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Introduction

Hip arthroplasty has become a standard surgical intervention [START_REF] Sun | Range of motion measurement of an artificial hip joint using CT images[END_REF]. However, failures still occur [START_REF] Wu | Evaluating the accuracy of wear formulae for acetabular cup liners[END_REF] and may have dramatic consequences such as pain, additional surgery and immobilization periods [START_REF] Piolanti | Clinical and radiological results over the medium term of isolated acetabular revision[END_REF][START_REF] Shah | Ceramic-on-ceramic total hip arthroplasty in patients younger than 55 years[END_REF][START_REF] Baghdadi | Long-term results of the uncemented acetabular component in a primary total hip arthroplasty performed for protrusio acetabuli: a fifteen year median follow-up[END_REF]. Aseptic loosening has been identified as one of the most current causes of implant failure [START_REF] Hsu | The number of screws, bone quality, and friction coefficient affect acetabular cup stability[END_REF][START_REF] Fehring | Initial stability of pressfit acetabular components under rotational forces[END_REF] and may be related to the implant primary stability, which is determinant for the quality of osseointegration phenomena [START_REF] Lin | Effects of design parameters of total hip components on the impingement angle and determination of the preferred liner skirt shape with an adequate oscillation angle[END_REF]. A compromise must be found between i) a sufficient primary stability necessary to reduce the relative micromotions at the bone-implant interface, which may lead to the formation of fibrous tissue around the implant [START_REF] Hsu | The relation between micromotion and screw fixation in acetabular cup[END_REF] and ii) excessive stresses around the implant, which may lead to bone tissue necrosis [START_REF] Curtis | The initial stability of uncemented acetabular components[END_REF]. However, it remains difficult to assess the implant primary stability, which depends on the bone-implant contact area. In particular, surgeons use empirical approaches to assess the acetabular cup (AC) implant stability based on the noise produced by the impacts, which is not sufficient to estimate accurately the bone-implant contact area.

The mechanical interlocking of press-fitted AC implants within periacetabular bone plays an important role in the implant stability. The AC deformation after insertion should be minimized in order to allow proper insertion of the liner in the AC [START_REF] Bone | A novel method for measuring acetabular cup deformation in cadavers[END_REF][START_REF] Squire | Acetabular component deformation with press-fit fixation[END_REF]. The cup deformation was examined by changing implant designs or interference levels using static implicit loads [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF] or explicit dynamics model [START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF] to simulate the implant impaction. The cup deformation was shown to increase with the level of interference fit [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF]. In order to promote biological fixation through bone ingrowth and to minimize the gap between bone and the implant surface, different studies have also focused on finding an optimal configuration for the implant seating while considering different implant geometry, interference fit and friction levels [START_REF] Ong | Acetabular cup geometry and bone-implant interference have more influence on initial periprosthetic joint space than joint loading and surgical cup insertion[END_REF][START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF].

