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While cementless implants have become more and more common for joint replacement surgeries, failures still occur and may have dramatic consequences. The long-term surgical success is strongly determined by the quality of the implant primary stability, which is achieved during the surgery and depends on multiple biomechanical factors. Surgeons so far use empirical methods based on their proprioception to optimize this primary stability. Such subjective approaches may lead to aseptic loosening or periprosthetic fractures. This thesis focuses on the development of quantitative vibro-acoustic techniques to characterize intra-operative implant stability to reduce the risks of surgical failures.

A non-invasive method is developed based on the resonance frequencies of the bone-implantancillary system. The hypothesis that the vibration behavior of this system carries information on the implant stability is validated in a first in vitro study. Experimental modal analysis is performed on the surgical ancillary, which is fixed to the implant during its insertion. The resonance frequencies of the system are strongly correlated to the implant insertion depth. Then, an optimization of the experimental device is proposed. The positions of the sensors on the ancillary are determined to maximize the observability of the modes sensitive to implant stability based on the piezoelectric coupling between the sensors and the modes. Finally, using this optimized device, the sensitivity of the vibration behavior of the ancillary with regard to bone periprosthetic fractures is investigated in a second in vitro study. Fracture occurrence is associated with a decrease of the resonance frequencies, which is quantified as a function of the fracture length.

In parallel, two numerical models are set up to investigate the biomechanical phenomena occurring during cementless implant insertion as well as the factors influencing primary stability. First, a 3-D finite element model of the vibration behavior of the ancillary during femoral stem insertion is proposed. The analysis is led under various biomechanical environments to take into account inter-individual and surgical procedures variability. The biomechanical configurations maximizing implant primary stability are highlighted. The resonance frequencies of the boneimplant-ancillary system are sensitive to the bone-implant contact and the patient bone quality. These observations deepen the experimental outcomes. In addition, a 3-D model of the impaction of the ancillary is developed to better understand the dynamic phenomena during implant insertion. Impact force signals present several peaks, representing the rebounds of the ancillary on the hammer. An indicator based on the time between these rebounds provides information on the rigidity of the bone-implant system.

Another perspective of clinical application of this impact analysis method for the evaluation of soft tissue rigidity is proposed. A preliminary in vitro study reveals a variation of the impact force features as a function of the specimen stiffness.

Setting up complementary experimental and numerical approaches, this thesis provides new insights on the use of vibro-acoustic methods to measure implant primary stability. New paths are opened towards the development of non-invasive methods for mechanical characterization of biological tissues, from bone-implant stability to soft tissue rigidity.

stabilité des implants à la rigidité des tissus mous. 

Mots

Introduction

The general context of this thesis is the characterization of the biomechanical stability of orthopaedic implants. Joint replacement surgeries such as knee or hip arthroplasties are among the most common surgical procedures with more than one million replacements performed yearly worldwide. However, surgical failures still occur during or after the surgery, which may have dramatic consequences. The increase of joint replacements in the coming years because of population aging could lead to an increase of implant failures. Due to the complex nature of bone and the different biomechanical phenomena involved in bone healing, the reasons for implant failures remain still poorly understood. However, it appears that a good initial fixation of the implant, commonly named "primary stability" is a crucial determinant of the long-term surgical success.

The primary stability corresponds to the mechanical fixation of the implant into the bone cavity achieved during the surgery. It is an important property of uncemented implants, which are directly in contact with the bone, in contrast to cemented procedures that use cement to provide implant fixation. A poor initial fixation may lead to excessive micromotions at the boneimplant interface (BII), inadequate load distribution or excessive stresses in the peri-implant bone that may cause bone fracture. These phenomena may jeopardize osseointegration processes, that is the development of bone tissue around the implant, and eventually lead to implant loosening. Therefore, the primary stability of uncemented implant needs to be optimized.

An important cause of failure related to primary stability lies in the lack of per-operative methods for quantitative assessment of implant fixation. In particular, achieving optimal implant primary stability remains a challenge for the surgeons because it consists in a tricky compromise between reaching sufficient initial fixation, while avoiding excessive stresses in the peri-implant bone. Moreover, many surgeons still use empirical techniques, such as visual or hearing assessment, to determine primary stability. These methods are highly subjective and therefore not fully satisfactory as they may lead to implant failure.

Interestingly, vibration and impact analyses are promising techniques to retrieve quantitative information on the implant stability during its insertion by the surgeon. Different works have shown the sensitivity of these methods to the global bone-implant stiffness for the acetabular cup implant (ACI) and the femoral stem (FS). Some indicators related to the stability have been developed and have shown a good agreement with the surgeon proprioception and the mechanical fixation. Those methods have the advantage to provide real-time feedback, to be non-radiating and relatively affordable. However, the methods need to be improved in order to be applicable in the clinic. In particular, the determinants of primary stability such as the patient bone quality, the implant design and material or the surgical procedure are still poorly understood and the sensitivity of the methods to such factors remains unclear. Moreover, some technical barriers related to the development of a device intended to be used by the surgeon in the operative room should be removed. Therefore, the aim of this thesis is to propose a non-invasive method to characterize and optimize implant primary stability, based on better understanding of the biomechanical phenomena occurring during uncemented implant insertion. In particular, a vibration-based method and the corresponding device are developed and compared with impact analysis in the case of femoral stem implant insertion. This manuscript provides new contribution consisting of five complementary studies, divided into experimental implementation, numerical validation and design optimization. Moreover, a sixth study presents the outcomes of a preliminary study which opens new biomedical applications concerned by impact analyses for soft tissues characterization. These studies are grouped into four main parts, presented hereafter. After a first part dedicated to set the general context, the second and third parts gather respectively the experimental and numerical studies of this PhD work. The fourth part presents the perspective of future biomedical applications for impact analyses.

Part I introduces different notions related to the general context of this work. On the one hand, bone tissue and hip joint are briefly described from a biomechanical point of view.

The surgical issues associated to hip replacement are discussed and the concepts of implant stability and osseointegration are presented, as well as the different factors influencing these processes. On the other hand, a review of the current imaging or biomechanical techniques under development for implant stability assessment is provided. In particular, advantages and disadvantages are highlighted, and the remaining challenges concerning per-operative monitoring of implant stability are discussed.

Part II focuses on developing and improving a vibration-based method for per-operative implant stability evaluation. First, an in vitro study investigates the potential of using Experimental Modal Analysis (EMA) to monitor femoral stem insertion into ten phantoms mimicking femoral bones. The originality of this study is to use the surgical ancillary as a part of the vibration measurement device, which avoids to fix sensors or actuators on the bone or the implant.

Both mode shapes and resonance frequencies are analyzed throughout implant insertion and the sensitivity of resonance frequencies evolution is compared to impact analysis. The second study presents an innovative method for device optimization in order to improve the vibration analysis sensitivity and the measurement protocol efficiency considering the perspective of being quick and easy to use in the clinic. The strategy lies in piezoelectric sensor placement optimization on the ancillary, based on the piezoelectric coupling between the sensors and the modes identified in the previous study. Using the newly-optimized device, the third study explores the sensitivity of the technique to detect intra-operative periprosthetic fractures manually created on femur mimicking phantoms. The variation of the resonance frequencies of the system as a function of the fracture length is quantified and a threshold for fracture detection is developed.

Part III is dedicated to the 3-D modeling of the femoral stem insertion. The objective of this numerical approach is twofold. First, it consists in investigating the sensitivity of impact and vibration methods to various biomechanical environments to deepen the experimental results.

Second, it enables to identify the factors influencing implant insertion and stability considering a controlled environment. In the first study, a 3-D quasi-static modeling of the femoral stem insertion is proposed, as well as vibration analyses at different steps of insertion, similarly as what is done in the experimental tests. Primary stability is evaluated using the pull-out force and the bone-implant contact ratio, which could not be measured experimentally. In the second study, the femoral stem insertion is modeled throughout dynamic analysis. This approach allows to retrieve the impaction force and compare impact analysis results to the experimental ones.

This study provides a better understanding on the physical interpretation of the time indicator derived from the experimental force signals.

Eventually, Part IV proposes a new biomedical application for impact analyses. Taking advantage of the performance of this method to evaluate bone-implant system rigidity, its use to characterize soft tissue elasticity is explored. After adaptation of the measuring device, an in vitro study on soft tissue mimicking phantoms provides a first demonstration of the method's applicability and sensitivity for measuring soft tissue elasticity. This study considers specimens made of five different concentrations of agar gelatin, so that the specimen rigidity is in the range of the biological soft tissues' one. In particular, the sensitivity of impact analyses with regard to the agar concentration is compared to the results obtained with elastography techniques, which are widely used for in vivo measurements.

To conclude this thesis, a synthesis and several perspectives of future works are proposed, both for orthopedic and soft tissue applications.

Part I

General context

Chapter 1

Bone-implant interface and hip arthroplasty

This work seeks to develop experimental and numerical methods to characterize the primary stability of uncemented implants, detect periprosthetic fractures and identify the biomechanical determinants of implant stability. Because of the clinical issues reported by the orthopaedic surgeons, a particular focus is brought to hip arthroplasty surgery. This chapter introduces important concepts related to bone, implants, hip arthroplasty, and implant stability with a particular interest in highlighting the clinical and biomechanical factors that influence hip arthroplasty surgical success.

From bone to joint 1.Bone tissue

Bones are living tissues ensuring multiple functions such as support of the body weight, protection of some organs, minerals storage and production of red and white blood cells. From a biomedical point of view, bones are rigid organs that constitutes the body skeleton. The adult human skeleton is composed of around 205 bones, which are classified into groups according to their shape and size: the long bones (e.g. femur), the short bones (e.g. scaphoid), the flat bones (e.g. cranium bones) and the irregular bones (e.g. vertebrae). According to their function, the proportion of bone marrow, nerves, blood vessels and cartilage varies between the bones. From a biomechanical point of view, the bone is a multiscale composite and heteregenous medium, with anisotropic, non linear and viscoelatic properties.

Bone composition

Bone tissue is composed of an extracellular matrix and cells. The rigid matrix is a composite tissue, made up of an inorganic (70%) and an organic phase (30 %). The inorganic phase is composed of calcium carbonate and calcium phosphates (e.g. hydroxyapatite) crystals. The organic phase is made of collagen fibers, non-collageneous proteins and lipids. Both phases 1. Bone-implant interface and hip arthroplasty contain water as well. While the collagen fibers are responsible for bone tissue elasticity, the mineral crystals, which are fixed among the collagen fibers provide rigidity to the bone tissue.

The bone tissue can be distinguished in two types: cortical and trabecular bone. Both types have a hierarchical structure, which is represented in Fig. 1.1 from macro to nanoscale. 

Cortical bone

Cortical bone, also referred as compact bone, represents around 80% of the total skeletal mass [START_REF] Monier-Faugere | Chapter 8 -Bone Biopsies: A Modern Approach[END_REF]. It is mainly located in the exterior shell of the bones and participate mostly in the mechanical functions such as support and protection of the body. It is a dense tissue that has a porosity comprised between 3% and 15%, which is mostly due to bone vascularization [START_REF] Cowin | Bone Mechanics Handbook[END_REF][START_REF] Cooper | Cortical Bone Porosity: What Is It, Why Is It Important, and How Can We Detect It?[END_REF]. Cortical bone consists of multiple microscopic cylinders, called osteons or haversian systems, composed of dozens of concentric parallel bone lamellae [START_REF] Bilgic | Chapter 6 -Architecture of bone tissue and its adaptation to pathological conditions[END_REF]. Each osteon is orientated along the bone axis and centered around Haversian canals, which contain blood vessels. Haversian canals are connected with each other and with the medullary cavity and the periosteum by transverse canals, called Volkmann's canals.

Trabecular bone

Trabecular bone, also referred as cancellous or spongy bone, represents around 20% of the total skeletal mass [START_REF] Monier-Faugere | Chapter 8 -Bone Biopsies: A Modern Approach[END_REF]. It is typically found in small flat and short bones or at the metaphysis or epiphysis of long bones. Trabecular bone has a higher porosity (85%) than cortical bone due to his sponge-like structure, made up by a network of trabeculae.

From bone to joint

The trabeculae are embedded in a medium composed of bone marrow, that represents more than 75% of the trabecular bone volume, and blood.

The bone properties vary not only with space, scale and from patient to patient, but they evolve constantly with time as well, due to bone remodeling processes. These phenomena allow the bone matrix to form, repair and restructure continuously throughout life [START_REF] Florencio-Silva | Biology of Bone Tissue: Structure, Function, and Factors That Influence Bone Cells[END_REF].

Bone remodeling

Bone is a living tissue that remodels and adapts its structure in order to improve the load distribution inside the bone, to improve stability and to prevent and heal fractures. Every year, up to 10% of the skeleton is replaced [START_REF] Manolagas | Birth and death of bone cells: basic regulatory mechanisms and implications for the pathogenesis and treatment of osteoporosis[END_REF]. Several bone cells are involved in the bone remodeling process. First, osteoclasts remove the old bone tissue. After bone resorption, osteoblasts form new bone tissue by producing bone organic matrix and depositing hydroxyapatite, which then enables bone mineralization. Some osteoblasts are trapped inside the bone matrix during the bone formation process and become osteocytes, which constitute a network of sensing cells inside the bone.

