens in the contact area and the motion of the absorber, it is difficult to validate and quantify the phenomenon. The purpose of the study is to take advantage of full field measurements of the vibro-impact phenomenon to characterise a vibro-impact absorber and to better understand the interactions occurring during impact. To reach this objective, a dedicated experimental set-up has been designed and a method involving Digital Image Correlation (DIC) and a high-speed camera is used to capture and reconstruct the motion of the oscillating mass. The characterisation allows to estimate the Coefficient Of Restitution (COR) and friction forces, and provides data that are used in two different contact modelling strategies based on the COR and on the Hertz contact theory. The quantities identified in this paper enable to better understand the physical phenomena at stakes in a VI absorber.

Introduction

VI absorbers consist of free oscillating masses integrated in a main structure to reduce its vibrations. It is known to be effective on a wide frequency range and in harsh environments. Their effectiveness in mitigating the vibrations relies on the interaction between each oscillating mass and the main structure that occurs during the impacts. Mostly, two assumptions emerge to explain energy dissipation : contact effects such as plastic deformation during the repeated impacts [START_REF] Seifried | Numerical and experimental evaluation of the coefficient of restitution for repeated impacts[END_REF] or viscous damping during the contact phase [START_REF] Boettcher | Influence of viscous damping and elastic waves on energy dissipation during impacts[END_REF] on the one hand, and dynamic effects leading to a high frequency energy transfer and to a faster vibration mitigation [START_REF] Theurich | Effects of modal energy scattering and friction on the resonance mitigation with an impact absorber[END_REF] on the other hand. In the last case, the vibrational energy of the main structure is redistributed within the modal space from low to high modes that possess higher energy dissipation efficiency.

To better understand the physics of VI phenomenon, it is interesting to adopt an experimental approach.

However, several difficulties must be overcome. Impact phenomenon is non-linear, and occurs on a very short time scale what makes its study particularly challenging. Moreover, VI absorbers are often difficult to equip with measuring instruments, especially for the free oscillating masses. Therefore, non-contact techniques could offer an interesting alternative. Among these techniques, DIC has many interests for VI study to measure the displacements that cannot be measured with an accelerometer nor a laser vibrometer. Indeed, it is a low noise method (accuracy is below pixel size) and combined with a high-speed camera, it becomes possible to capture the dynamic behaviour of a VI system. In solid mechanics, DIC and full-field measurement techniques have paved the way to new approaches to measure displacement, velocity or strain field and have a growing interest thanks to the advent of high-speed cameras that allow to get pictures even for dynamic system with short typical variation time. Many applications are found for dynamic testing in combination with high-speed or ultra-high-speed cameras [START_REF] Reu | The application of high-speed digital image correlation[END_REF]. This enables the visualisation of transient deformation [START_REF] Tiwari | Application of 3D image correlation for full-field transient plate deformation measurements during blast loading[END_REF], the development of local deformation [START_REF] Besnard | Analysis of necking in high speed experiments by stereocorrelation[END_REF][START_REF] Tarigopula | A study of localisation in dual-phase highstrength steels under dynamic loading using digital image correlation and FE analysis[END_REF], or phase transformation during dynamic test on shape memory alloys [START_REF] Saletti | Measurement of phase transformation properties under moderate impact tensile loading in a NiTi alloy[END_REF]. Moreover, measuring 3-D displacement field becomes possible if two cameras are used [START_REF] Reu | The application of high-speed digital image correlation[END_REF].

The purpose of this paper is to take advantage of these methods to reconstruct the motions of both the main structure and the oscillating mass, and to compare different contact modelling strategies.

Full-field measurement techniques have already been set up in the context of granular materials to measure the coefficient of restitution of impact between particles and between wall and particles, combined with different methods. In the following articles, authors have built a special apparatus to film the collision between particles or between a particle and a wall with a high-speed camera. In [START_REF] Horabik | Determination of the restitution coefficient of seeds and coefficients of visco-elastic Hertz contact models for DEM simulations[END_REF], [START_REF] Wong | Energy dissipation prediction of particle dampers[END_REF] and [START_REF] Dong | Experimental study of oblique impacts with initial spin[END_REF], the authors can calculate the COR from the height of the rebounds or free flights duration of the particle. These quantities are directly derived from the images obtained from the high speed cameras. In [START_REF] Wang | Experimental determination of the coefficient of restitution of particleparticle collision for frozen maize grains[END_REF], the COR is calculated with the averaged velocities obtained by the displacement over the duration between successive images. Other authors like [START_REF] Hastie | Experimental measurement of the coefficient of restitution of irregular shaped particles impacting on horizontal surfaces[END_REF] and [START_REF] Higham | Measuring the coefficient of restitution for all six degrees of freedom[END_REF] have used an energetic definition of the COR and need both translational and rotational velocities of the particle. In the first case, the authors have used the Image Pro Plus software to track the particle and calculate the velocities.