The AC implant stability has also been assessed in simulation studies through the measurement of relative micromotion occurring at the bone-implant interface during simulated gait cycles or others daily activities [START_REF] Hsu | The number of screws, bone quality, and friction coefficient affect acetabular cup stability[END_REF][START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF][START_REF] Udofia | The initial stability and contact mechanics of a press-fit resurfacing arthroplasty of the hip[END_REF] or using other biomechanical tests such as push-in [START_REF] Ghosh | Experimental validation of finite element models of intact and implanted composite hemipelvises using digital image correlation[END_REF], pull-out and edge loading tests [START_REF] Zietz | Influence of acetabular cup design on the primary implant stability : an experimental and numerical analysis[END_REF]. Experimental methods have been developed to assess the femoral stem stability [START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF][START_REF] Varini | Assessment of implant stability of cementless hip prostheses through the frequency response function of the stem-bone system[END_REF], loosening and insertion endpoint [START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF] using vibrational techniques. However, the aforementioned methods remain difficult to be employed intraoperatively and are restrained to the stem. More recently, our group has studied the time variation of the force applied between the hammer and the ancillary during impacts produced to insert the AC implant. The AC implant insertion obtained with reproducible mass drops could first be assessed by following the impact contact duration [START_REF] Mathieu | Variation of the impact duration during the in vitro insertion of acetabular cup implants[END_REF]. Then, the impact momentum was found to be a more precise indicator [START_REF] Michel | Monitoring the press-fit insertion of an acetabular cup by impact measurements: Influence of bone abrasion[END_REF] of the implant status because it could predict the implant in vitro stability [START_REF] Michel | In vitro evaluation of the acetabular cup primary stability by impact analysis[END_REF]. The approach was also validated by comparing the results obtained using an instrumented impact hammer and pull-out tests [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF]. However, despite the development of a simple analytical model considering the AC implant as a flat punch [START_REF] Michel | Monitoring the press-fit insertion of an acetabular cup by impact measurements: Influence of bone abrasion[END_REF], the physical phenomena responsible for the variation of the signal retrieved during such impacts remains unclear. A better understanding of the mechanical interaction occurring at the bone-implant interface would be of interest to improve the performance of the device under development.

The aim of this study is to improve the understanding of the biomechanical phenomena occurring during the AC implant impaction process and to validate the use of impact signal analysis to predict the bone-implant contact area. To do so, the impaction of the AC implant into a bone cavity was modeled using a two-dimensional axisymmetric finite element model. Different values of interference fit and impact velocity were used to obtain different insertion conditions and the simulated and experimental results were compared.

Material and methods

Experimental configuration

The present study used parameters derived from a previous experimental study [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF] to simulate the insertion process of an AC implant into bone tissue. The reader is referred to [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF] for further details.

Briefly, a hemispherical cavity was machined at the upper surface of a bovine bone sample which was held in a clamp, as shown in Fig. 1(a). The AC implant was positioned so that its longitudinal axis was aligned with the cavity axis. The AC was then inserted into the cavity by performing a series of impacts with a hammer (1.3 kg). Then, an impact realized with a "moderate" energy (maximum force comprised between 2500 and 4500 N) was made and the history of the force as a function of time A(t) was recorded for each impact.

Geometry and material properties

A 2D-axisymmetric finite element model was employed to simulate the experiments described above. Figure 1(b) shows the geometrical configuration, which consists of three distinct media: the bone sample Ωb, the AC implant (merged with the ancillary) Ωc and the hammer Ωh. The hammer Ωh was designed by assembling two cylinders (radius 25.6 mm and height 75 mm) and the sensor (radius 6 mm and height 20 mm). The ancillary (cylinder with radius 8.5 mm and height 380 mm) was glued to the AC to form Ωc. The AC implant had an outer radius of 25.5 mm and a thickness varying linearly as a function of the angle between 2.9 (at the cup dome) and 3.7 mm (at the cup rim), which corresponds to the properties of the implant used experimentally (Cerafit Uncemented Hip Prosthesis, Ceraver, Roissy, France) [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF]. The bone sample was designed as a cylinder (radius 50 mm and height 40 mm) with a hemispheric hole at the top of the sample with a radius varying between 49 and 50,5 mm, according to the interference fit level (see subsection 2.4).

In this study, all media were modeled as linear isotropic elastic materials, an assumption that will be discussed in section 4. Table 1 shows the material properties used for each medium of the system. Mechanical properties of bone tissue were chosen similarly as what was done in [START_REF] Jin | Deformation of press-fitted metallic resurfacing cups. Part 1: Experimental simulation[END_REF]. The properties of the other materials were chosen accordingly to the materials used in [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF].

Numerical simulation method

The numerical simulation is described in this section. The problem was solved using the Ansys software (ANSYS Inc., Canonsburg, PA, USA).

Configuration description.