Bone remodeling also occurs following bone fracture or the insertion of implants [START_REF] Albrektsson | Osteoinduction, osteoconduction and osseointegration[END_REF]. In the latter case, the bone grows continuously at the bone-implant interface in the months following the surgery. The bone healing around the implant after surgery, also known as osseointegration, determines the success of the surgery itself and will be further detailed in Section 1.3. Several phenomena may jeopardize bone healing. Among them, the implant primary stability, which is investigated in this work, is one of the key factor.

Hip joint

Hip joint anatomy

A joint is the anatomic site of connection between bones, allowing for different degrees and types of movements of the skeletal system. The hip is a ball-and-socket synovial joint formed by the articulation of the rounded head of the femur and the cup-like acetabulum of the pelvis (see Fig. 1.2). The acetabulum cavity is deepened by the presence of a fibrocartilaginous collar: the acetabular labrum. A layer of hyaline cartilage covers the femoral head and the acetabulum bone surfaces, which facilitates the movement and preserves the joint integrity by reducing the friction between the articulating surfaces. In addition, the joint is surrounded by a synovial membrane that produces a liquid moisturizing the joint surfaces, which contributes to reduce wear and friction of the articular cartilage during the movements. The whole structure is reinforced with ligaments, which act to increase the joint stability. Other tissues compose the joint, including: muscles, blood vessels and nerves (Manaster et al., 2013). 

Hip joint functions

The first function of the hip joint is to support the weight of the body during static and dynamic positions. For that purpose, some factors increase the joint stability such as the aforementioned acetabular labrum, which provides larger articular surfaces and the extracapsular ligaments. Second, the hip joint, which forms a connection from the lower limb to the pelvic girdle is responsible for movement of the upper leg. Due to the hemi-spherical geometry of the femoral head allowing for three degree of freedom, the hip joint enables movements in the three anatomical planes: flexion/extension (i.e. sagittal plane), abduction/adduction (i.e frontal plane), internal/external rotation (i.e transverse plane).

Femoral bone properties

The femur is the longest bone in the body and the only one in the thigh. As a long bone, it can be divided into three main parts shown in Fig. 1.3a: the proximal and distal ephiphysis and the diaphyse, also referred as the femur shaft. The proximal part consists of a head and neck, and two bony processes: the greater and lesser trochanters (see Fig. 1.3b). While the epiphyses are composed of trabecular bone surrounded by a cortical shell, the shaft consists mostly of a cortical bone shell that surrounds the medullary canal which contains the marrow (see Fig. 1.3b). Therefore, the bone density varies with the anatomical location in the femur and with age, due to the continuous bone remodeling processes.

Not only bone density but also bone mechanical properties vary according to the anatomic location, to the type of bone tissue (i.e cortical or trabecular), to the anatomic site, to the observation scale (i.e. nano, micro or macroscale) [START_REF] Zysset | Elastic modulus and hardness of cortical and trabecular bone lamellae measured by nanoindentation in the human femur[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF] and from patient to patient (e.g. due to differences in age, gender, activity and health conditions) [START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF][START_REF] Wu | Viscoelastic properties of human cortical bone tissue depend on gender and elastic modulus[END_REF]. Table 1.1 summarizes the values of the mechanical properties of human femur found in the literature from macroscopic biomechanical tests.

Hip joint pain, disease and injury

Degenerative joint diseases such as osteoarthritis or femoral head necrosis are common and concern in majority people older than 65 (NJR, 2017;[START_REF] Crawford | Total hip replacement: indications for surgery and risk factors for failure[END_REF]. Osteoarthri- [START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF][START_REF] Katsamanis | Determination of mechanical properties of human femoral cortical bone by the Hopkinson bar stress technique[END_REF][START_REF] Wirtz | Critical evaluation of known bone material properties to realize anisotropic FE-simulation of the proximal femur[END_REF][START_REF] Thompson | A comparison of structural and mechanical properties in cancellous bone from the femoral head and acetabulum. Proceedings of the Institution of Mechanical Engineers[END_REF][START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF] tis as illustrated in Fig. 1.2c consists of cartilage destruction expending to bone or synovial tissues and leading to joint inflammation, pain for the patient and finally, loose of mobility. The disease usually lasts for many years, and symptoms increase gradually at a different rate.

Hip fractures are injuries occurring consecutively to accidents or falls. Femoral neck fractures are a specific type of intracapsular hip fracture, which constitute 53% of all fractures of the proximal femur [START_REF] Thorngren | Epidemiology of femoral neck fractures[END_REF]. The fracture incidence increases in the oldest patients, especially in osteoporotic patients, either because of a stress fracture or because of the fall (Manaster et al., 2013).

Orthopaedic implants 1.2.1 Generalities

Implants are used to support or replace injured joints, bones (orthopaedic implants), or teeth (dental implants) by directly inserting the implants into the bone structure. The main functions of implants are to provide mechanical and structural support, fulfill the functionality of the pathological organ, osseointegrate with the damage tissue and promote healing. Orthopaedic implants can be divided into two groups: cemented and uncemented implants.

Bone-implant interface and hip arthroplasty

From cemented to uncemented implants

Currently, both cemented and uncemented techniques are used by the surgeons, the first one being the oldest and providing fixation through the cement, which may be advantageous for patients with low bone density due to osteoporosis. Nevertheless, inflammation, allergic response [START_REF] Ulrich | Total hip arthroplasties: What are the reasons for revision[END_REF] and shocks due to cement particles detachment [START_REF] Schmalzried | The mechanism of loosening of cemented acetabular components in total hip arthroplasty. Analysis of specimens retrieved at autopsy[END_REF] may lead to the surgical failure and consequently, pain for patients and important costs for the healthcare system [START_REF] Corbett | Population-based rates of revision of primary total hip arthroplasty: a systematic review[END_REF]. In addition, another problem with the cemented technique is the difficulty to remove the cement in the case of a revision surgery. Therefore, cementless approaches [START_REF] Khanuja | Cementless Femoral Fixation in Total Hip Arthroplasty[END_REF] were developed, consisting of inserting the implant directly in contact with the bone, which fosters bone remodeling at the bone-implant interface and increases the long-term fixation. Note that the present work will focus on uncemented implants only.

Implant properties

Implant material are chosen to be biocompatible and to have mechanical properties adapted to the implantation site. In orthopaedics, up to 95% are made of metal [START_REF] Hanawa | Titanium-Tissue Interface Reaction and Its Control With Surface Treatment[END_REF]. In particular, while stainless steel has been used as implant material for over a century, titanium and titanium alloys (e.g., Ti-6Al-4V), as well as cobalt-chromium alloys (Co-Cr) have been more

and more employed, as they have been shown to form a closer contact to bone, due to chemical bonding with the bone tissue [START_REF] Albrektsson | Osteoinduction, osteoconduction and osseointegration[END_REF]. In addition, titanium has a similar tensile strength as stainless steel but is much lighter.

Not only the material but also the surface properties and in particular the roughness or the coating, influence the success of the surgery. Different surfaces treatments, such as acidetching, sand-blasting [START_REF] Strnad | Corrosion Rate of Sand Blasted and Acid Etched Ti6Al4V for Dental Implants[END_REF], plasma spraying, laser blasting [START_REF] Götz | Effect of surface finish on the osseointegration of laser-treated titanium alloy implants[END_REF], are used to provide surfaces from one to several tens of microns of roughness. Rough implant surfaces are generally preferred as they increase the bone-implant anchorage within the bone. In particular, they have a larger available area for host proteins and cells and have shown to promote mineralization and therefore bone remodeling [START_REF] Shalabi | Evaluation of bone response to titanium-coated polymethyl methacrylate resin (PMMA) implants by X-ray tomography[END_REF]. Eventually bioactive coatings such has hydroxyapatite also enhance bone ingrowth [START_REF] Cook | Hydroxyapatite-coated total hip replacement[END_REF][START_REF] Søballe | Tissue ingrowth into titanium and hydroxyapatite-coated implants during stable and unstable mechanical conditions[END_REF]. The influence of implant properties on the success and quality of its integration into the host bone will be further detailed in Section 1.3.3.

Total Hip Arthroplasty

Total Hip Arthroplasty (THA) is one of the most common orthopedic surgery with more than one million THA performed yearly worldwide [START_REF] Pivec | Hip arthroplasty[END_REF], this number being expected to rise in the next years because of population aging and because younger patients are now subject to such surgery [START_REF] Kurtz | Future Young Patient Demand for Primary and Revision Joint Replacement: National Projections from 2010 to 2030[END_REF][START_REF] Sloan | Projected Volume of Primary Total Joint Arthroplasty in the U.S., 2014 to 2030[END_REF]. The following sections will focus on the femoral part of cementless hip arthroplasty, which is named Femoral Stem (FS), as this implant and the associated biomechanical phenomena are at the core of the present work.

Hip prosthetis and femoral stem

On the contrary to hemi hip arthroplasty, where only the femoral head is replaced, THA aims to replace the whole hip joint including the acetabulum. Therefore, a total hip replacement is composed of four parts as shown in Fig. ) so that it increases the bone implant contact area and axial implant stabilization [START_REF] Pilliar | Observations on the effect of movement on bone ingrowth into porous-surfaced implants[END_REF][START_REF] Le Cann | Does surface roughness influence the primary stability of acetabular cups? A numerical and experimental biomechanical evaluation[END_REF]. 

Surgical protocol

The "press-fit" technique is commonly employed by the orthopedic surgeons for uncemented procedures. First, a femoral bone cavity is reamed manually by the surgeon, by applying hammer impacts on a surgical rasp, an example of which is shown in Fig. 1.6a. The rasps are basically of the same geometry of the femoral stems, with sharp surfaces to provide bone cavity reaming. In the case of uncemented femoral stem, this cavity may be slightly under-sized with regard to the implant in order to provide the required press-fit at the bone-implant interface (BII), necessary to ensure the FS initial fixation [START_REF] Taylor | Cancellous bone stresses surrounding the femoral component of a hip prosthesis: an elastic-plastic finite element analysis[END_REF]Kim et al., 2001a). This size difference in diameter between the bone cavity and the FS is defined as the interference fit. During the surgery, an ancillary is fixed to the FS. Commonly, the ancillary is a metallic cylindrical rod equipped with a handle, as shown in Fig. 1.6b. The FS is then inserted into a host bone cavity by applying successive impacts onto the ancillary, with a surgical mallet of the type of Fig. 1.6c.

1. Bone-implant interface and hip arthroplasty 

Examples of hip surgical failures

Despite recent advances in implant technology and the optimization of surgical procedures, failures of orthopaedic implants (cemented and uncemented) still occur and may have dramatic consequences. The number of revision surgeries reaches up to 10% within the ten years after implantation [START_REF] Ulrich | Total hip arthroplasties: What are the reasons for revision[END_REF][START_REF] Corbett | Population-based rates of revision of primary total hip arthroplasty: a systematic review[END_REF], leading to additional costs for the healthcare system and higher pain and risks for the patient [START_REF] Bayliss | The effect of patient age at intervention on risk of implant revision after total replacement of the hip or knee: a population-based cohort study[END_REF]. Revision surgery is usually more invasive than the first surgery and the reported 15-year survival rate of revision surgery is only 69 % (Kremers et al. 2012). Among the surgical complications observed in the literature, aseptic loosening or periprosthetic fractures are among the most frequent causes of primary or revision surgery failures [START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF].

Aseptic loosening

Aseptic loosening is the most common cause (75 %) of implant revisions worldwide [START_REF] Hench | 13 -Joint replacement[END_REF][START_REF] Crawford | Total hip replacement: indications for surgery and risk factors for failure[END_REF]. This type of loosening is reported both for cemented and uncemented implants as it can be the result of multiple biological and mechanical factors [START_REF] Sundfeldt | Aseptic loosening, not only a question of wear: A review of different theories[END_REF]. The most often reported causes in the literature are: an inadequate initial fixation, a mechanical loss of fixation over time due to wear phenomena, or a biologic loss of fixation caused by particle-induced osteolysis around the implant [START_REF] Hench | 13 -Joint replacement[END_REF][START_REF] Abu-Amer | Aseptic loosening of total joint replacements: mechanisms underlying osteolysis and potential therapies[END_REF]. In particular, a poor initial fixation may result in first, micromotions at the BII leading to the formation of fibrous tissue [START_REF] Pilliar | Observations on the effect of movement on bone ingrowth into porous-surfaced implants[END_REF] which may jeopardize bone remodeling phenomena and second, stress-shielding effects resulting in bone loss around the implant in areas not subjected to loading [START_REF] Oh | Proximal strain distribution in the loaded femur. An in vitro comparison of the distributions in the intact femur and after insertion of different hip-replacement femoral components[END_REF][START_REF] Engh | Clinical consequences of stress shielding after porous-coated total hip arthroplasty[END_REF]. The different biological, mechanical or surgical factors that may influence the surgical success and in particular that may be the cause of aseptic loosening will be detailed in the next section (Section 1.3.3).