In the second case, the locations and velocities of the particle are determined using a particle tracking velocimetry method. In all these cases, calculations are made to obtain the velocities necessary to obtain the COR : they are obtained from the measure of the height of rebound, from the duration between impacts, or from the simple ratio of displacement and duration between images. But the entire motion of the particle is not considered, what can result in a lack of accuracy if only considering the experimental data just before and after impact. The total motion of the particle provides accurate information to estimate displacements and velocities, especially in the case of noisy measurements. This statement is the basis of the method that will be presented in this work.

In the field of vibro-impact, full-field measurement with a high speed camera has been used in [START_REF] Rigaud | Investigation of gear rattle noise including visualization of vibro-impact regimes[END_REF] to visualise VI regimes between gears. According to the authors, the video post-processing allows measurement of the instantaneous position of the gears from the shape recognition. Recently, a simple method using limited experimental information to reconstruct the motions of the oscillating mass of a VI absorber and measure the COR has been presented in [START_REF] Li | Experiment-Based Motion Reconstruction and Restitution Coefficient Estimation of a Vibro-Impact System[END_REF]. The authors used a laser sensor and an accelerometer to measure the position of the main structure and its acceleration respectively. From this, the velocity of the main structure can be derived, and the impact time is given by the discontinuities on the acceleration signal. Knowing the position of the oscillating mass at impact, its motion can be reconstructed assuming a friction coefficient between the oscillating mass and the main structure.

Nevertheless, the motion of the oscillating mass is not directly measured as no visualisation of the ball is possible.

Thus no information about the friction coefficient can be provided from this experimental set-up. Moreover, the uncertainty on the friction coefficient leads to uncertainty on the velocity estimation, necessary to calculate the COR. At last, the authors noticed a different coefficient of restitution on the left and right sides of their VI absorber prototype, which is an interesting but unexplained phenomenon. The same observation is reported here.

In this paper, a dedicated set-up has been designed composed of a ball oscillating in a cavity, reproducing the behaviour of a vibro-impact absorber. A method is proposed to reconstruct the motion of the oscillating mass and the main structure using DIC with a single high-speed camera. This method is used to reach the following objectives :

• evaluate the performance of DIC for experimental VI characterisation ;

• use measurements as input in two modelling strategies based on the coefficient of restitution and on a Hertzian contact.

The tracking of the displacement of the main structure and the oscillating mass is realised. Models are assumed for the displacement of both the ball and the structure, and their parameters are identified from curve fitting.

The advantage of this is that the velocities can be easily and accurately obtained by analytical derivation without amplifying the noise on the measures. Then, these results allow to characterise the VI absorber and are used as inputs to run simulations of the COR model and Hertz damped contact model.

The paper is organised as follows. Section 2 describes the experimental set-up designed for this study, presents the DIC technique and the post-processing of measurements. Section 3 presents the modelling of the VI problem, and the identification of some of its parameters. Section 4 presents the numerical results. In section 5, uncertainties on the COR are discussed.

DIC for VI measurement

Design of a set-up and instrumentation

For this study, an experimental set-up consisting of a ball enclosed between two plates has been designed (Fig. 1).