In order to simulate the dynamic behavior of the system (consisting of the three subdomains:

Ωh, Ωc and Ωb) due to impacts, nonlinear geometrical hypotheses need to be used. To express the problem in large displacement, it was necessary to distinguish the reference configuration at t = 0 (in which the point coordinates are denoted by X) and its current configuration at a given time t (in which the point coordinates are denoted by x, x = x (X; t) ). The gradient and divergence operators with respect to X are denoted by Grad(.) and Div(.), respectively in what follows.

Deformation/displacement relations.

The deformation gradient tensor is defined by:

𝑭 = 𝑰 + 𝐺𝑟𝑎𝑑(𝒖) (1) 
where u(X; t) = x-X is the displacement vector and I is the 2nd-order identity tensor. By using the deformation gradient F, the spatial velocity gradient tensor L, the spatial rate of deformation tensor D and the spatial spin tensor w are defined by:

𝑳 = 𝑭 ̇𝑭-𝟏 , (2) 
𝑫 = 1 2 (𝑳 + 𝑳 𝑻 ) , (3) 
𝒘 = 1 2 (𝑳 -𝑳 𝑻 ) . (4) 

Linear momentum balance equation.

By neglecting the applied body force, the movement of a point in any subdomain (Ωα , α={h,c,b}), may be described by the balance of linear momentum equation in terms of reference coordinates:

𝜌 0 𝒖̈-𝐷𝑖𝑣 𝑷 = 0 , (5) 
where ρ0 denotes the mass density at t = 0; u(X; t) and ü(X; t) are the displacement and acceleration vectors, respectively. P is the first Piola-Kirchhoff stress tensor, which is defined by:

𝑷 = det(𝑭) 𝝈 𝑭 -𝑇 , ( 6 
)
where σ is the Cauchy stress tensor.

Constitutive equation.

The Hooke's law was used to describe the relation between stress increment and the strain increment. However, when considering the large rigid body rotation, the Cauchy stress is not objective and could be directly used in the constitutive equation. Here, a hypoelastic constitutive laws based on the Jaumann rate of the Cauchy stress are used and reads:

𝝈 ̆= 𝜆 𝑇𝑟(𝑫) 𝑰 + 2𝜇𝑫 , (7) 
where λ, μ are two elastic constants; 𝝈 ̆ is the Jaumann rate of the Cauchy stress :

𝝈 ̆= 𝝈̇-𝒘𝝈 + 𝝈𝒘 , (8) 
which has been shown to be an objective quantity.

Boundary and initial conditions.

The boundary of each sub-domain is divided into different parts corresponding to the boundary nature: with imposed displacement 𝛤 𝛼 𝑢 , with axisymmetrical condition 𝛤 𝛼 𝑠𝑦𝑚 ; or with contact condition 𝛤 𝛼 𝑐 as shown in Fig. 1. (𝛤 𝛼 = 𝛤 𝛼 𝑢 U 𝛤 𝛼 𝑠𝑦𝑚 U 𝛤 𝛼 𝑐 ). For this system, only the bone Ωb is fixed at its lower surface. No external forces are applied to the system. The movement of the system is governed by the impact from Ωh on Ωc. The impact is initiated by a imposing a downward vertical velocity at t = 0 to the hammer. At t = 0, the bone and the implant are assumed to be at rest. The initial conditions read:

𝒖 (𝑡=0) = 0 in Ωα (9) 𝒖̇( 𝑡=0) = 0 in Ωc , Ωb (10) 
𝒖̇( 𝑡=0) = (0,-V0 ) T in Ωh (11)
The boundary conditions (except the contact conditions) read:

𝒖 = 0 in 𝛤 𝑏 𝑢 ( 12 
)
𝒖 • 𝑒 𝑟 = 0 in 𝛤 𝛼 𝑠𝑦𝑚 (13) 

Contact conditions.