Periprosthetic fractures

Periprosthetic fractures are defined as any bone fracture that occurs at the time of surgery (intraoperative fracture) or following the replacement surgery (postoperative fracture). Due to the nature of implant fixation based on press-fit, uncemented femoral stems [START_REF] Fitzgerald | The Uncemented Total Hip Arthroplasty: Intraoperative Femoral Fractures[END_REF]Schwartz et al., 1989) have a rate of peri-implant fracture significantly higher than the cemented ones [START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][START_REF] Sidler-Maier | Incidence and predisposing factors of periprosthetic proximal femoral fractures: a literature review[END_REF]. Moreover, the fracture incidence is prevalent during revision surgeries [START_REF] Berry | EPIDEMIOLOGY: Hip and Knee[END_REF] and can reach up to 28% for uncemented THA [START_REF] Meek | Intraoperative fracture of the femur in revision total hip arthroplasty with a diaphyseal fitting stem[END_REF], which makes it one of the most challenging issues for the surgeons related to the insertion of uncemented FS [START_REF] Berend | Long-term outcome and risk factors of proximal femoral fracture in uncemented and cemented total hip arthroplasty in 2551 hips[END_REF].

A classification of the fracture types based on their location on the femoral bone was proposed by [START_REF] Ferbert | Impact of intraoperative femoral fractures in primary hip arthroplasty: a comparative study with a mid-term follow-up[END_REF] during a recent mid-term follow-up study. In 42% of the cases, the fracture occurs close to the lesser-trochanter, namely the fractures of type I. The risk of calcar cracks and shaft fractures, which is significantly increased for uncemented implants [START_REF] Miettinen | Risk factors for intraoperative calcar fracture in cementless total hip arthroplasty[END_REF][START_REF] Lamb | Risk Factors for Intraoperative Periprosthetic Femoral Fractures During Primary Total Hip Arthroplasty. An Analysis From the National Joint Registry for England and Wales and the Isle of Man[END_REF]) may be explained by the type of fixation and the shape of the FS implants. A numerical study [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF] confirms these observations by showing that the region of the femur which is subjected to the highest stresses corresponds to the zone of occurrence of fracture of type I according to the classification of [START_REF] Ferbert | Impact of intraoperative femoral fractures in primary hip arthroplasty: a comparative study with a mid-term follow-up[END_REF]. The peri-implant Von Mises stresses distribution in the peri-implant area proposed by [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF] is illustrated in Fig. 1.7 for the femoral stem. The design of the implant influences the stress distribution and a high stress concentration is observed in the calcar zone.

The Vancouver classification of femoral peri-implant fractures developed by [START_REF] Duncan | Fractures of the femur after hip replacement[END_REF] is widely employed nowadays for categorizing the configuration of peri-implant proximal femoral fractures and for planning their management [START_REF] Brady | The reliability of validity of the Vancouver classification of femoral fractures after hip replacement[END_REF][START_REF] Rayan | European validation of the Vancouver classification of periprosthetic proximal femoral fractures[END_REF]. An illustration of the different types of femoral periprosthetic fractures is proposed in Fig. 1.8. While the fractures of type A stay confined to the proximal metaphysis and involve the greater and lesser trochanter, the fractures of type B involve the diaphysis region. The fractures of type B are then subdivided depending on the stability of the implant: the type B1 correspond to a stable implant whereas the types B2 and B3 are associated with a loss of implant stability, depending on the seriousness of implant loosening [START_REF] Mondanelli | Treatment Algorithm of Periprosthetic Femoral Fracturens[END_REF][START_REF] Rayan | European validation of the Vancouver classification of periprosthetic proximal femoral fractures[END_REF]. The aforementioned calcar cracks correspond to the fractures of type A L according to the Vancouver classification, for which an example showed by X-ray imaging is provided in Fig. 1.8b. 

Osseointegration and implant stability

As mentioned in the previous section, the long-term success of hip replacement surgery relies on the implant integration into the bone, which is called osseointegration. Bone remodeling and healing process are conditioned by the implant stability conditions. The genesis of implant stability and osseointegration are presented in this section, and the specific case of uncemented hip surgery and more particularly femoral stem insertion is highlighted.

Primary stability

Primary (or initial) stability of a cementless implant is defined as the initial fixation of the implant in the host bone. It is achieved during surgery, through press-fitting the implant into a host bone cavity -previously reamed by the surgeon-, by successive hammer impacts.

The primary stability quality is governed by multiple factors, among the most studied in the literature are: (i) the patient-specific characteristics (bone quality [START_REF] Gebert | Influence of pressfit parameters on the primary stability of uncemented femoral resurfacing implants[END_REF][START_REF] Wong | Effect of bone material properties on the initial stability of a cementless hip stem: a finite element study[END_REF] and anatomical features [START_REF] Viceconti | Primary stability of an anatomical cementless hip stem: A statistical analysis[END_REF]), (ii) the implant-specific properties (geometry [START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF][START_REF] Wu | Comparison of periprosthetic bone remodeling after implantation of anatomic and tapered cementless femoral stems in total hip arthroplasty: A prospective cohort study protocol[END_REF]), design (Le Cann et al., 2014) and material [START_REF] Rothstock | Primary stability of uncemented femoral resurfacing implants for varying interface parameters and material formulations during walking and stair climbing[END_REF]) and (iii) the surgical protocol [START_REF] Curtis | The initial stability of uncemented acetabular components[END_REF], which may be surgeon-dependant. The influence of each of the aforementioned parameters on the implant stability will be further detailed in Section 1.3.3.

An optimal primary stability is defined as a compromise between reducing micromotions at the BII, while avoiding too high peri-implant compressive stresses which increase the risk of periprosthetic fractures (see Section 1.2.3). Micromotions that exceeds a value of 150 µm has been shown to prevent bone growth and promote bone loss with fibrous tissue formation [START_REF] Engh | Quantification of implant micromotion, strain shielding, and bone resorption with porous-coated anatomic medullary locking femoral prostheses[END_REF][START_REF] Pilliar | Observations on the effect of movement on bone ingrowth into porous-surfaced implants[END_REF]. The implant design, the bone cavity under-reaming and the patient's bone quality may strongly influence the level of micromotions at the BII. Therefore, the primary stability conditions peri-implant healing and determines the long-term surgical success [START_REF] Khanuja | Cementless Femoral Fixation in Total Hip Arthroplasty[END_REF].

Secondary stability

Secondary (or long-term) stability is achieved several weeks after surgery, through osseointegration phenomena. The process of osseointegration is based on bone remodeling and healing and was first evidenced in the 1950s by Per-Ingvar Branemark (University of Göteborg, Sweden) [START_REF] Brånemark | Osseointegration and its experimental background[END_REF]). An implant is considered as osseointegrated (and therefore secondarily stable) if there is no relative motion between the bone and the implant. Thus, it is rather measured in terms of stability and not in terms of contact area. As the secondary stability of an implant corresponds to the initial fixation of the implant reinforced by new bone formation and maturation due to the remodeling process, the long-term stability directly depends on the implant primary stability.

1. Bone-implant interface and hip arthroplasty

Determinant factors for implant stability

Different factors may influence implant stability and osseointegration. The following section will present the main surgical and biomechanical factors which play a role in both primary and secondary stability, since the two phenomena are strongly related.

Peri-implant bone quality

Bone quality and quantity around the implant are important to provide implant initial fixation [START_REF] Wong | Effect of bone material properties on the initial stability of a cementless hip stem: a finite element study[END_REF][START_REF] Gebert | Influence of pressfit parameters on the primary stability of uncemented femoral resurfacing implants[END_REF]. For example, in the cases of FS implant, a low femoral bone density is a risk factor of intra-or postoperative fractures, which may occur during bone cavity reaming or implant insertion [START_REF] Lamb | Risk Factors for Intraoperative Periprosthetic Femoral Fractures During Primary Total Hip Arthroplasty. An Analysis From the National Joint Registry for England and Wales and the Isle of Man[END_REF][START_REF] Ponzio | Intraoperative Proximal Femoral Fracture in Primary Cementless Total Hip Arthroplasty[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF]. However, the bone microarchitectural properties and density is highly patient-specific and vary according to different parameters such as: age, sex, pathology or medical treatment [START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF].

Implant properties

Surface roughness plays an important role in the quality of primary stability of the implant [START_REF] Le Cann | Does surface roughness influence the primary stability of acetabular cups? A numerical and experimental biomechanical evaluation[END_REF] and osseointegration phenomena [START_REF] Rønold | Effect of micro-roughness produced by TiO2 blasting-tensile testing of bone attachment by using coin-shaped implants[END_REF]. Rough surfaces increase the bone-implant contact (BIC) area, which favours mineralization and bone remodeling [START_REF] Albrektsson | Osteoinduction, osteoconduction and osseointegration[END_REF]. However, an adequate level of roughness should be considered. While typical micro-roughness inferior to 200 µm is needed to ensure osseointegration [START_REF] Rønold | Effect of micro-roughness produced by TiO2 blasting-tensile testing of bone attachment by using coin-shaped implants[END_REF][START_REF] Albrektsson | Osteoinduction, osteoconduction and osseointegration[END_REF][START_REF] Engh | Quantification of implant micromotion, strain shielding, and bone resorption with porous-coated anatomic medullary locking femoral prostheses[END_REF], highly rough surfaces can prevent the proper implant initial fixation by destructing the trabecular bone [START_REF] Le Cann | Does surface roughness influence the primary stability of acetabular cups? A numerical and experimental biomechanical evaluation[END_REF][START_REF] Raffa | Stress shielding at the bone-implant interface: Influence of surface roughness and of the bone-implant contact ratio[END_REF]. In addition to surface treatment, the application of hydroxyapatite or other bioactive coatings has shown promising outlooks for improving bone ingrowth in several studies [START_REF] Cook | Hydroxyapatite-coated total hip replacement[END_REF][START_REF] Søballe | Tissue ingrowth into titanium and hydroxyapatite-coated implants during stable and unstable mechanical conditions[END_REF][START_REF] Barrere | Nano-scale study of the nucleation and growth of calcium phosphate coating on titanium implants[END_REF].

Implant geometry is an important determinant of initial and long-term fixation as it plays a major role on the stress distribution around the implant [START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF][START_REF] Wu | Comparison of periprosthetic bone remodeling after implantation of anatomic and tapered cementless femoral stems in total hip arthroplasty: A prospective cohort study protocol[END_REF].

On the one hand, excessive compressive stresses created during the implant insertion can lead to bone necrosis, ischemia [START_REF] Sotto-Maior | Influence of high insertion torque on implant placement: an anisotropic bone stress analysis[END_REF][START_REF] Carli | Periprosthetic femoral fractures and trying to avoid them: what is the contribution of femoral component design to the increased risk of periprosthetic femoral fracture?[END_REF] or even periprosthetic fractures [START_REF] Sidler-Maier | Incidence and predisposing factors of periprosthetic proximal femoral fractures: a literature review[END_REF]. In the particular case of the FS, the highest stresses occur in the cortical bone close to the lesser-trochanter, which is called the calar zone [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF]. On the other hand, a lack of mechanical loading of the bone tissue because of an imperfect bone-implant interface can cause stress-shielding effects (Raffa et al., 2019a[START_REF] Raffa | Stress shielding at the bone-implant interface: Influence of surface roughness and of the bone-implant contact ratio[END_REF][START_REF] Hériveaux | Mechanical micromodeling of stress-shielding at the bone-implant interphase under shear loading[END_REF], which may lead to the formation of fibrous-tissue [START_REF] Kuiper | The Predictive Value of Stress Shielding for Quantification of Adaptive Bone Resorption Around Hip Replacements[END_REF] and also inhibit optimal bone ingrowth [START_REF] Khanuja | Cementless Femoral Fixation in Total Hip Arthroplasty[END_REF][START_REF] Engh | Clinical consequences of stress shielding after porous-coated total hip arthroplasty[END_REF][START_REF] Herrera | Long-term study of bone remodelling after femoral stem: A comparison between dexa and finite element simulation[END_REF], leading to implant loosening. In particular, several studies observed proximal atrophy for the FS due to such phenomena [START_REF] Engh | Quantification of implant micromotion, strain shielding, and bone resorption with porous-coated anatomic medullary locking femoral prostheses[END_REF][START_REF] Herrera | Long-term study of bone remodelling after femoral stem: A comparison between dexa and finite element simulation[END_REF].

Surgical procedure

The choice of the interference fit, defined as the diameter size difference between the implant and the host bone cavity, is determinant [START_REF] Curtis | The initial stability of uncemented acetabular components[END_REF]. While a certain interference fit and insertion load is needed to properly insert and fix the implant, excessive interference fit and insertion load can lead to bone damage and bone resorption. Numerical studies demonstrated that an interference fit between 50 µm to 100 µm is optimal regarding the level of micromotions and the risk of periprosthetic fractures [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Wong | Influence of an interference-fit on the strain distribution in the implanted proximal femur[END_REF]. Nevertheless, it is difficult to evaluate the remaining dimensions of the cavity in a real configuration as it highly depends on the surgeon reaming [START_REF] Konow | Variability in Femoral Preparation and Implantation Between Surgeons Using Manual and Powered Impaction in Total Hip Arthroplasty[END_REF], which is often manual.