The main structure is made of two plates separated by an adjustable distance and maintained by three holding rods. The structure is rigid enough to ensure that the first natural frequencies cannot be excited in the frequency range of the tests [START_REF] Ruan | The unexpectedly small coefficient of restitution of a two-degree-of-freedom mass-spring system and its implications[END_REF][START_REF] Ray | Optimal Design of a Golf Club using Functionally Graded Porosity[END_REF][START_REF] Vallatta | On The Coefficient Of Restitution Of Tennis Rackets[END_REF][START_REF]Numerical Examinations of Relation between Restitution Characteristic and Eigen Frequencies[END_REF][START_REF] Manin | Impact normal d'une sphere creuse en plastique sur une couche plane en polymere: application au tennis de table[END_REF][START_REF] Li | Effects of string tension and impact location on tennis playing[END_REF][START_REF] Kawazoe | Analysis of Impact Phenomena in a Tennis Ball-Raket System[END_REF][START_REF] Hild | Measurement of kinematic fields via DIC for impact engineering applications[END_REF][30]. For this purpose, the set-up was designed using numerical modal analysis. The ball is guided to ensure vertical movement by three guiding rods, so that it is possible to visualise the entire motion of the ball during its oscillation. The main structure has a sine wave motion imposed by a Dataphysics shaker (1000 N maximum sine force peak). An adapter plate has also been used to fasten the set-up on the shaker. Two accelerometers are stuck on each plate to monitor the acceleration of the plates and analyse the impact signals. A high speed camera with a 1000 fps frame rate is used during the test to visualise the oscillation of the adapter plate ; 8. upper accelerometer ; 9. upper disk shaped part ; 10. lower accelerometer ; 11. shaker ball between the two impact plates. Some photos extracted from the videos are represented in Fig. 2, where it is possible to see the ball going up, colliding the upper plate and going down. 

Description of the experiments

Different parameters were varied during the experiments, namely the frequency of the excitation and the acceleration (which is directly related to the magnitude of displacement of the shaker). These different parameters are summarised in Table 1. Each test was run once and successively. One test lasts approximately 1,5 seconds, producing 1500 frames to analyse. The frequency and the acceleration of the shaker were chosen in order to obtain VI regimes with two impacts per cycle, one on the upper plate and one on the lower plate. 

Digital Image Correlation and motion reconstruction

In order to reconstruct the motion of the main structure and the motion of the oscillating ball, a Digital Image Correlation (DIC) technique is used to follow the motions of both the ball and the structure. a mesh of points are defined corresponding to the ball and to the main structure (see Fig. 3). A 30 pixels wide subset centred on each point of the mesh is defined. After the displacement, the subset is localised in the new picture thanks to a cross-correlation calculation. The principle of the cross-correlation to determine the displacement of a subset in a image is as follows. Let's consider two subsets : the reference subset, or subset 1, and the current subset, or subset 2. In the present case, each subset contains 30x30 pixels and each pixel is represented by a gray level intensity. Let's call I 1 (x, y) the function that gives the gray level intensity of the pixel of coordinate (x, y)

belonging to the reference subset (x and y represent a number of pixels), and I 2 (x, y) the same function for the current subset. The Zero-mean Normalised Cross Correlation function used in Matlab is defined as [START_REF] Besnard | Caractérisation et quantification de surfaces par stéréocorrélation pour des essais mécaniques du quasi statique à la dynamique ultra-rapide 289[END_REF] :

γ(x, y) = i,j [I 1 (x + i, y + j) -Ī1 (x, y)][I 2 (x + d x + i, y + d y + j) -Ī2 (x, y)] i,j [I 1 (x + i, y + j) -Ī1 (x, y)] 2 i,j [I 2 (x + d x + i, y + d y + j) -Ī2 (x, y)] 2 (1) 
where i, j scan all the pixels of the subset, Ī1 (x, y) and Ī2 (x, y) are the average intensity of the pixels in the considered subset (1 or 2), d x and d y represent the displacements to determine : they must correspond to the maximum of the cross-correlation function. This criterion is nonsensitive to intensity variations between the reference and the current subset, as it is normalised with averaged intensity. Therefore, the displacements of each point of the mesh is obtained (see Fig. 4). In the present case, as no deformation is expected, the displacement of the ball and of the main structure are calculated as the average displacement of the points of each mesh. Knowing the length of the cavity, it is possible to deduce the displacement of the upper and lower plate, and to position them relatively to the ball displacement. Such results are presented in Fig. 5.