The contact interaction at the interfaces are described using the Coulomb friction law, together with the Kuhn-Tucker condition. By denoting by tN and tT the normal and tangent components of the Piola traction, respectively; and by g the gap function, the Kuhn-Tucker condition reads:

𝑡 𝑁 ≥ 0, g ≤ 0, 𝑡 𝑁 𝑔 = 0 ( 14 
)
|𝑡 𝑇 | -𝑓𝑡 𝑁 ≤ 0, ( 15 
)
where 𝑓 is the friction coefficient at the bone-implant interface. The value of f was chosen equal to 0.3, based on previous values used in the literature [START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF][START_REF] Ghosh | Experimental validation of finite element models of intact and implanted composite hemipelvises using digital image correlation[END_REF][START_REF] Janssen | Computational assessment of press-fit acetabular implant fixation: the effect of implant design, interference fit, bone quality, and frictional properties[END_REF].

Simulation protocol

Different numerical simulations were carried out using the mechanical model described above.

Various conditions were considered based on the experiments described in [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF]. The simulation protocol can be divided into two successive stages.

The first phase (denoted "insertion stage" in what follows) includes N successive impacts of Ωh on Ωc, where the initial velocity of Ωh is equal to V0. The number N of impacts comprised in the insertion phase was determined so that one additional impact leads to an AC implant additional insertion inferior to 1 µm. The time duration between the different impacts was chosen so that the system is at rest at the beginning of each new impact. At the end of each impact, the hammer velocity was reset at the prescribed value V0.

The second phase (denoted "measurement stage" in what follows) starts after the insertion stage.

It was composed by a unique impact of Ωh on Ωc occurring with an impact velocity equal to 0.4 m.s -1 , which corresponds to a relatively weak impact energy. This situation corresponds to what has been done experimentally [START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF].

Different configurations (including both insertion and measurement stages) were simulated with different values of impact velocity and of interference fit. The impact velocity was varied between [1 m.s -1 ; 2 m.s -1 ] by step of 0.25 m.s -1 while the interference fit was varied in the interval [0.5 mm; 2 mm] by step of 0.25 mm, which was obtained by varying the cavity diameter between 49 and 50.5 mm. The total number of simulation (including the insertion and measurement stages) was equal to 35.

Signal processing

The variation of the force A(t) applied between the hammer and the ancillary was determined for the impact realized during the measurement stage. A quantitative indicator I, referred to as impact momentum, was determined using:

, ( 16 
)
where t1=0. [START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF] A frequency analysis of A(t) was realized and the frequency for which the power spectrum reaches its maximum value was determined and referred to as resonance frequency in what follows. At the end of each procedure, the polar gap, defined by the distance between implant surface and bone tissue at the bottom of the AC implant was determined. Matlab (The Mathworks, Natick, MA, USA)

was used to analyze all data.

Results

The mesh corresponding to the geometrical configuration described in Fig. 1 is shown in Fig. 2.

This mesh resulted in approximately 1900 eight-nodded elements with quadratic behavior well suited to mesh an irregular geometry. Automatic time stepping was used for the computation with a time step comprised in the interval [0.25µs; 10µs]. The impaction procedure allowed an impaction every 5 ms approximately.

Figure 3 shows the vertical displacements of the hammer and of the ancillary (fixed to the AC implant) obtained for an interference fit of 1 mm and an impact velocity V0 of 1.5 m.s -1 . As shown in Fig. 3, the hammer bounces on the ancillary after each impact. Moreover, the vertical position of the ancillary (and of the AC implant) decreases after each impact. The difference of vertical position of the AC implant obtained before and after the impact decreases as a function of the impact number, which indicates that the AC implant insertion is more important at the beginning of the procedure. After around 18 impacts, the position of the AC implant weakly varies before and after the impact, which indicates that the AC implant is fully inserted into bone tissue.