In addition to the interference fit, other implant insertion parameters such as the implantation angle, insertion load and the number of impacts are key determinants of the primary stability (Doyle et al., 2019b[START_REF] Doyle | Impaction technique influences implant stability in low-density bone model[END_REF][START_REF] Bishop | A parametric numerical analysis of femoral stem impaction[END_REF]Henyš and Čapek, 2018). The surgeon must adapt the impaction technique, and in particular the number and intensity of the impacts realized with the hammer in order to find a compromise between (i) maximizing the bone-implant contact ratio to reduce micromotions at the BII and achieve a sufficient mechanical fixation [START_REF] Pilliar | Observations on the effect of movement on bone ingrowth into porous-surfaced implants[END_REF], while (ii) avoiding excessive stresses at the BII that may lead to intra-operative and peri-operative femoral fracture [START_REF] Fitzgerald | The Uncemented Total Hip Arthroplasty: Intraoperative Femoral Fractures[END_REF].

Implant stability evaluation: the empirical approach

The previous section (Section 1.3.3) evidenced the necessity to not only adapt the type and design of the implant but also the surgical protocol for minimizing the risk of implant failures. Since primary stability, which conditions the long-term surgical success, is mostly achieved during the implant insertion, one of the most challenging surgical issue concerns the implant insertion optimization into the host bone. From the surgeon point of view, the aim is to maximize the primary stability without increasing the risk of periprosthetic fractures, while taking into account the patient-specific factors such as bone quality or anatomy.

Currently, the surgeons detect the insertion end-point which corresponds to the optimal primary stability by using their proprioception with visual or hearing assessments and in particular by listening to the sound of the impact. Although the surgeon proprioception remains the Gold Standard to assess the insertion state quality, such approach is subjective and may lead to failures.

Different quantitative techniques are under development to objectively monitor the insertion of cementless implants in the operative room [START_REF] Cachão | Altering the Course of Technologies to Monitor Loosening States of Endoprosthetic Implants[END_REF]. The main methods will be detailed in Chapter 2. Furthermore, as explained in Section 1.3.3 different factors govern the primary (and thus secondary) stability. Since it is difficult to control such biomechanical parameters experimentally, it is of great interest to develop numerical models to better understand the biomechanical determinants of implant stability. As this knowledge is necessary to develop performing insertion monitoring methods, a summary of the current outlooks obtained with finite element analysis (FEA) of hip arthroplasty on implant primary stability determinants will also be presented in Chapter 2.

1. Bone-implant interface and hip arthroplasty

Key points

• Bone tissue is a multiscale composite material which continuously remodels and adapts its structure to the loading conditions.

• Uncemented implants are inserted into the host bone cavity by successive impacts on an impactor, named "ancillary".

• Implant primary stability corresponds to the initial fixation of the implant into the host bone and is a crucial determinant of the surgical long-term success, which lies in the quality of the osseointegration (i.e. the bone remodeling and healing in the peri-implant zone).

• Multiple inter-dependent biomechanical factors influence the level of micromotions and/or the distribution of stresses in the peri-implant bone, and therefore determine implant primary and secondary stability, such as: the peri-implant bone quality, the implant roughness and coating or the surgical procedure.

• Hip arthroplasty is one of the most common surgical procedures, which consists in partially or fully replacing the hip joint for patients suffering from fractures or degenerative joint diseases such as osteoarthritis.

• During the surgery, an important issue for the surgeon is to find the compromise between maximizing the primary stability while avoiding periprosthetic fractures and taking into consideration the inter-individual parameter variability.

• The Gold Standard for intra-operative implant stability evaluation remains the surgeon proprioception via visual or hearing assessment, which is highly subjective and may lead to surgical failures. Therefore, the development of quantitative intra-operative methods to guide the surgeon is a real challenge.

Chapter 2

Implant stability assessment

Chapter 2 presents a literature review of (i) the main methods under development for implant primary stability evaluation, (ii) the numerical models studying implant (e.g. ACI or FS)

stability and their principal outlooks on the biomechanical factors influencing the success of hip arthroplasty and iii) the remaining challenges for implant primary stability assessment. In particular, this chapter will focus on non-destructive measurement techniques, as the issue of this work is to develop methods which could be further used in vivo. However, it is worth to notice that load-to-failure mechanical tests such as tangential or torsional tests for the ACI [START_REF] Adler | Stability of press-fit acetabular cups[END_REF][START_REF] Curtis | The initial stability of uncemented acetabular components[END_REF][START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF] or tensile pull-out tests (also referred as push-out tests) for the FS [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Doyle | Impaction technique influences implant stability in low-density bone model[END_REF][START_REF] Bishop | The influence of bone damage on press-fit mechanics[END_REF] remain good indicators of implant stability and are widely employed for in vitro studies.

Moreover, while for the ACI the primary stability is mostly determined by the initial fixation (which can be for instance determined by the aforementioned mechanical tests), the phenomena which determine the FS stability are more complex. In particular, due to the geometry of the femur and the implant, and the anatomical loads applied to the hip, the surgical issue, which was detailed in Section 1.3, is to determine the implant insertion end-point which maximizes the bone-implant contact while reducing the risk of periprosthetic fracture. The following chapter introduces non-destructive techniques for implant stability assessment and insertion monitoring of the ACI and the FS.

Medical imaging techniques

The use of imaging techniques such as Magnetic Resonance Imaging (MRI) [START_REF] Potter | Magnetic Resonance Imaging After Total Hip Arthroplasty: Evaluation of Periprosthetic Soft Tissue[END_REF] and Computed Tomography (CT) [START_REF] Cahir | CT and MRI of hip arthroplasty[END_REF][START_REF] Malfroy Camine | Full-field measurement of micromotion around a cementless femoral stem using micro-CT imaging and radiopaque markers[END_REF] has been suggested to study the stability of orthopedic implants. However, these methods give limited information on the bone-implant contact conditions, which play an essential role in the primary stability [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Reimeringer | The influence of contact ratio and its location on the primary stability of cementless total hip arthroplasty: A finite element analysis[END_REF]Kim et al., 2001a;[START_REF] Raffa | Stress shielding at the bone-implant interface: Influence of surface roughness and of the bone-implant contact ratio[END_REF] due to the presence of artefacts near the implant [START_REF] Eggers | Artefacts in magnetic resonance imaging caused by dental material[END_REF]. In particular, magnetic fields disturbance [START_REF] Hecht | Magnetic Resonance Imaging Susceptibility Artifacts Due to Metallic Foreign Bodies[END_REF] and scattering of X-rays caused by the presence of metals [START_REF] Shalabi | Evaluation of bone response to titanium-coated polymethyl methacrylate resin (PMMA) implants by X-ray tomography[END_REF], present with MRI and CT techniques respectively, prevent a high resolution of the BII measurement. Moreover, the two aforementioned techniques do not allow retrieving information on the mechanical fixation of the implant into the host bone, which is a key information for the primary stability evaluation [START_REF] Adler | Stability of press-fit acetabular cups[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF]. These two main drawbacks prevent MRI and CT to be used intra-operatively for implant stability assessment.

Relative micromotion measurements

Micromotions can be measured at the BII using Linear Variable Differential Transducers (LVDT's) [START_REF] Kwong | A quantitative in vitro assessment of fit and screw fixation on the stability of a cementless hemispherical acetabular component[END_REF]. These sensors turn mechanical vibrations into electric signals.

This method was tested to assess primary stability of the ACI [START_REF] Crosnier | The effect of dynamic hip motion on the micromotion of press-fit acetabular cups in six degrees of freedom[END_REF]Goossens et al., 2020b) and the FS [START_REF] Cristofolini | In-vitro method for assessing femoral implant-bone micromotions in resurfacing hip implants under different loading conditions[END_REF] over specific biomechanical configurations. In particular, a high degree of correlation was observed between LVDT's measurements and load to failure stability metrics (Goossens et al., 2020b). This method was also employed to compare the FS stability for different kinds of stem fixation [START_REF] Baleani | Initial stability of a new hybrid fixation hip stem: experimental measurement of implant-bone micromotion under torsional load in comparison with cemented and cementless stems[END_REF], size or shape, while inserted in composite bone [START_REF] Schmidutz | Influence of different sizes of composite femora on the biomechanical behavior of cementless hip prosthesis[END_REF] and fresh human femur [START_REF] Bieger | Primary stability and strain distribution of cementless hip stems as a function of implant design[END_REF].

Nonetheless, due to the complex experimental settings, it remains difficult to employ LVDT's in the operative room.

Acoustic methods

Ultrasound measurements

Various works studied the use of quantitative ultrasounds (QUS) to characterize the boneimplant interface and in particular dental implant stability (Hériveaux et al., 2021a). QUS is a non-invasive, non-ionizing, real-time and relatively cheap technique which consists in analyzing ultrasonic wave propagation within an implant. Since the elastic wave characteristics directly depend on the boundary conditions constituted by the biomechanical properties of the BII, the use of QUS methods has appeared to be relevant to assess implant stability. Dental implants behave as an ultrasound wave guide and the analysis of these ultrasonic waves carries information on implant stability. The use of a QUS device to assess implant stability was validated in vitro on bone mimicking phantoms (Vayron et al., 2018b) and on animal bones [START_REF] Mathieu | Ultrasonic evaluation of dental implant biomechanical stability: an in vitro study[END_REF]Vayron et al., 2014a). Moreover, in vivo studies showed the ability to assess osseointegration during healing time, and therefore, secondary stability, with QUS [START_REF] Mathieu | Influence of healing time on the ultrasonic response of the bone-implant interface[END_REF][START_REF] Vayron | Ultrasonic evaluation of dental implant osseointegration[END_REF]Vayron et al., , 2018a;;[START_REF] Hériveaux | Assessment of dental implant stability using resonance frequency analysis and quantitative ultrasound methods[END_REF]. Numerical simulations confirmed the potential of using QUS to characterize and better understand the interaction between the elastic waves and the bone-implant system [START_REF] Vayron | Assessment of the biomechanical stability of a dental implant with quantitative ultrasound: A three-dimensional finite element study[END_REF].

To the best of our knowledge, QUS have not been applied to hip implant stability assessment, neither for the FS nor the ACI. Applying QUS to these implants would require more knowledge on the ultrasonic wave propagation considering other types of implant shapes. Moreover, the QUS device requires to fix a transducer to the implant. While dental implants are easily accessible for measuring osseointegration, FS or ACI would require to re-operate the patient to carry out such a measurement, which is a huge drawback considering its application to hip arthroplasty.

Acoustic measurements of implant impaction

In the case of THA, finding the insertion end-point that corresponds to an optimal initial stability is currently based on tactile (i.e. by applying force to the ancillary) and auditive (i.e. listening to changes in hammering sound) experiences of the orthopedic surgeon. Since the second method is often reported as the Gold Standard for intra-operative implant stability assessment, the sound produced by hammer impacts was recorded and quantitatively analyzed and it appears to be a promising approach to monitor implant insertion [START_REF] Mcconnell | The clinical relevance of sound changes produced during cementless hip arthroplasty: a correctly sized femoral broach creates a distinctive pattern of audio frequencies directly related to bone geometry[END_REF].

This acoustic measurement method has two main advantages for a clinical perspective: first, it is contactless since the sound is recorded by microphones and second, the surgical protocol is not modified.

A first in vivo study demonstrated the potential of analyzing the audible changes during the femoral broaching (also referred as reaming) [START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF]. The analysis of the sound spectra corresponding to the last broach (or ream) revealed low-frequency (400-1200

Hz) spectral peaks that were not detected when using the first broach. A similar acoustic measurement protocol was investigated during the implant insertion in vitro [START_REF] Goossens | Development of an acoustic measurement protocol to monitor acetabular implant fixation in cementless total hip Arthroplasty: A preliminary study[END_REF] and in vivo (Goossens et al., 2020a). The implant insertion end-point was associated to a resonance frequency shift of the acoustic spectral signal in the frequency range Hz and a convergence-based end-point criterion was developed from the low-frequency acoustic response.

Even if this method is contactless, the main limitation is the influence of the environmental noise and the surgeon hammering method on the results.

Interestingly, acoustic measurements have also shown promising results for the intra-operative detection of periprosthetic fractures [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF]. In recent in vivo studies [START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF]Goossens et al., 2020a) a significant change of the bone-implant system acoustic behavior was observed with a fracture occurrence. Although the relationship between hammering sound and peri-implant stresses in the femur was clarified with a numerical study [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF], neither quantitative information about the fracture characteristics (position or length)

nor systematic criterion periprosthetic fracture detection could be retrieved from the acoustic measurements performed in the aforementioned studies.

Impact methods

Application to dental implant stability: the Periotest ®

In dental implantology, a technique based on the application of a reproducible percussive force to the tooth crown has been developed to measure the dental implant stability since the 1990s [START_REF] Lukas | Periotest-a dynamic procedure for the diagnosis of the human periodontium[END_REF][START_REF] Schulte | Periotest for measuring periodontal characteristics-correlation with periodontal bone loss[END_REF]. A device has been commercialized using this technique: the Periotest ® , a schematic description of which is shown in Fig. 2.1. This device is composed of an impacting head drawn by a coil on the tooth with a constant velocity.

Implant stability assessment

The tooth reaction to this reproducible impact is analyzed in terms of the deceleration of the impacting head due to the impact with the tooth, which is measured by an accelerometer. Several characteristics related to the amplitude or the time of the deceleration signal are correlated to the clinical degree of mobility [START_REF] Schulte | Periotest for measuring periodontal characteristics-correlation with periodontal bone loss[END_REF]. In particular, the contact time of the tapping head with the tooth, named contact duration has shown to be proportional to the square of the degree of implant mobility [START_REF] Lukas | Periotest-a dynamic procedure for the diagnosis of the human periodontium[END_REF]. Physiologically, the contact duration is related to the damping of the periodontium [START_REF] Schulte | Periotest for measuring periodontal characteristics-correlation with periodontal bone loss[END_REF]. A Periotest value (PTV), derived from the contact duration, has been proposed to provide the degree of implant loosening.