Signals from accelerometers : post-processing

Two accelerometers were stuck on each plate, (see Fig. 1a) during the dynamic tests. They were used to monitor the acceleration of the main structure on the one hand, and to study the post-impact vibrations in the frequency domain on the other hand. In order to analyse the frequency content of the impact signals, it is necessary to focus especially on the high frequency content of the acceleration signals. Therefore, the following method is applied. To begin with, signals were filtered using a high-pass filter with a 100 Hz cut-off frequency to remove the low frequency excitation (see Fig. 6). The frequency of the excitation was no more than 30 Hz. Next, each transient vibration due to impact is isolated considering a signal length equal to a half-period of the excitation signal. The Fourier transform of each impact was calculated using the fft function in Matlab, and the results in the frequency domain were averaged using all the impacts recorded. The frequencies visible in the Fourier spectrum in Fig. 7 should correspond to the natural frequencies of the structure. This can be explained considering energy transfer between the ball and the main structure. In [START_REF] Theurich | Effects of modal energy scattering and friction on the resonance mitigation with an impact absorber[END_REF], the authors have shown numerically that when using a VI absorber at a beam end excited on its first mode, the activation of the VI absorber leads to excitation of higher vibrational modes of the beam.

This non-linear behaviour can be interpreted as a high frequency energy transfer : the energy initially localised on the first mode of the beam is transferred to higher modes because of impacts. A similar phenomenon is probably observed here, even if it was not confirmed by further analyses : an experimental modal analysis was difficult to perform because of the impact location that is impossible to reach with a classical hammer, and modes identification using a numerical modal analysis turned out to be difficult because several modes are located in a same frequency range. Nevertheless, the Fourier transform obtained in Fig. 7 confirms the non-linear behaviour of the vibro-impact phenomenon.

3. Vibro-impact modelling and parameter identification

Modelling and parametrisation

A scheme of the experimental set-up studied in the previous section is represented in Fig. 8. In [START_REF] Serdukova | Stability and bifurcation analysis of the period-T motion of a vibroimpact energy harvester[END_REF] the authors have analysed the influence of gravity on stability conditions for the same device than the one studied here. Even if stability conditions are out of the scope of this paper, the equations of motions are the same than in the present case.

Y s (t) and Y b (t) denote the position of the main structure (i.e the cavity) and the ball, respectively. The total distance travelled by the ball in the cavity is 2.b. As the signal excitation of the shaker is a sine wave motion, the displacement of the main structure is supposed to be given by Eq. 2 :

Y s (t) = A. sin(ω.t + ϕ) + B; (2) 
where A is the amplitude, ω is the pulsation, ϕ is the phase and B is the offset, what seems to be in accordance with the experimental displacements of the plates shown in Fig. 5. The motion of the ball can be separated into two phases : the free flight phase and the contact phase. Looking closely to Fig. 5, the displacement of the ball is not perfectly linear during the free flight phases. It makes sense as the ball is submitted to gravity because of its vertical motion. Therefore, its displacement is assumed to be quadratic with respect to time and given by Eq. 3

Y i b = a i .t 2 + b i .t + c i t ∈ [t i ; t i+1 ] (3) 
for the i-th free flight phase.

With such a model, constant forces acting on a ball are represented such as weight and friction, and the equation of motion governing the displacement of the ball is :

m b .ÿ = -m b .g + F f riction (4) 
where m b is the mass of the ball, g is the acceleration of gravity, and F f riction represents the friction force that may apply on the ball when sliding in the cavity.

Contact modelling strategies

Two contact models are used here : the first one is based on the COR, and the second one is a Hertz-damped contact model. In the first approach, the contact phase is assumed infinitely short, and the physical phenomena that occur during impact are wrapped in a coefficient of restitution e defined in Eq. 5 that traduces the energy loss during the impact : e = 1 represents perfectly elastic impacts (no energy is dissipated during the impact), while e = 0 represents perfectly inelastic impacts (there is no restitution of energy after the impact, the solids remain in contact). Therefore, each time an impact occurs, the relative speed before and after impact are related by the following equation :

Ẏ + b -Ẏ + s = -e.( Ẏ - b -Ẏ - s ) (5) 
Practically, the problem is reduced to free flight phases (see Eq. 4), with an initial condition for Ẏb given by Eq. 5.