Figure 4 shows the spatial variation of the Von-Mises stresses in the AC implant and in bone tissue after two, five and ten impacts realized during the insertion stage with an impact velocity of 1.5 m.s -1 and an interference fit of 1 mm. As shown in Fig. 4, the stresses are concentrated on the edge of the implant around the contact region, in particular after few impacts.

Figure 5 shows the evolution of the polar gap as a function of time during the entire simulation for an interference fit equal to 1 mm and different values of V0. The polar gap decreases as function of time for all impact velocities and reaches a constant value when the insertion stage is finished.

Figure 6 summarizes the final value of the polar gap obtained at the end of the insertion stage for all values of the interference fit and of the impact velocity. As shown in Fig. 6, the value of the polar gap increases as a function of the interference fit for all values of the impact velocity. Moreover, the value of the polar gap decreases as a function of the impact velocity for all values of the interference fit except for 0.5 mm, which can be explained by the fact that the AC implant is almost completely inserted in the bone cavity for all impact velocities. features for a procedure realized with the same interference fit of 1 mm but with an impact velocity of 1.5 m.s -1 . While the initial contact is similar, secondary impact occurs earlier for V0=1.5 m.s -1 than for V0=1 m.s -1 .

Figure 9 shows impact signals corresponding to the time variation of the force applied between the hammer and the ancillary for the impact realized during the measurement phase with an interference fit of 1 mm and different impact velocities. Figure 9 shows that the force signals of the measurement stage significantly vary as a function of the impact velocity.

Figure 10 shows the variation of the impact momentum I derived from the signals shown in Fig. 9 as a function of the contact area when the impact velocity and the interference fit vary. A linear regression analysis shows a significant correlation (R² = 0.95) between I and the contact area.

Figure 11 shows the variation of the resonance frequency as a function of the contact area when the values of the impact velocity and of the interference fit vary. A linear regression analysis shows a significant correlation (R² = 0.94) between contact area and the resonance frequency.

Discussion

The originality of the present study is to provide more physical insight on the understanding of the phenomena occurring during impacts realized during the AC implant insertion, which is obtained using 2D axisymmetric finite element modeling.

The modeling approach described herein can first be validated by comparing our results with results obtained in the literature. Spears et al. [START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF] and Yew et al. [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF] found a value of the polar gap equal to 0.4 and 0.17 mm respectively at the end of the insertion process for an interference fit of 1 mm using static modeling. Hothi et al. [START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF] found a value of the polar gap equal to 0.36 mm for an impact velocity equal to 1 m/s. These results are of the same order of magnitude compared to the ones found in the present paper, where a polar gap comprised between 0.35 and 1 mm is obtained after the AC insertion, according to the impact velocity (see Fig. 6). The difference with the literature can be explained by the different features (such as the shape of the ancillary, the AC diameter, bone geometry, the mode of impaction...) used in the different studies, which makes a precise quantitative comparison difficult.

As shown in Fig. 4, the highest values of stresses mainly occurred around the periphery of the AC implant at the beginning of the insertion. When the AC implant is progressively inserted into bone tissue, the stress field is distributed over a larger surface but the highest amplitude still remains at the AC periphery. This phenomenon is in agreement with previous results obtained in [START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF][START_REF] Janssen | Computational assessment of press-fit acetabular implant fixation: the effect of implant design, interference fit, bone quality, and frictional properties[END_REF] and can be explained by the interference fit which is responsible for the implant stability [START_REF] Adler | Stability of press-fit acetabular cups[END_REF][START_REF] Mackenzie | Areas of contact and extent of gaps with implantation of oversized acetabular components in total hip arthroplasty[END_REF].

Previous studies using either static [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF][START_REF] Jin | Deformation of press-fitted metallic resurfacing cups. Part 1: Experimental simulation[END_REF] or dynamic [START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF] analyses also found that the AC implant undergoes a "rebound" during the impaction (i.e. the AC implant is pushed into bone cavity and then bounces back due to the bone elastic recoil), a phenomenon due to residual stresses in bone tissue.