The longer the contact duration, the higher the Periotest value and the looser the implant. The advantage of this technique is that the measurements can be taken at every stage of implantation:

immediately after implantation, to measure the primary stability or during the healing phase, to determine the quality of osseointegration [START_REF] Olivé | Periotest method as a measure of osseointegrated oral implant stability[END_REF]. However, the reliability of the method is limited, because it is affected by several factors such as the striking position and angulation or the location of the implant [START_REF] Bilhan | The Evaluation of the Reliability of Periotest for Implant Stability Measurements: An In Vitro Study[END_REF], which limits the clinical use of the technique. 

Orthopaedic implant stability assessment: use of an instrumented hammer

This section reviews various types of work including in vitro, ex vivo and in silico studies dealing with impact analysis to assess hip implant stability. The method is based on the analysis of the time dependence of the force applied to the ancillary by the hammer used to insert the implant into the host bone. The main advantages of the impact method considering a clinical application are (i) the possibility to include the force sensor directly in the surgical hammer, (ii) the dynamic non-destructive measurement, which does not require surgical procedure modification (iii) the real-time feedback and (iv) the absence of contact between the device and the implant (i.e. non-invasive). Note that a similar approach has also been investigated during femoral broaching, prior to the implant insertion [START_REF] Oberst | Vibroacoustic and nonlinear analysis of cadavric femoral bone impaction in cavity preparations[END_REF]. Since the bone cavity is created by impacting a rasp into a bone cavity, the procedure is comparable to the one of implant insertion (see Section 1.2.2).

Preliminary study of reproducible mass falls

Impact duration

A preliminary study was first carried out by [START_REF] Mathieu | Variation of the impact duration during the in vitro insertion of acetabular cup implants[END_REF] on bovine bone samples.

The aim of this study was to evaluate the variations of the impact duration during ACI insertion.

For that purpose, impacts were applied on the ancillary to insert the ACI using reproducible mass falls. The experimental set-up is presented in Fig. 2.2a. From the force signals, which were recorded by a force sensor, the impact duration could be retrieved. The analysis of the impact force exhibited first, a decrease of the impact duration as a function of the impact number, which reached then a constant value. In a recent study [START_REF] Messer-Hannemann | Time-dependent Viscoelastic Response of Acetabular Bone and Implant Seating during Dynamic Implantation of Press-fit Cups[END_REF], a similar evolution of the impact duration with regard to the impact number was obtained for the ACI insertion in porcine bone. However, as the methodology of this study was to increase the 

Influence of bone abrasion

In a second in vitro study [START_REF] Michel | Monitoring the press-fit insertion of an acetabular cup by impact measurements: Influence of bone abrasion[END_REF], another indicator was derived from the impact force signal, noted I and was physically interpreted as the impact momentum of the impact pulse. The variation of this second indicator with the impact number was comparable to the one of the previously developed time indicator. In addition, it showed to be sensitive to bone abrasion phenomena, which was evidenced by performing successive implant insertion in the same bovine bone sample. The faster insertion of the ACI was associated to a significant lower number of impact before the indicator I reached a threshold, which confirms the timedependence of the impact force to bone cavity properties.

Implant stability evaluation

Eventually, in a third study on ACI insertion in bovine bone samples using a mass fall the correlation (R 2 =0.65) between the impact momentum I and the ACI stability was evidenced [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF], as shown in Fig. 2.2b. A large range of interference fits was considered in order to obtain different configurations of implant stability, which was measured by a tangential pull-out test at the end of implant insertion. This result exhibits the influence of the interference fit on the primary stability of ACI.

Estimation of implant stability using an impact hammer

The force signals retrieved during a non reproducible impaction procedure, which is carried out in the operative room, was then analyzed in order to investigate whether the configuration can be employed for ACI stability assessment (Michel et al., 2016b). For that purpose, a hammer was equipped with a force sensor on its impacting face and was used to insert the implant into the bovine bone samples. The experimental set-up is presented in Fig. 2.3. The same stability configurations as in [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF] were studied and tangential pull-out tests were realized in order to measure implant stability. Similarly as in [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF], an indicator I was derived from the impact force signals Michel et al. (2016b). First, the tangential stability and the partial impulse indicator I were significantly correlated (R 2 = 0.83). Second, different stability configurations were tested by changing the host bone cavity diameter and the indicator I was shown to be sensitive to the interference fit. In particular, both the tangential tests and the indicator I put in evidence a value of interference fit of 1 mm that maximized the implant stability and the indicator I. The results of this study on the influence of the interference fit are shown in Fig. 2.4. Then, the method was tested on anatomical subjects (Michel et al., 2016a) and showed similar results as in [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF]Michel et al. ( , 2016b)). Eventually, the influence of soft tissue around the implant on the indicator I was quantitatively evaluated [START_REF] Bosc | Influence of soft tissue in the assessment of the primary fixation of acetabular cup implants using impact analyses[END_REF]. While the impact duration was shown to decrease when the thickness of the soft tissue decreased, there was no significant effect of the soft tissue thickness on the indicator I. This information confirms that the use of impact analysis for implant stability assessment appears to be valid in clinical configurations.

Then, the same approach was used to monitor the FS insertion in vitro [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] in bone mimicking phantoms and ex vivo in bovine bone specimens [START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] and in femurs of anatomical subjects [START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF]. In particular, a time-indicator, denoted D based on the time-history of the force signal was used to determine the femoral stem insertion end-point. The indicator D consists in the time difference between the two first local maxima of the force signal, which corresponds respectively to the hammer impact and the rebound of the ancillary on the hammer face. The variation of the indicator D was shown to decrease with the impact number until reaching a threshold. The impact number corresponding to the threshold was compared to both surgeon proprioception and video analysis of the femoral stem insertion and a good agreement was obtained, with less than one impact of difference in average between the methods [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF].

Interestingly, in another surgical context than joint replacement surgery, impact analysis also showed promising results for the estimation of bone strength, which is of great interest for osteotomies, which is a surgery consisting in cutting the bone [START_REF] Hubert | Using an Impact Hammer to Estimate Elastic Modulus and Thickness of a Sample During an Osteotomy[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF]. Impact analysis appears to provide biomechanical measurements during osteotomies such as the osteotome displacement into the bone or the type of bone (i.e nasal or frontal) (Lamassoure et al., 2021a) or fracture around the osteotome [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF].

In silico validation of impact method for implant stability assessment

In the particular case of ACI insertion, the aforementioned implant stability assessment method based on the analysis of the variations of the force signal was validated through a numerical model [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]. A dynamic 2-D axisymmetric finite element (FE) model was developed to simulate the impaction of the ACI into bone tissue, as shown in Fig. 2.6a, assuming friction at the bone-implant interface and large deformations. Similarly as the previous experimental configurations (Michel et al., 2016a[START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF], different values of interference fit and therefore different stability configurations were tested, and the variation of the force applied to the ancillary was analyzed. Experimentally, the indicator I based on the impact momentum of the signal was compared to the tangential tests [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF](Michel et al., , 2016a). Numerically, it is possible to retrieve bone-implant contact area, which is difficult to measure in vitro. Therefore, the indicator I was compared to the BIC area, and a significant correlation was obtained (R2=0.94) throughout the different configurations (see Fig. 2.6b), which confirmed the potential of impact analysis to evaluate implant stability.

Vibration methods

Vibration analysis and in particular Resonance Frequency Analysis (RFA) was first applied to dental implants [START_REF] Meredith | Resonance frequency measurements of implant stability in vivo. A cross-sectional and longitudinal study of resonance frequency measurements on implants in the edentulous and partially dentate maxilla[END_REF] and then extended to orthopaedic implants [START_REF] Qi | How much can a vibrational diagnostic tool reveal in total hip arthroplasty loosening?[END_REF][START_REF] Denis | Vibration Analysis of the Biomechanical Stability of Total Hip Replacements[END_REF]. A large variety of technologies were developed to provide vibration measurements of the bone-implant system [START_REF] Cachão | Altering the Course of Technologies to Monitor Loosening States of Endoprosthetic Implants[END_REF]. The most relevant methods for bone-implant stability evaluation that were validated in vitro and in vivo are detailed hereafter, as well as their in silico validation.

Principle of the method

Vibration analysis is a dynamic non-destructive technique that is widely used in civil engineering to control the structure integrity (e.g. suspension bridges) and that has been extended

to the field of biomechanics in the 1990's [START_REF] Qi | How much can a vibrational diagnostic tool reveal in total hip arthroplasty loosening?[END_REF]. Two major vibration measurement approaches are reported. While the first one consists in measuring the vibration responses of a structure during the time of operation in order to detect a default in the dynamic (e.g. turbine blades), the second one analyses the vibrations under a known excitation [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF]. The two approaches could be used to monitor implant insertion and assess stability. However, the studies in the literature and this thesis focuses rather on the second approach, since it is generally made under much more closely-controlled conditions than the first one. In this context, "Modal

Testing", which includes both the data acquisition and its analysis, is a measurement technique often employed to provide a description of the vibration behavior of a structure. The vibration behavior is defined by the modal parameters (resonance frequencies ans mode shapes) which are determined by the structure's mass, stiffness and damping. Experimental Modal Analysis (EMA) can therefore provide a full mass-spring-dashpot model of that structure [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF].

The method consists in mechanically exciting a system and then recording its frequency response. 

Estimation of implant primary stability by RFA

Dental implants

Resonance frequency analysis was first developed in the dental field thanks to the pioneer work of [START_REF] Meredith | Resonance frequency measurements of implant stability in vivo. A cross-sectional and longitudinal study of resonance frequency measurements on implants in the edentulous and partially dentate maxilla[END_REF]. A device has been commercialized, the Ostell ® [START_REF] Nakashima | A study on the use of the Osstell apparatus to evaluate pedicle screw stability: An in-vitro study using micro-CT[END_REF], that certifies implant stability via an Implant of Stability Quotient (ISQ). The ISQ indicator has been shown to increase with dental implant stability and healing time. The correlation between the ISQ indicator and the primary stability was demonstrated by histomorphometric studies [START_REF] Meredith | Resonance frequency measurements of implant stability in vivo. A cross-sectional and longitudinal study of resonance frequency measurements on implants in the edentulous and partially dentate maxilla[END_REF]. However, the method presents two main limitations considering its use in dental field: (i) the relationship between ISQ and bone implant contact percentage remains poorly understood [START_REF] Hériveaux | Assessment of dental implant stability using resonance frequency analysis and quantitative ultrasound methods[END_REF]Vayron et al., 2018a) and (ii)

an influence of transducer orientation and fixation on the ISQ has been evidenced by numerical simulations [START_REF] Pattijn | Resonance frequency analysis of implants in the guinea pig model: influence of boundary conditions and orientation of the transducer[END_REF].

Orthopaedic implants

In the orthopaedic field, some authors investigated the use of RFA for ACI [START_REF] Henys | Evaluation of acetabular cup initial fixation by using resonance frequency principle[END_REF][START_REF] Kikuchi | Laser Resonance Frequency Analysis: A Novel Measurement Approach to Evaluate Acetabular Cup Stability During Surgery[END_REF] or FS stability assessment [START_REF] Lannocca | Intra-operative evaluation of cementless hip implant stability: A prototype device based on vibration analysis[END_REF][START_REF] Yousefsani | A Vibrational Technique for In Vitro Intraoperative Prosthesis Fixation Monitoring[END_REF][START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF][START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF]. The techniques of measurements and associated devices vary over the studies. Nonetheless, the principle remains to excite the bone-implant system in a selected range of frequencies and to measure the Frequency Response Functions (FRF). In most studies, the methods are contact-based and either the exciter (e.g. shaker) or the sensor (e.g. acccelerometers) is attached to the implant or the bone.

Several studies proposed to use a shaker attached to the neck of the femoral stem that emitted white noise as excitation signal and equipped with an impedance head to retrieve the resonance frequencies of the bone-implant system [START_REF] Yousefsani | A Vibrational Technique for In Vitro Intraoperative Prosthesis Fixation Monitoring[END_REF][START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF]. The method consists in measuring and comparing the FRF at different femoral stem insertion steps. [START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF] developed an insertion end-point criterion based on the Pearson's correlation coefficient calculated between two FRFs, which evaluates quantitatively their similarity. In vitro [START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF] and then in vivo [START_REF] Mulier | Per-operative vibration analysis: a valuable tool for defining correct stem insertion: preliminary report[END_REF][START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF] studies showed the potential of using this indicator in the frequency range [0-5000] Hz to retrieve the stiffness variation of the bone-implant structure. Moreover, the method appeared to be sensitive to the occurrence of a periprosthetic fracture, which was associated with lower correlation coefficients.