In the second approach, the contact phase is governed by the Hertz damped contact model. So the contact force applied on the ball depends on the interpenetration δ defined as

δ = Y b -Y s -b if Y b -Y s ≥ b (6) δ = Y b -Y s + b if Y b -Y s ≤ -b (7) 
In the case of a sphere in contact with a plate, the contact stiffness K considered here is the one given by the Hertz model and defined as

K = 4.R 1/2 3.π.(k b + k s ) (8) 
where the subscripts b and s denote the ball and the structure, respectively, and

k i = 1-ν 2 i π.Ei (i ∈ {b, s}).
The contact 150 force of the Hertz damped model is

F contact = -K.δ 3/2 -c. δ (9) 
in accordance with the sign convention of Fig. 8, and δ is defined by Eq. 6 and 7. In Eq. 9, c is the damping coefficient. As it will be explained later, c can be chosen to represent the same energy loss than the one represented by the COR e.

This time, the contact duration is not neglected and the equation of motion that governs the motion of the ball 155 during the contact phase is

m b . Ÿb = -m b .g + F f riction + F contact (10) 
The entire motion of the ball can be simulated using an ODE solver to integrate the equation of motion given by Eq. 4 for the COR model, or Eq. 10 in the case of the Hertz damped contact model.

As the COR model traduces the energy loss by the system during the impact, the Hertz damped model must be able to represent the same dissipation. In the Hertz damped contact model, the dissipation is due to the damping coefficient c. Indeed, this contact damping creates an opposing force to the ball displacement that contributes to slow the ball and implies an irreversible kinetic energy loss. In [START_REF] Nagurka | A mass-spring-damper model of a bouncing ball[END_REF], Nagurka et al. provide an approximation that relates the damping coefficient and the COR so that the COR model and a Hertz damped contact model lead to the same dissipation :

c = - 2. √ K lin .m. ln e π 2 + (ln e) 2 (11) 
where K lin denotes the linearised contact stiffness for an average interpenetration δ a defined as 

K lin = 3 2 .K.δ 1/2 a ( 12 
)

Parameter estimation

In the previous section, discrete-time displacements of the ball and the structure are obtained thanks to the DIC method. In order to obtain velocities, many approaches are possible. In the context of DIC, some authors have used finite differences to estimate velocities and acceleration knowing the displacement field [START_REF] Koohbor | Analysis of dynamic bending test using ultra high speed DIC and the virtual fields method[END_REF], but this method is noise sensitive and leads to inaccuracy in the process of velocity estimation. In order to reduce the uncertainties or to improve the spatial resolution of the results, others have used a method to regularise the displacement, taking in account a set of images instead of using only two pictures corresponding to the reference and deformed configuration [START_REF] Besnard | Analysis of image series through global digital image correlation[END_REF]. The method used in this paper is to identify the parameters of displacement equations (Eq. 2 and 3) from curve fitting using the experimental displacement points obtained from DIC method. As a result, A, B, ω and ϕ for the structure, and a i , b i and c i for the ball are obtained minimising the least-square functions :

A, B, ω, ϕ = arg min

A,B,ω,ϕ N k=1 [Y s (t k ) -Y exp s (t k )] 2 (13) 
a i , b i , c i = arg min ai,bi,ci N k=1 [Y i b (t k ) -Y exp b (t k )] 2 ( 14 
)
where N is the length of time vector, Y exp It is now possible to calculate the velocity of the main structure and ball derivating Eq. 2 and 3.

Thus, displacements and velocities equations can be used to estimate the kinematics quantities relative to the main structure and ball at every moment, and the whole motion is reconstructed.

With the discrete-time displacements, impact times remain unknown as contact phases are very short and happen between two images. In Fig. 9b, one can see that impacts occur at the intersection of each free flight trajectory (see Fig. 9b), so impact time t i between freeflight i -1 and freeflight i can be deduced with Eq. 15.

(a i -a i-1 ).

t 2 i + (b i -b i-1 ).t i + c i -c i-1 = 0 ( 15 
)
It is now possible to calculate the velocities when the impact occurs to calculate the COR, defined as 

e i = Ẏ i b (t i ) -Ẏs (t i ) Ẏ i-1 b (t i ) -Ẏs (t i ) ( 16 
)

Results of VI characterisation

In this section, the results of the characterisation of the VI absorber designed for this study are presented and fall into two parts. The first one is the measure of the COR, and the second one is the measure of the friction forces acting on the ball during its free flight phases.

Coefficient Of Restitution

The COR is calculated for each impact using Eq. 16. An example of the values measured for the fourth test is presented in Fig. 10. Table 2 summarises the mean value of the COR on the lower and upper plate and their standard deviations for each test.