However, this "rebound" is limited by frictional forces at the bone implant interface [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Jin | Deformation of press-fitted metallic resurfacing cups. Part 1: Experimental simulation[END_REF]. Similar results were found in the present study, as shown in Fig. 8. However, our study goes beyond previous findings since multiple rebounds of the hammer on the ancillary are evidenced (see Fig. 8), which constitutes a novelty.

The duration between the first and secondary impacts is shown to decrease i) during the insertion phase when the impact number increases (see Fig. 7) and ii) during the measurement phase when the impact velocity increases (see Fig. 8 and9). The decrease of the time between the first and secondary impact can be explained by the decrease of the polar gap obtained i) during the insertion phase and ii)

when the impact velocity increases (see Fig. 6), which induces a lower time allocated to the AC implant to impact the bottom of the cavity.

Although the behavior of the experimental and simulated impact signals shown in Fig. 7 is qualitatively similar, some differences can be observed when comparing Figs. 7 a) and b). In particular, the experimental secondary impacts present lower amplitudes and frequency content compared to the simulated results. The difference between the simulated and experimental results may be explained by the following limitations of the numerical approach, including assumptions made on the geometrical configuration, bone material properties and the modeling of the bone-implant interface described below.

Note that these assumptions have already been made in all previous approaches carried out in the literature [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF][START_REF] Jin | Deformation of press-fitted metallic resurfacing cups. Part 1: Experimental simulation[END_REF].

First, the geometrical configuration differs between the experimental and numerical approaches.

The experimental configuration consisted in inserting the AC implant in the proximal part of a bovine femur (which is composed of trabecular bone surrounded by cortical bone) fixed in a resin, as shown in Fig. 1a). This complex geometrical configuration was modeled as a cylinder of trabecular bone with a diameter of 100 mm and a height of 50 mm with fixed boundary conditions at the bottom of the cylinder (see Fig. 1b)). The experimental configuration is less stiff compared to the numerical configuration due to the absence of the resin and to the lesser amount of trabecular bone in the simulations. We choose to consider a simplified geometrical configuration because our aim was to understand physical phenomena occurring during the impacts. Despite these limitations, the same behavior of the time difference obtained between the two first impacts were obtained experimentally and numerically, which indicates that the model was able to capture the mechanisms occurring during the impacts. Moreover, we verified that increasing the height of the cylinder induces a decrease of the frequency content of the secondary impact but does not affect the behavior of the impact signals (data not shown).

Second, bone properties were chosen isotropic, homogeneous and elastic, similarly as what has been done in previous studies focusing on the biomechanical behavior of the AC implant [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF]. Such approximation corresponds to a simple modeling of the acetabular bone biomechanical properties. In particular, bone properties are known to be anisotropic and heterogeneous around the AC implant. The main trabecular orientation is expected to be perpendicular to the AC implant surface due to the presence of cartilage which induce very low friction rate in normal conditions. Moreover, bone is known to exhibit viscoelastic properties, which are likely to influence the dynamic behavior of the studied system. In particular, the higher amplitude of the secondary impact obtained in the simulated results may be explained by the elastic modeling of bone properties which does not account for dissipation mechanisms.

However, the precise bone properties should be determined in a patient specific manner, which is out of scope of the present approach since we choose not to investigate the influence of bone properties on the impact signals. We verified that decreasing the value of the Young's modulus of trabecular bone induces a decrease of the frequency content of the secondary impact but does not affect the behavior of the impact signals (data not shown).