Other studies used dedicated devices to generate transversal [START_REF] Henys | Evaluation of acetabular cup initial fixation by using resonance frequency principle[END_REF] or torsional [START_REF] Lannocca | Intra-operative evaluation of cementless hip implant stability: A prototype device based on vibration analysis[END_REF] vibrations. A schematic description of the device of [START_REF] Lannocca | Intra-operative evaluation of cementless hip implant stability: A prototype device based on vibration analysis[END_REF] is provided in Fig. 2.7. In this in vitro study, the FRFs were measured by an accelerometer fixed on the femur before, during, and after the application of an external torque, which caused micromotion at the bone-implant interface. A frequency shift, corresponding to the difference between the frequencies measured for the different aforementioned loading conditions, was highly correlated with the residual micromotions in the range Hz. In a next study [START_REF] Varini | Assessment of implant stability of cementless hip prostheses through the frequency response function of the stem-bone system[END_REF], a shift threshold of 5 Hz could be defined corresponding to micromotions lower than 150 µm and indicating therefore the insertion end-point criterion. In vitro and in silico measurements performed by [START_REF] Henys | Evaluation of acetabular cup initial fixation by using resonance frequency principle[END_REF] showed the potential of using the power spectral density rather than the resonance frequencies for characterizing bone-implant stability. The power spectral density, derived from the FRFs under transverse excitation, gives information about the stiffness of the osseointegrated press-fitted ACI in the range [500-3000] Hz. Eventually, some authors considered pulsed laser irradiations applied to the implant to excite the system, and the vibrations were detected with a laser Doppler vibrometer [START_REF] Kikuchi | Laser Resonance Frequency Analysis: A Novel Measurement Approach to Evaluate Acetabular Cup Stability During Surgery[END_REF]. For the ACI, [START_REF] Kikuchi | Laser Resonance Frequency Analysis: A Novel Measurement Approach to Evaluate Acetabular Cup Stability During Surgery[END_REF] showed that the resonance frequency between 2 and 6 kHz could predict the pull-out force and therefore measure the implant stability.

Improvements of the methods

Complementary approaches focused on improving the accuracy of the frequency measurements to assess implant stability. First, not only resonance frequencies but also mode shapes may retrieve information on a structure (e.g. structure damage, material properties) [START_REF] Henyš | Material model of pelvic bone based on modal analysis: a study on the composite bone[END_REF][START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF]. Studies on the acetabular cup (Henyš et al., 2018;Henyš and Čapek, 2018) have shown that both the resonance frequencies and mode shapes depend on the implant fixation into the bone. Modal analysis constitutes a promising approach because it allows to identify the mode shapes, whose spatial dependence is potentially more influenced by local changes in the bone-implant interface than the natural frequency only [START_REF] Pandey | Damage detection from changes in curvature mode shapes[END_REF].

Another approach, based on the improvement of the experimental device itself was followed by [START_REF] Leuridan | Development of an Instrument to Assess the Stability of Cementless Femoral Implants Using Vibration Analysis During Total Hip Arthroplasty[END_REF] to improve the sensitivity of vibration method to detect implant insertion end-point. An augmented system approach was used to develop an instrument, which is presented in Fig. 2.8 that provides both the necessary excitation and measurement equipment and enhances the sensitivity to changes in the proximal region of the combined bone-implantinstrument and therefore improves the accuracy of the insertion end-point criterion. 2021) using an augmented system approach to improve the sensitivity of the vibration method.

Estimation of implant loosening

Vibration analysis has also shown promising results for implant loosening detection [START_REF] Georgiou | Accurate diagnosis of hip prosthesis loosening using a vibrational technique[END_REF], which occurs after the surgery. In several in vitro studies on bone mimicking phantoms, the sensitivity of vibration analysis to different degrees of implant loosening was considered, for both the ACI [START_REF] Alshuhri | Non-invasive vibrometrybased diagnostic detection of acetabular cup loosening in total hip replacement (THR)[END_REF] and the femoral stem [START_REF] Rieger | A vibrational technique for diagnosing loosened total hip endoprostheses: an experimental sawbone study[END_REF]. To retrieve the vibration behavior of the bone-implant system, it was excited in a frequency range lower than 2 kHz using a shaker positioned at the distal part of the femur and the resonance spectra was recorded either by accelerometers [START_REF] Alshuhri | Non-invasive vibrometrybased diagnostic detection of acetabular cup loosening in total hip replacement (THR)[END_REF] or by a laser vibrometer [START_REF] Rieger | A vibrational technique for diagnosing loosened total hip endoprostheses: an experimental sawbone study[END_REF] located near the implant. To mimic ACI loosening, [START_REF] Alshuhri | Non-invasive vibrometrybased diagnostic detection of acetabular cup loosening in total hip replacement (THR)[END_REF] injected silicon of various thickness between the surface of the implant and the bone mimicking cavity. A decrease in the fundamental frequency and an increase in the related harmonics with increasing level of loosening was observed in the range [500-1500] Hz for the ACI [START_REF] Alshuhri | Non-invasive vibrometrybased diagnostic detection of acetabular cup loosening in total hip replacement (THR)[END_REF]. [START_REF] Rieger | A vibrational technique for diagnosing loosened total hip endoprostheses: an experimental sawbone study[END_REF] also observed a significant shift of the resonance frequencies towards lower frequency when the degree of loosening of the femoral stem increased, especially for the three resonance frequencies around 200 Hz, 450 Hz and 600 Hz.

Since implant loosening occurs several weeks or months after the surgery, the vibration technique should be adapted so that the measurements are extra-corporeal. A clinical trial 2.6. Numerical models of implant stability determinants was conducted by [START_REF] Georgiou | Accurate diagnosis of hip prosthesis loosening using a vibrational technique[END_REF] on the use of extra-corporeal shakers or accelerometers positioned on the skin to detect implant loosening. The vibration testing and analysis in terms of number of harmonics and resonance frequencies diagnosed loosening states on 10% more patients than using the information retrieved from radiographs. In an ex vivo study on porcine forelegs, [START_REF] Ruther | Investigation of an acoustic-mechanical method to detect implant loosening[END_REF] proposed a loosening diagnosis method based on the use of a custom made implant equipped with a magnetic oscillator which impinges inside the implant. The frequency signal was then detected by an external accelerometer positioned on the skin. Although the method showed promising results with frequency spectrum changes when implant loosening increased, the method appears to be difficult to apply in the clinic, because of the invasive aspect due to the magnetic oscillator inside the implant.

In silico estimation of implant stability using vibration method

The sensitivity of the vibration behavior of the bone-implant system to implant insertion was studied using FE models (Pastrav et al., 2009a;[START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF]. They confirmed the relation between the variation of the bone-implant contact ratio and the resonance frequencies of the bone-implant system, which was assumed from the experimental results. The change of the FRFs features with bone-implant contact conditions has been studied once the implant was fully inserted, either for measuring primary stability (Pastrav et al., 2009a) or osseointegration [START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF]. Therefore, the change of contact is artificial and these studies do not provide the relation between the frequency change and the implant insertion characteristics. A better understanding of these phenomena remains a challenge regarding the development of a device for implant insertion monitoring.

Numerical models of implant stability determinants

To achieve an optimal primary stability, a compromise should be found by the surgeon between:

-reducing the relative micromotions at the BII which may lead to the formation of fibrous tissue in the peri-implant area, the formation of low-quality bone tissue or even inhibit bone growth -avoiding excessive stresses in the peri-implant bone which may lead to bone necrosis or periprosthetic fracture However, this compromise may be difficult to find for the surgeon as it depends on multiple factors, such as: 1) the FS design [START_REF] Folgado | Influence of femoral stem geometry, material and extent of porous coating on bone ingrowth and atrophy in cementless total hip arthroplasty: an iterative finite element model[END_REF][START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF][START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF], 2) the patient bone quality [START_REF] Wong | Effect of bone material properties on the initial stability of a cementless hip stem: a finite element study[END_REF][START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF], 3) the shape and size of the host bone cavity [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF], 4) the implant coating and porosity [START_REF] Folgado | Influence of femoral stem geometry, material and extent of porous coating on bone ingrowth and atrophy in cementless total hip arthroplasty: an iterative finite element model[END_REF][START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Ovesy | A nonlinear homogenized finite element analysis of the primary stability of the bone-implant interface[END_REF] and5) the geometry and mass of the surgical hammer [START_REF] Bishop | A parametric numerical analysis of femoral stem impaction[END_REF]. A summary of the outcomes of the main numerical studies on FS stability (primary and secondary) is presented bellow, in comparison with somes results for the ACI.

Stress distribution

2-D and 3-D FE models with real geometries showed that the residual stresses generated by the ACI insertion are mostly localized at the ACI rim because of its hemi-spherical shape [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]Raffa et al., 2019b;[START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. The stress distribution in the peri-implant bone after femoral stem insertion appears to be more dependant of the implant design than the ACI [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF]. However, the stresses remain mostly located in the proximal region, and in particular in the calcar region [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF], which is therefore highly subject to periprosthetic fractures (see Chapter 1, Subsection 1.2.3).

Bone-implant contact ratio

While pull-out tests are widely used to estimate primary stability of the ACI (Doyle et al., 2019a), the BIC ratio and distribution are two parameters of interest when considering the FS stability, due to the physiological loads and the implant geometry [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF][START_REF] Reimeringer | The influence of contact ratio and its location on the primary stability of cementless total hip arthroplasty: A finite element analysis[END_REF]. However, the desired BIC ratio achieved after FS insertion surgery is still not well established and the values obtained by numerical analysis have been reported to vary between 20% and 95% [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF].

Interference fit

The choice of the optimal interference fit leading to the appropriate range of micromotions and polar gap (which is defined as the distance between the bottom of the implant and the host bone cavity) for successful bone remodelling has been widely investigated for the ACI [START_REF] Curtis | The initial stability of uncemented acetabular components[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF][START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]. In particular, it has been demonstrated that the optimal interference fit depends on the bone quality and that it should not exceed a certain value around 1.3 mm [START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF], as higher values would lead to a decrease of the pull-out forces and an increase of the polar gap. However, there is a lack of information for the FS implant [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF]. Besides, most studies on the FS focus on the evaluation of micromotions during daily activities such as stair climbing or gait loading [START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF], that is, when the FS is fully seated.

Impaction technique

Interestingly, [START_REF] Bishop | A model of uniaxial implant seating by impaction[END_REF][START_REF] Bishop | A parametric numerical analysis of femoral stem impaction[END_REF] developed a simplified dynamical uniaxial model to study the effects of the impaction technique by the surgeon on implant stability. For that purpose, hammer, ancillary, implant, bone and soft tissues were modeled as a serie of discrete masses connected with linear elastic springs, representing linear elastic materials and interfaces.

This simple model allows to study the influence of mass and stiffness of the hammer and the ancillary as well as the number and intensity of hammer impacts on the implant seating, derived from the remaining displacement between implant and bone at the end of insertion.

Further challenges

For the femoral stem insertion, the aforementioned numerical models give limited insight with respect to the development of intra-operative methods to guide the surgeon in the detection of the optimal insertion end-point, because the implant insertion itself is not studied. To reach this long-term objective, the biomechanical phenomena occurring during the FS insertion need to be better modeled and understood.

Further challenges

The purpose of the aforementioned biomechanical methods is not to replace the surgeon proprioception or decision but to serve as a decision-support system for the implant stability optimization during insertion thanks to various measurements techniques (acoustic, impact, vibration...). The main advantage with regard to the surgeon judgment lies in the quantitative aspect of these methods. However, despite promising in vitro or in vivo results, and in silico validations, some work remains to be done to first better understand the mechanisms involved in the success of implant primary stability and second, to improve the efficiency of the stability assessment methods, the two phenomena being strongly related.

First of all, the understanding of biomechanical phenomena occurring during insertion is still a challenge. This is explained by the inter-individual variability of biological, mechanical and geometrical parameters as well as surgical procedures, which may influence the insertion process. Moreover, experimentally, it is impossible to measure implant stability throughout pull-out tests or BIC ratio evaluation as these measurements are destructive. For that purpose, numerical models are interesting since they offer the possibility to analyze different biomechanical parameters in a controllable environment. While different numerical studies investigated the ACI insertion, more work remains to be done for the FS, for which the biomechanical phenomena are different, mainly due to the difference of implant shape and anatomical loading.

Then, some clinical issues related to femoral stem insertion monitoring are still unsolved. In particular, the intra-operative detection of periprosthetic fracture has been poorly investigated in the literature, whereas it is an important cause of failure of femoral stem insertion. Some reasons explain this observation. On the one hand, the existing methods of insertion monitoring should be sensitive enough to detect a local damage in the peri-implant bone. This may be even more challenging considering methods which have no direct contact with the bone nor the implant. On the other hand, fracture occurrence is still not well established. Therefore, the few experimental studies which observed a periprosthetic fracture could not gather reproducible data regarding the characteristics of the fracture (e.g. location, size, influence on the stability), which prevents from reliable quantitative conclusion on the sensitivity of the method with regard to fracture occurrence. Some work remains to be done to propose a quantitative criterion to inform the surgeon of the fracture occurrence and severity, so that the surgical protocol could be adapted.

Eventually, difficulties concerning the clinical applicability of the biomechanical methods arise at different levels. Acoustic and impact analysis performed during the implant impaction have both the main advantage to be contactless with regard to the implant and to not modify the surgical protocol neither cause time loss. However, while the first method appears to be sensitive to environmental noise and operational variability, the second one requires more understanding regarding the physical definition of the stability indicators, specifically in the case of femoral stem insertion. In addition, the method should also be further tested throughout clinical trials.