As one can see, the COR is different whether the impact occurs on the upper plate or on the lower plate. This unexpected phenomenon has already been reported in [START_REF] Li | Experiment-Based Motion Reconstruction and Restitution Coefficient Estimation of a Vibro-Impact System[END_REF] but no special investigation has been made to explain this result. In the present case, as the structure is totally symmetric in terms of materials, assuming that dissipation during impact is only due to contact effects is probably insufficient. Further experiments have been made to try to determine if gravity could influence the COR and provide an explanation of the differences of COR observed between the upper plate and the lower plate. Therefore, the same testing conditions than in test 4 (see Table 1) Other authors have established a link between the COR and vibrational energy, considering mass-springs elements [START_REF] Ruan | The unexpectedly small coefficient of restitution of a two-degree-of-freedom mass-spring system and its implications[END_REF]. Therefore, a certain part of the initial kinetic energy of the ball is lost because converted into vibrational energy of the main structure and leads to a COR smaller than unity. In particular, this phenomenon is well shown in [START_REF] Seifried | Numerical and experimental evaluation of the coefficient of restitution for repeated impacts[END_REF] where longitudinal impacts of a ball on rods are studied. The link between the COR and the vibrational energy of the rod after impact is clearly demonstrated. In the field of sport and especially tennis and golf, studies have been made to understand which design parameters influence the COR [START_REF] Ray | Optimal Design of a Golf Club using Functionally Graded Porosity[END_REF][START_REF] Vallatta | On The Coefficient Of Restitution Of Tennis Rackets[END_REF][START_REF]Numerical Examinations of Relation between Restitution Characteristic and Eigen Frequencies[END_REF][START_REF] Manin | Impact normal d'une sphere creuse en plastique sur une couche plane en polymere: application au tennis de table[END_REF][START_REF] Li | Effects of string tension and impact location on tennis playing[END_REF][START_REF] Kawazoe | Analysis of Impact Phenomena in a Tennis Ball-Raket System[END_REF]. As presented earlier, two main trends emerge. In the first one, the variation of the COR is studied depending on the materials encountered by the ball or string tension in tennis rackets [START_REF] Li | Effects of string tension and impact location on tennis playing[END_REF][START_REF] Vallatta | On The Coefficient Of Restitution Of Tennis Rackets[END_REF][START_REF] Manin | Impact normal d'une sphere creuse en plastique sur une couche plane en polymere: application au tennis de table[END_REF]. In the other approach, the authors try to link the COR with the dynamic properties of the structure that collide. For instance, the authors in [START_REF] Li | Effects of string tension and impact location on tennis playing[END_REF][START_REF] Kawazoe | Analysis of Impact Phenomena in a Tennis Ball-Raket System[END_REF] have studied the effect of impact location on the COR. In [START_REF] Kawazoe | Analysis of Impact Phenomena in a Tennis Ball-Raket System[END_REF], it is shown that the COR is higher when the ball hits the racket close to its vibration node (for the first bending mode). In [START_REF]Numerical Examinations of Relation between Restitution Characteristic and Eigen Frequencies[END_REF], a link between the natural frequencies of the solids that collide and the COR is established.

These results and the previous work briefly presented here confirm the existence of dynamic phenomena during impact that modify the COR and thus the energy dissipation. In the experiments presented in this paper, various phenomena can occur. As the set-up is an assembly of several parts, its dynamic behaviour in response to an impact is hard to predict, but assuming that the structure is stiffer at its bottom (the side screwed on the shaker), the response of the structure to the impact of the ball might be different when the impact occurs on the lower or on the upper plate, so the COR might be changed. These assumptions should be verified in further experiments and are beyond the objectives of this work.

Friction forces

The identification of the parameters a i provides information on the forces acting on the ball during its free flight phase. Indeed, the dynamic law states that the product of the mass of the ball by its acceleration is equal to the forces acting on it. The acceleration of the ball can be derived from Eq. 3 and is given by 2.a i . In the case where no friction forces act on the ball, its acceleration must be equal to the acceleration of gravity -g. However, it was found that the acceleration of the ball was slightly different from -g, what can be explained by the existence of a friction force F i f riction that acts on the ball during the i -th free flight phase. Therefore, numerical values were obtained from the difference between the acceleration of the ball and acceleration of gravity :

F i f riction = m b .(2.a i + g) (17) 
These forces are represented in Fig. 12. It is relevant to notice that these forces are effectively opposed to the motion of the ball, except for the 29 th ascent free flight where the value is not consistent.