Third, the modeling of the bone-implant interface is relatively simple since a classical friction behavior is considered using the Coulomb's law, which corresponds to a simple configuration used by all other studies investigating the behavior of the AC implant in bone tissue [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Spears | The influence of friction and interference on the seating of a hemispherical press-fit cup: a finite element investigation[END_REF][START_REF] Jin | Deformation of press-fitted metallic resurfacing cups. Part 1: Experimental simulation[END_REF]. In particular, the actual bone-implant contact ratio is typically around 60%, while we considered a fully bone-implant interface. Moreover, plastic deformations are also likely to occur in bone tissue around the interface, which may affect its mechanical behavior. The partial bone-implant contact, together with plastic deformations, lead to the possibility of extracting a macroscopic constitutive law for the bone-implant interface based on its microstructural features, which may also explain the higher rigidity of the system predicted by the numerical simulation compared to the experimental results. However, the modeling of the bone-implant interface remains an open issue that should be solved to better understand the behavior of this system.

In the present paper, the impact momentum I was devised following the results obtained in previous studies [START_REF] Michel | Monitoring the press-fit insertion of an acetabular cup by impact measurements: Influence of bone abrasion[END_REF][START_REF] Michel | In vitro evaluation of the acetabular cup primary stability by impact analysis[END_REF][START_REF] Michel | Ex vivo estimation of cementless acetabular cup stability using an impact hammer[END_REF]. However, several parameters were modified to take into account the specific configuration described herein. In particular, the value of t1 was chosen in order to include the beginning of each secondary impact and the choice of t2 comes from the differences between the force signals. An optimization study was carried out in order to maximize the correlation coefficient between I and the bone implant contact area. The results were not significantly affected by changing the value of t1 between 0.16 ms and 0.20 ms and of t2 between 0.29 and 0.33 ms (less than 3 % difference for R 2 , data not shown).

The results obtained in Fig. 10 indicate that the impact momentum is correlated to the contact area, which is an important parameter for the implant success [START_REF] Hsu | The number of screws, bone quality, and friction coefficient affect acetabular cup stability[END_REF][START_REF] Mackenzie | Areas of contact and extent of gaps with implantation of oversized acetabular components in total hip arthroplasty[END_REF]. These results indicate that the impact momentum may constitute an important parameter to determine the insertion condition of the AC implant because it is related to the contact area. The results shown in Fig. 11 shows that the model predicts an increase of the resonance frequency as a function of the contact area. This results is in agreement with the empirical analytical model developed in [START_REF] Michel | Monitoring the press-fit insertion of an acetabular cup by impact measurements: Influence of bone abrasion[END_REF] which assumes a flat punch configuration.

As expected, increasing the impact velocity for the same interference fit induces a decrease of the number of impacts necessary to insert the AC implant. However, similar insertion conditions could be obtained with different impact velocity. For instance, for an interference fit of 1 mm, similar final polar gap of around 380 µm could be obtained after 8 impacts at 2 m.s -1 , 12 impacts 1,75 m.s -1 or 18 impacts at 1,5 m.s -1 . A compromise must be found by the surgeon between a sufficiently high value of fracture risk. Such compromise also depends on bone quality, which is considered constant in the present study (see below).

Previous works [START_REF] Yew | Deformation of press-fitted metallic resurfacing cups. Part 2: Finite element simulation[END_REF][START_REF] Carlsson | Implant fixation improved by close fit. Cylindrical implant-bone interface studied in rabbits[END_REF][START_REF] Sandborn | Tissue response to porous-coated implants lacking initial bone apposition[END_REF][START_REF] Baleani | Initial stability of a cementless acetabular cup design: experimental investigation on the effect of adding fins to the rim of the cup[END_REF] have shown that the value of the polar gap at the end of the insertion should be lower than around 350 µm to allow appropriate osseointegration. In order to reach this requirement, our results indicate that the interference fit should be strictly below 1 mm or equal to 1 mm with an impact velocity equal to 2 m.s -1 . Hence, another compromise has to be found by the surgeon between an interference fit level sufficiently high to ensure an adequate primary stability and sufficiently low to induce a polar gap value low enough to allow appropriate osseointegration.