Then, vibration approaches still present important drawbacks toward their application in clinic.

First it requires additional acts than the surgical ones, in order to perform the measurements.

Then, the different devices requires fixation of exciters or sensors on the bone or the implant, which increases the risk of infection. However, the method appears to be robust and to provide accurate information on the BII, which encourages to pursue the development of a measurement device adapted to the clinical environment.

Key points

• Medical imaging techniques such as MRI or CT give limited information on the boneimplant contact conditions due to artefacts, or on the mechanical implant fixation, which reinforces the need for intra-operative, non-invasive and quantitative techniques.

• The acoustic pattern of the impaction has shown to be sensitive to the implant insertion. Nonetheless, the technique remains highly sensitive to the environmental noise and the surgical protocol.

• Implant stability may be also measured throughout impact analysis, which is a noninvasive, non-radiating and real-time monitoring method based on the analysis of the temporal variation of the impact force signal. The method has been validated in vitro, ex vivo and in silico. However, clinical trials remain to be done.

• Another non-destructive technique based on vibration analysis has been developed first for dental application and then in the orthopaedic field. RFA consists in exciting the boneimplant system (e.g. with a shaker or a modal hammer) and then recording the vibrations (e.g. with accelerometers). Although resonance frequencies can be used to track implant insertion, the main drawback of vibration analysis lies in the fixation of sensors or exciters on the bone and/or the implant.

• Vibration techniques remain to be improved to be applicable in the clinic: first, from a technical point of view (i.e. to avoid contact with implant and bone) and then, to enhance and further investigate its sensitive to implant stability, including periprosthetic fracture occurrence.

• Numerical models are valuable as they improve the understanding of biomechanical phenomena occurring during implant insertion. Experimentally, the variability related to the use of biological tissue is difficult to control and the parameters may vary simultaneously.

Some quantities, such as the macroscopic bone-implant contact area are not measurable during experiments.

Part II

Experimental evaluation of the bone-implant stability by vibration methods

Chapter 3

Femoral stem insertion monitoring by Experimental Modal Analysis (EMA)

Introduction

As explained in Chapter 1, primary stability of uncemented implants is a crucial determinant of the long-term surgical success. Currently, the per-operative evaluation of implant stability is determined by the orthopedic surgeon by visual and hearing assessments [START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF].

Although the surgeon proprioception remains the Gold Standard to assess the implant insertion quality, these empirical approaches are subjective and may lead to failures, such as aseptic loosening or intra-operative femoral fractures, which require a revision surgery. Therefore, the development of quantitative, non-destructive and real-time techniques is of great interest for per-operative implant insertion monitoring.

Chapter 2 summarized different works related to the quantitative characterization of uncemented implant stability. Most studies considered acoustic and/or vibration methods, because imaging techniques such as X-ray or MRI create measurement artefacts near the implant [START_REF] Eggers | Artefacts in magnetic resonance imaging caused by dental material[END_REF][START_REF] Gray | Advanced imaging: Magnetic resonance imaging in implant dentistry[END_REF]. As detailed in Chapter 2 (Subsection 2.3.2), an interesting approach to assess per-operatively the implant stability consists in analyzing the resulting sound produced by hammer impacts performed on the ancillary during the implant insertion process [START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF]Goossens et al., 2020a;[START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF][START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF]. Even if this method is contactless, the influence of the environmental noise and the surgeon hammering technique on the results may limit the clinical application of the method.

Interestingly, vibration methods (see Subsection 2.5), which are used clinically to assess dental stability [START_REF] Nakashima | A study on the use of the Osstell apparatus to evaluate pedicle screw stability: An in-vitro study using micro-CT[END_REF], have also been applied to orthopedic surgery to monitor either implant insertion [START_REF] Yousefsani | A Vibrational Technique for In Vitro Intraoperative Prosthesis Fixation Monitoring[END_REF][START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF] or to detect acetabular cup loosening [START_REF] Georgiou | Accurate diagnosis of hip prosthesis loosening using a vibrational technique[END_REF][START_REF] Alshuhri | Non-invasive vibrometrybased diagnostic detection of acetabular cup loosening in total hip replacement (THR)[END_REF][START_REF] Qi | How much can a vibrational diagnostic tool reveal in total hip arthroplasty loosening?[END_REF]. The modal features (i.e resonance frequencies and mode shapes) of the bone-implant system, which are measured throughout sensor or probe fixation on the implant and/or the bone, have shown to be highly sensitive to the bone-implant stability in the frequency range [0-6] kHz [START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF][START_REF] Lannocca | Intra-operative evaluation of cementless hip implant stability: A prototype device based on vibration analysis[END_REF]Henyš et al., 2018;[START_REF] Henys | Evaluation of acetabular cup initial fixation by using resonance frequency principle[END_REF]. However, the main drawback of the aforementioned vibration approach lies in the difficulty of applying it to the clinic due to i) the modification of the orthopaedic implant design with the fixation of sensors, ii) the contact between excitation systems and the bone or the implant to measure the Frequency Response Functions (FRF) or the mode shapes and iii) the modification of the surgical protocol to perform Resonance Frequency Analysis (RFA).

The aim of the present chapter is to provide a vibration-based method sensitive to the boneimplant contact changes during femoral stem insertion. The originality is to use the surgical ancillary as a part of the vibration measurement device so that no sensors need to be fixed either to the implant or to the bone. Experimental Modal Analysis (EMA) is performed throughout impact excitation on the ancillary during FS insertion into bone mimicking phantoms. The modal features are analyzed according to (i) the implant insertion step and (ii) the implant displacement into the host bone cavity. In order to assess the performances of the method, the results obtained with EMA are compared with information retrieved by using impact force analysis method, extensively described in Chapter 2 (Subsection 2.4.2).

The work presented in this chapter was published in Annals of Biomedical Engineering [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Section 3.2.4 and 3.3.3, as well as Fig. 3.5 have been added to the main part of the text, as it was initially in the Appendix section. Complementary information given in the Appendix was also added to Section 3.2.1.

Material and methods

Experimental set-up for femoral stem insertion

This study was performed using 10 human artificial left femurs (ORTHObones, 3B Scientific, Hamburg, Germany) made of polyurethane foam mimicking trabecular and cortical bone tissues. The implant considered in this study was a cementless femoral stem of size 9 made of titanium alloy (TiAl6Al4V) and coated with hydroxyapatite (CERAFIT R-MIS, Ceraver, Roissy, France). The specimens were prepared similarly as in Tijou et al. ( 2018) (see Fig. 3.1).

The implant was inserted by two experimented surgeons by applying successive impacts to the top of a cylindrical-shaped custom-made ancillary (referenced as [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF] in Fig. 3.1) with the same instrumented hammer as in previous studies (Albini Lomami et al., 2020;[START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] (referenced as [START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] in Fig. 3.1). The variation of the force as a function of time was recorded with the dynamic piezoelectric sensor (208C05, PCB Piezoelectronics, Depew, New York, USA). A dedicated data acquisition module (NI 9234, National Instruments, Austin, TX, USA) with a sampling frequency of 51.2 kHz and a resolution of 24 bits was linked to a LabView interface (National Instruments, Austin, TX, USA) to record s i (t) for a duration of 13 ms. Each impact corresponds to one insertion step noted #i and the corresponding force signal s i (t) was recorded together with the implant relative displacement E i = e i -e 0 between two successive insertion steps following the procedure used in [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF]. 

Experimental set-up for modal analysis

EMA was carried out by analyzing the modal behavior of the ancillary for each implant insertion step #i. The EMA set-up is described in Fig. 3.1. The bone phantom specimen was clamped to the vibration table to provide a rigid boundary condition to the system. The ancillary, temporary screwed within the femoral stem to provide a rigid connection between the two parts during the insertion procedure, was equipped with a 3-axial accelerometer (365A01PCB Piezotronics, Depew, NY, USA) located at its top. The axes of the accelerometer were aligned with those of the femoral stem to allow a simple post-processing analysis. A small modal hammer (8204, Brüel and Kjaer, Naerum, Denmark), referenced as (2) in Fig. 3.1, was used as an excitation source. The impact was made with a maximum force lower than 50 N in order to make sure that such impact does not modify the implant position. The acceleration signal was recorded by a dedicated data acquisition module (BK Connect, Brüel and Kjaer, Naerum, Denmark) with a sampling rate of 51.2 kHz and a duration of 0.25 s. Twelve locations equally distributed were defined along the cylindrical part of the ancillary, as shown in Fig. 3.1. For each implant insertion step #i, the ancillary was impacted at each location with the dedicated modal hammer in two perpendicular directions corresponding to the x and y-directions indicated in Fig. 3.1, which leads to a total of 24 measurement points for each insertion step #i. The impact was repeated five times at each measurement point. As the X, Y and Z components are stored for each impact, a total of 72 averaged acceleration response signals γ(t) and 24 averaged force signals F (t), were recorded, for each insertion step #i. We assumed that the weight of the accelerometer (1 g) does not influence the modal response of the ancillary. Given the low momentum applied with the modal hammer, we assume that the bone-implant system behaves linearly during the modal tests, which was confirmed by an analysis of the coherence functions that provides evidences on the absence of non-linearity or high noise level [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF].

Experimental protocol

The femoral stem was inserted one time only in each bone phantom specimen except for specimen #7, where it was inserted three times to study the EMA sensitivity to successive insertions. A dedicated iterative experimental protocol illustrated in Fig. 3.2 was carried out for each insertion step #i and for 10 additional impacts after the one corresponding to the optimal insertion end-point that was determined empirically based on the surgeon proprioception. 

Data analysis of vibro-acoustic measurements

Analysis of the impact force measurements

The same signal processing method as the one developed in [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] was employed in order to analyze the insertion force signal s i (t) applied with the instrumented hammer [START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] on the top of the ancillary. The same indicator as developped in previous studies [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], noted D i was calculated for each impact #i from the impact force signal s i (t). The indicator D i , given in ms, corresponds to the time difference between the time of the second and the first local maxima of the signal s i (t) and is calculated as follows:

D i = f 2 (s i (t)) -f 1 (s i (t)) (3.1)
where the functions f 1 and f 2 are defined as the time of the maximum value of the first and second peak of the signal s i (t), respectively.

Modal analysis and parameters estimation

The acceleration signals γ(t), as well as the impact forces F (t) recorded by the modal hammer

(2), need to be processed in order to extract the modal parameters, namely the modal (or resonance) frequencies, the mode shapes and the modal damping. Due to the large number of datasets, the modal parameter estimation was performed using a dedicated software for modal analysis (BK Connect, Brüel and Kjaer, Naerum, Denmark) following the method described below. First, an exponential weighting window was applied for both the force (input) and the acceleration (output) signals. Then, the Fast Fourier Transforms (FFTs) of all acceleration and force signals were computed and were denoted γ(ω) and F (ω). Eventually, all the FRFs, noted h(ω) were determined as follows [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF]:

h(ω) = γ(ω)/ F (ω) (3.2)
For each insertion step #i, 72 FRFs h(ω) were calculated with Eq. 3.2, considering the FFTs γ(ω)) of the 72 time accelerations signals γ(t) recorded for each x-, y-and z-direction and for each one of the 24 measurement points. A multidegree-of-freedom (MDOF) modal analysis extraction method, called the Rational Fraction Polynomial (RFP) algorithm, was used to estimate the corresponding modal parameters. This method [START_REF] Richardson | Parameter Estimation from Frequency Response Measurements using Rational Fraction Polynomials[END_REF], provides a curve-fitting to all FRFs corresponding to the same insertion step #i, considering the problem as a linear set of equations defined by an analytical fraction FRF formulation. Then, the MDOF method consists in determining for each insertion step #i the resonance frequencies f n and the modal dampings ζ n so that the reconstructed transfer function, noted H(ω), approaches h(ω) within the frequency range f ∈[400-8000] Hz, determined considering the modal hammer bandwidth and the results of [START_REF] Qi | How much can a vibrational diagnostic tool reveal in total hip arthroplasty loosening?[END_REF] about the optimal frequency range to study femoral stem connection with the host bone. The mode shapes vectors ϕ i n , for n ∈ [0, N i ] were retrieved from h(ω) at the resonance f i = f n obtained at each measurement point. Note that the number of modes N i which could be identified, can vary as a function of #i, since the mechanical system evolves during the insertion procedure.

Reproducibility of EMA

The measurement protocol described in Fig. 3.2 and the corresponding signal processing were repeated 3 times at each insertion step #i during the implant insertion in bone phantom specimen #3, which was chosen arbitrarily. The mode detection and modal frequency values f n determined with the modal analysis using the RFP method for the frequency range [400-8000] Hz were compared for each insertion step #i. The same modes were detected for the three measurements performed at each insertion step and the averaged difference between the modal frequencies f n obtained for the three analyses over the all insertion procedure was smaller than the software resolution, which is equal to 4 Hz. This result validates the repeatability of the RFP method to determine all resonance frequencies in this study.