Simulation of the VI model

The results presented in the two previous sections allow to characterise the contact phases with the COR for each impact, and the free flight phases with the friction forces for each free flight. These results, for each contact phase and free flight phase, can be used in the models presented in section 2 and they can be simulated. In Fig. 13, 

Test
D = t f ti (Y simu b -Y expe b ) 2 .dt t f ti (Y expe b ) 2 .dt (18) 
where t i and t f denote initial instant and final instant of the experience, respectively. The deviations calculated for the different tests and for both models are presented in Table 3. As a consequence, it can be concluded that the motion reconstruction method presented in this paper is able to perform accurate measurements of the position of both the ball and the main structure in the configuration chosen for the tests, and that the models proposed before 220 are relevant in these cases.

Discussion : statistical analysis of experimental data and uncertainties

As presented in section 4 the COR values are scattered around an average value (depending on the plate where the impact occurs). The COR values are analysed from a statistical point of view. To determine if the values follow a special distribution, histograms are plotted in Fig. 15. µ and σ denote the average value and the standard presented in Fig. 14. Comparatively to these results, the COR values presented in [START_REF] Li | Experiment-Based Motion Reconstruction and Restitution Coefficient Estimation of a Vibro-Impact System[END_REF] seem to be scattered in a similar manner, and the standard deviations given in [START_REF] Higham | Measuring the coefficient of restitution for all six degrees of freedom[END_REF] are consistent with the one presented in this paper.

Further work should be done to explain the origin of the scattering of the measurements. In [START_REF] Hild | Measurement of kinematic fields via DIC for impact engineering applications[END_REF], the authors have made a movie of a motionless specimen (a disk in compression between Hopkinson bars) to quantify the uncertainty on the gray level between pictures because of noised pictures. The same methodology is applied here to determine the noise displacement involved by noise on the pictures. Such a displacement is represented in Fig. 17. One can see that the displacement can be divided into a high frequency content and a low frequency content.

The first part can be attributed to the noise on pictures, that leads to accuracy loss in the correlation process.

The second part is very likely to be due to unwanted motion of the camera while recording the pictures. As the total displacement is approximately 100 times lower than the motion amplitude of the ball (and 50 times for the structure), it is reasonably low to assume that its effects on the displacement reconstruction and COR estimation are negligible. Moreover, here is the main advantage of the reconstruction method proposed in this paper. Using a model associated to a curve fitting process, the noise existing on the measures has a negligible influence on the displacement and velocity estimation, whereas using classical finite differences to determine the velocity is wellknown to be very noise sensitive, what leads to a bad estimation of the velocity. Other sources of uncertainty in the COR estimation can be identified, such as the non horizontality of the camera or the rotation of the ball. As an angle of the camera to the horizontal does not modify the measure of the COR because the relative velocities of Eq. 5 in each side of the equation are multiplied by the same coefficient (depending on the angle), this cannot be responsible of the scattering of the COR values. Concerning the rotation of the ball, it is demonstrated in [START_REF] Higham | Measuring the coefficient of restitution for all six degrees of freedom[END_REF] that the six degrees of freedom of the ball must be considered to determine repeatable values of the COR (i.e with a small standard deviation) for a bouncing ball on a plane. In the present case, only the vertical translation is possible, but rotations around the three axis are a priori possible, but not considered here to calculate the COR. No special work has been done to find the origin of the friction forces identified in this paper. But two assumptions can be made. These forces can be due to friction on the guiding rods when the ball is in contact with them.

Another source of friction can be the aerodynamic drag of the ball. Further work could be done to try to estimate the proportion of each category of force, and to understand how to design a set-up to control the effect of their intensity. Such results could be linked with [START_REF] Theurich | Effects of modal energy scattering and friction on the resonance mitigation with an impact absorber[END_REF] in which the effect of friction on the absorber efficiency is analysed.