Conclusion

The results obtained herein show the potential of the impact momentum to provide useful information on the implant insertion. When considering a force sensor included into the surgical hammer, the technique presents the advantage of being easily integrated into the operating room.

Compared to vibrational techniques [START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF][START_REF] Varini | Intra-operative tests on cementless hip stem mechanical stability[END_REF], the present approach is easier to handle and does not require additional time for the surgery. However, important works are necessary before going into the clinic. In particular, the modeling approach should be improved by considering a better description of the geometrical configuration, of bone properties as well as of the bone-implant interface. However, despite these limitations, the developed numerical model was able to capture the physical determinants of the phenomena occurring during the implant impaction. Moreover, the method should be tested experimentally in human cadavers, a study being now under way [START_REF] Michel | Assessing the acetabular cup implant primary stability by impact analysis: a cadaveric study[END_REF]. 

Figure legends

  ms, t2=0.31 ms. The value of A0 was arbitrarily set equal to 3500 N for normalization purposes in order to obtain values of the indicator I comprised in the interval [0;1]. Changing the value of A0 did not affect the results. The choice of the values t1 and t2 will be discussed in section 4.

Figure 7 a

 7 Figure 7 a) (resp. b)) shows six simulated (resp. experimental) impact force signals obtained

Figure 8 a

 8 Figure 8 a) shows the force applied between the hammer and the ancillary during the impact realized during the measurement phase with an interference fit of 1 mm and an impact velocity of 1 m.s - 1 . Figure8 b) shows the displacements of the hammer and of the ancillary during the same impact. The

Fig. 1 :

 1 Fig. 1: Representation of (a) the experimental set-up and (b) simulation domains.

Fig. 2 Fig. 3

 23 Fig. 2 2D axisymmetric meshing of the geometrical configuration

Fig. 4

 4 Fig.[START_REF] Shah | Ceramic-on-ceramic total hip arthroplasty in patients younger than 55 years[END_REF] Von-Mises stresses in the AC implant and in periacetabular bone after (a) two, (b) five and (c) ten impacts for an impact velocity of 1.5 m.s -1 and an interference fit of 1 mm.

Fig. 5

 5 Fig.[START_REF] Baghdadi | Long-term results of the uncemented acetabular component in a primary total hip arthroplasty performed for protrusio acetabuli: a fifteen year median follow-up[END_REF] Variation of the polar gap during the insertion phase realized with different impact velocities and an interference fit equal to 1 mm.

Fig. 6

 6 Fig.[START_REF] Hsu | The number of screws, bone quality, and friction coefficient affect acetabular cup stability[END_REF] Polar gap obtained at the end of each impaction process as a function of the interference fit for different values of impact velocities. The grey dashed line corresponds to a threshold of 350 µm representing an adequate insertion of the AC implant[START_REF] Carlsson | Implant fixation improved by close fit. Cylindrical implant-bone interface studied in rabbits[END_REF][START_REF] Sandborn | Tissue response to porous-coated implants lacking initial bone apposition[END_REF][START_REF] Baleani | Initial stability of a cementless acetabular cup design: experimental investigation on the effect of adding fins to the rim of the cup[END_REF].

Fig. 7 Fig. 8

 78 Fig. 7 Simulated (a) and experimental (b) rf signals corresponding to the force measured during different impacts of the AC implant insertion procedure with an interference fit of 1 mm. The simulated signals corresponds to an impact velocity of 1.5 m.s -1 .

Fig. 9 Fig. 10

 910 Fig.[START_REF] Hsu | The relation between micromotion and screw fixation in acetabular cup[END_REF] Five signals corresponding to the time variation of the force applied between the hammer and the ancillary for the impact realized during the measurement phase for different values of the impact velocity and an interference fit equal to 1 mm.

Fig. 11

 11 Fig. 11 Variation of the resonance frequency as a function of the contact area for different values of the interference fit and of the impact velocity.
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