Conclusions

In this study, an experimental set-up has been designed to take advantage of Digital Image Correlation and full-field measurement using a high-speed camera in order to reconstruct the motions of the main-structure and the free oscillating mass of a vibro-impact absorber. This method overcomes the difficulties encountered to measure the displacement of the oscillating mass with conventional sensors. Once the discrete-time displacements are obtained from Digital Image Correlation, continuous displacements are derived identifying models parameters using curve fitting on the experimental points. Velocities can be deduced with the analytical derivative of displacements without amplifying the noise, and the coefficient of restitution can be calculated. With this method, impact instants can be accurately determined even if it occurs between two images recorded by the camera. Moreover, friction forces are evaluated during the free flight phase of the oscillating mass. The method turns out to be accurate in the different configurations tested, as the agreement with the simulated models is very good. Experimental characterisation of a vibro-impact absorber can now be realised, and allows to determine the coefficient of restitution and friction forces that can be used in a model. The dynamic response of the structure highlights that a high-frequency energy transfer exists because of vibro-impact phenomenon, which could be one of the source of dissipation during impact, leading to a coefficient of restitution smaller than unity. It was demonstrated that gravity has no significant influence on the coefficient of restitution, and further work must be done in order to explain more precisely the origin of the differences when measuring the coefficient of restitution on the upper plate or on the lower plate. 

  (a) Photo of the experimental set-up (b) CAD view

Figure 1 :

 1 Figure 1: Experimental set-up. 1. upper plate ; 2. guiding rod ; 3. lower disk shaped part : 4. holding rod ; 5. lower plate ; 6. ball ; 7.

Figure 2 :

 2 Figure 2: Images extracted from the video recorded with the high-speed camera
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  Typical acceleration signals recorded by the accelerometers are shown in Fig.6a. The sampling frequency is 50 kHz. One can clearly distinguish the low frequency sine wave acceleration corresponding to the excitation of the shaker, and the repeating pattern of high frequency vibrations due to the impacts of the ball on the structure.

Figure 3 :

 3 Figure 3: Mesh of points used for the DIC

Figure 4 :

 4 Figure 4: Principle of DIC. (a) and (b) red squares : subsets. (c) Red square : reference subset. Blue square : matched subset after displacement. White arrow : displacement vector

Figure 5 :

 5 Figure 5: Experimental displacements obtained from DIC

  (a) Acceleration signals before filtering (b) Acceleration signals filtered. (c) One impact signal isolated.

Figure 6 :Figure 7 :Figure 8 :

 678 Figure 6: Post-processing of acceleration signals

Figure 9 :

 9 Figure 9: Fitting displacements for the main structure and the ball
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  and Y exp b are the experimental displacements of the structure and the 160 ball. The fitting displacements are represented in Fig. 9.

Figure 10 : 2 Test 4 0

 1024 Figure 10: Example of experimental results of the COR (4-th test)
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 11 Figure 11: Influence of gravity on the coefficient of restitution : pictures of the set-up and COR values
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 12 Figure 12: Example of friction forces (4-th test)
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 13 Figure 13: Comparison of experimental and simulated displacement using the COR model
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 14 Figure 14: Summary of average COR values with error bars (±σ)
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 151617 Figure 15: Histogram of COR values (4-th test)
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 4 Materials of the experimental set-up of the VI damper

  

  

Table 1 :

 1 Two zones containing Parameters for the tests

	Test number	f exc	Max displacement
	Test 1	22 Hz	27 mm
	Test 2	22 Hz	35 mm
	Test 3	22 Hz	21 mm
	Test 4	30 Hz	27 mm

Table 2 :

 2 

Summary of average COR values and standard deviations (b: bottom. t : top)

  1 Test 2 Test 3 Test 4 Hertz damped model 3,15 % 3,34 % 3,43 % 3,71 %

	COR model	2,78 % 2,51 % 2,44 %	3,5 %

Table 3 :

 3 Error between experience and simulation for the COR model and Hertz model

Email address: robin.chabrier@univ-fcomte.fr (R. Chabrier) Preprint submitted to Mechanical Systems and Signal Processing December 21, 2020

deviation respectively. As normal distribution seems to fit the experimental data, quantile-quantile diagrams are plotted in Fig.16. High correlation coefficients suggest that the COR values follow a normal distribution. Similar results were found for the other tests. Average values for the 4 tests with standard deviation error bars (±σ) are
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Appendix A. Appendix : Features of the experimental set-up

The mass of the ball is 1, 82.10 -4 kg, and the mass of the entire structure of the VI absorber is 6, 63.10 -1 kg.

The materials used for each part are summurised in Table A