Femoral stem insertion monitoring

Mode shape tracking

The Modal Assurance Criterion (MAC) was used to track the modes of the ancillary throughout the insertion process. The MAC is defined as a scalar providing a measure of consistency between two modal vectors ϕ 1 and ϕ 2 and is defined as follows [START_REF] Allemang | The modal assurance criterion -Twenty years of use and abuse[END_REF]:

M AC(ϕ 1 , ϕ 1 ) = ϕ 1 T ϕ 2 * ϕ 1 T ϕ 1 * ϕ 2 T ϕ 2 * (3.3)
where ϕ T is the transpose of ϕ and of ϕ * is the complex conjugate of ϕ 1 . Equation ( 3.3) is a normalized Hermitian inner product between two modal vectors. A MAC value close to 1

indicates a high degree of collinearity between the two mode shapes ϕ 1 and ϕ 2 , while a MAC value close to 0 means that the two modes ϕ 1 and ϕ 2 are nearly orthogonal. By applying this concept to a set of modes from the same insertion step #i, one obtains a symmetric matrix A which is expected to be close to an identity matrix and which can therefore be used as a quality assessment for the modal extraction. Then the matrix coefficients are defined for p, q ∈ [0, N i ] by :

A pq = M AC(ϕ p , ϕ q ) (3.4)
In this study, the MAC is used to identify and track one or several specific modes from one insertion step #i to another insertion step #j. Since the boundary conditions of the ancillary varies with the implant insertion step, the mode shape ϕ i n may slightly evolve between different insertion steps #i, especially in the first insertion steps. Therefore, the coefficients A n ij = M AC(ϕ i n , ϕ j n ) with (i ̸ = j) are expected to be different from 1. Furthermore, based on Henyš and Čapek (2018), we assume that a MAC value A n ij higher to 0.75 provides the mode tracking from the successive insertions steps #i and #j by ensuring that all modes are uniquely paired.

Eventually, for certain modes, the coefficients A n ij were calculated for all the insertion steps i ̸ = j leading to the evolution of a specific mode shape ϕ n throughout the insertion procedure.

Parameter evaluation to monitor femoral stem insertion

Our previous studies showed that the indicator D i could be used to estimate the implant insertion endpoint, with a significant correlation with the surgeon proprioception [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] for which the corresponding insertion step was noted N surg . In the present study, the variation of the modal frequency f n obtained with the EMA was compared to the variation of the indicator D i as a function of the impact number #i. The convergence of both D i and f n was characterized by two thresholds defined empirically as the lowest impact number i = N f for which:

D i < D + 2 × D std (3.5a) f n i > f n -2 × f n std (3.5b)
where f n , f n std correspond to the mean and standard deviation values of the modal frequency n for the 6 last impacts; D and D std are the mean and standard deviation values of the indicator

Results

D for the 10 last impacts. The choice of the number of impacts considered will be discussed in Section 3.4.

Results

Mode shape features

Three bending modes of the ancillary could be identified in the frequency range [400-8000] Hz for all bone mimicking specimens and all insertion steps. The total number of insertion steps varies between 15 to 18 according to the specimen. The modal characteristics (given by the resonance frequency and the shape curvature) were obtained by the RFP method. A representation of the deformed shape of these three bending modes is shown in Fig. 3.3a. This illustration is obtained from the FRF at the resonance frequency f n , retrieved at each measurement point for a specific insertion step i = 14 corresponding to a step at the end of femoral stem insertion into the bone phantom #3. The magnitude of the arrows drawn at each measurement point in the three orthogonal x-, y-, z-directions is proportional to the mode shape calculated in each direction. The deformed shape is compared to the undeformed shape of the cylindrical part of the ancillary, represented by the thin vertical line in the middle of the boxes. For ease of reading, the notation of the modes is based on the number of nodes on the ancillary and on the plane of vibration, defined in Fig. 3.1. Among the three modes shown in Fig. 3.3, the modes 2Y and 2Y b oscillate in the (Y Z) plane, while mode 2X oscillates in the (XZ) plane. The number of nodes is in all cases equal to two for the three modes considered herein. Even if the shapes of modes 2Y and 2Y b look similar (bending modes with two nodes), they are identified as two distinct modes since they have two different resonance frequencies f 2Y and f 2Y b , as shown in Table 3.1. Moreover, an example of two frequency response functions corresponding to the configuration of Fig. 3.3a and recorded for two modal hammer impacts in the x-and y-directions at measurement point 9 from the top of the ancillary (see Fig. 3.3a) is shown in Fig. 3.3b. The two modes 2Y and 2Y b are visible on the FRF recorded in y-direction (red curve) with peaks around 2990 Hz and 3416 Hz respectively, whereas the peak of mode 2X appears on the FRF recorded in x-direction at 3108 Hz. Furthermore, the modes 2Y and 2Y b may be distinguished by the vibration of the femoral stem, which is not measured in this study. This point will be detailed in Section 3.4. In what follows, it was chosen to not show the data corresponding to mode 2X since both the mode shape and the resonance frequency f 2X do not change between the different insertion steps (see Table 3 

Modes tracking

The Modal Assurance Criterion (MAC) is employed to track the mode shapes throughout the implant insertion procedure. The results in Fig. 3.4a and Fig. 3.4b show coefficient values A ij between 0.6 and 1 for all the compared insertion steps which reveals a change of the shape of both ancillary's modes 2Y and 2Y b throughout the implant insertion procedure. The steps bigger than 15 were truncated in order to take into account all the specimens in the matrix representation, the total number of insertion steps varying between 15 and 18 over the specimens. As expected, lower coefficient values are obtained for the initial insertion steps which can be explained by the significant modification of the implant position into the bone phantom at the beginning of the insertion procedure, which influence the mode shapes. From a specific insertion step (i = 4 for mode 2Y and i = 3 for mode 2Y b ), the mode shapes do not change compared to the beginning of insertion which is illustrated by higher A ij values, which are closed to 1. Moreover, as expected, the standard deviations associated to the averaged values of A ij are lower for the final insertion steps than for the initial ones, since at the beginning of insertion the implant displacement is higher than at the end, leading to more important discrepancies between the specimens (see 3.3 for all bone phantom specimens. Similarly as in the study of [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF], the surgeon's decision is in good agreement with the convergence of D i , with an insertion step's gap of 0.2 ±1 in average over the specimens. Moreover, in average, the convergence steps of the resonance frequencies are reached 3 steps after the convergence of the indicator D i . Specimen 1 2 3 4 5 6 7 8 9 10 Mean SD 2 6 4 4 4 0 5 4 3 2 3.4 1.7 (respectively f 2Y b and E i for all bone phantom specimens, with an average correlation coeffi- 
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Sensitivity of EMA to successive implant insertions

The same behavior as the one described previously is obtained for the three successive insertions with an increase of the modal frequencies f 2Y and f 2Y b (respectively a decrease of D i )

until the values reach a "plateau". However, Figure 3.8 shows that all parameters reach the plateau faster for the second and third insertions compared to the first one. This result may be explained by wear phenomena in the bone cavity after the first insertion procedure, which will be detailed in Section 3.4. 

Discussion

This work aims to investigate whether EMA can be employed to monitor the femoral stem insertion into the host bone. For this purpose, a new protocol was set up where EMA is performed on the ancillary and not directly on the implant nor the bone, which allows to consider such approach to be used in clinical conditions in the future. In this work, the sensitivity of the resonance frequencies and the corresponding mode shapes in the frequency range [400-8000] Hz was investigated throughout the insertion procedure and the results were compared to another monitoring method developed by our group based on the analysis of the force used to insert the implant [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF].

Sensitivity of the modal parameters to the implant insertion state

Three bending modes of the ancillary could be identified at every step of the femoral stem insertion for all bone phantom specimens (see Fig. 3.3). The corresponding resonance frequencies f 2Y and f 2Y b vary as a function of the insertion step #i. The evolution of the indicator D i presented in Fig. 3.5 and Fig. 3.6 is consistent with previous studies of our group [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], which allows to compare the results obtained using the method developed herein with previous results. A good qualitative agreement was found between the two methods for implant insertion monitoring (see Fig. 3.3 show that the resonance frequencies reach a plateau in average three insertion steps after D i , which exhibits that modal frequencies carry another information on the bone-implant characteristics during the insertion procedure than the one given by the indicator D i . Moreover, the significant correlation between the resonance frequencies f 2Y and f 2Y b and the femoral stem relative displacement E i into the bone phantom may be explained by an increase of the stiffness of the bone-implant system (Goossens et al., 2020a;Henyš et al., 2018). In a previous study carried out with bone phantom specimens, a unique threshold for D i was defined empirically and was equal to 0.53 ms [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF]. However, the objectives and the experimental configuration of the present work differ from Tijou et al.

(2018) since only one size was tested and only one femoral stem insertion was realized for each bone phantom specimen, contrarily to the previous study where successive implant insertions were repeated with the same specimen. Therefore, even if the choice of a unique threshold equal to 0.53 ms would have been consistent considering the standard deviation of D i equal to 0.10 ms, it would have led to an underestimation of the insertion step N D for six specimens (see Table 3.1). Consequently another definition of the convergence threshold of D i given by Eq. (3.5a) was used where the threshold varies according to the bone phantom specimen which improves the correlation between N D and the actual convergence of the indicator D i .

Sensitivity of the modal parameters to the bone cavity properties

After the experiments, the bone phantom specimens and in particular the cavity, was visually checked and any crack nor defect was detected. Even if the same behavior was obtained for the evolution of f 2Y and f 2Y b throughout the insertion procedure for all bone phantom specimens, the frequency convergence thresholds of mode 2Y and 2Y b defined by Eq. (3.5b) vary according to the specimen (see Table 3.1). Such variations may be explained by differences in the bone phantom geometry since the cavity was reamed manually by the surgeon. The sensitivity of EMA to changes of the cavity properties was also studied by repeating the femoral stem insertion three times in the same bone specimen. A faster increase of the modal frequencies (a faster decrease of the indicator D i , respectively) was obtained for the second and the third insertion procedure than for the first one (see Fig. 3.8). During the first insertion procedure, trabecular bone at the bone-implant interface may have been slightly damaged due do the frictional forces at the bone-implant interface [START_REF] Hériveaux | Elastography of the bone-implant interface[END_REF]. Therefore, the cavity may have been enlarged, especially between the first insertion and the following ones which could explain a faster increase of the resonance frequency because the implant relative displacement is higher for equivalent insertion force.

Limitations

A first limitation of the study lies in the large measurement time required to retrieve the full mode shapes which limits its application in the operating room. Therefore, to be applicable in the clinic, it would be interesting to assess the resonance frequencies from the FRF retrieved at a specific location of the ancillary. This optimal location can be determined with respect to the mode shapes identified in this study and in particular, far from the nodes. The important time needed to perform the measurements comes from the choice of the number of measurement points equal to twelve and leading to a spatial resolution of the mode shape of 10 mm, which was determined in order to optimize both the duration of the measurement protocol and the accuracy of the modal parameters estimation. Moreover, it was not possible to impact the ancillary according to the z-direction except on its top due to the configuration. Therefore, the construction of the mode shape is based only on the excitation and acceleration measurements in the x-and y-directions and it was assumed to consider the ancillary as a 1D system represented by a vertical line. Note that a better FRF estimation method such as the one proposed by [START_REF] Kim | Frequency reponse function estimation via a robust wavelet de-noising method[END_REF] could have been used to minimize the noise from the input and output signals.

A second limitation is associated to the fact that the ancillary must be screwed within the femoral stem in order to provide a rigid connection between both parts and to enable EMA to be sensitive to the changes at the bone-implant interface without sensor fixation or solicitation on the bone nor the implant. This rigid fixation requires to design an ancillary that is screwed in the FS implant, which is not always possible with all implants. Note that an accelerometer could be fixed on the implant or the bone to retrieve the mode shapes of the whole system, similarly as what was done in Henyš and Čapek (2018) but such approach would be more difficult to transpose to the operative room because of sterilization and biocompatibility issues.

A third limitation lies in the bone model and the experimental configuration which have several drawbacks concerning the material properties, the specimen's geometry and configuration compared to a clinical situation. First, the use of bone mimicking phantoms instead of actual human femurs, which is likely to modify the mechanical response of the bone-implant system because of the difference in terms of bone properties and presence of surrounding soft tissues. In particular, it is expected that the damping of the peaks at resonance would be more important in real clinical conditions because of both the composite bone properties and the rigid connection of the current in vitro configuration. Moreover, although considering half of the femur is a commonly employed configuration when studying femoral stem insertion monitoring [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF][START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF], such configuration is likely to affect the values of the resonance frequency, which is why the same length was considered for all specimen. Also, the specimens were rigidly attached is also likely to affect the results but we also considered the same configuration for all specimen. Note that in a previous study carried out for the acetabular cup [START_REF] Bosc | Influence of soft tissue in the assessment of the primary fixation of acetabular cup implants using impact analyses[END_REF], we showed that the results did not depend on the thickness of soft tissues located around the specimens. Therefore, the results cannot be directly translated to the clinical practice and the quantitative values obtained in the study should be then understood as a demonstration of the methodology. It would be of great interest to further test the method on anatomical subject to be closer to real case clinical condition and retrieve quantitative data needed for developing of a future medical device. Eventually, a fourth limitation lies in the post-processing analysis and the determination of the thresholds calculated a posteriori, which may be a limiting factor in the clinic since non-necessary impacts applied by the surgeon must be avoided. To overcome this issue predictive methods should be set up in order to provide real-time information about the thresholds to the surgeon. For that purpose, the use of larger bone datasets and the development of numerical models would be relevant to study the influence of biomechanical and geometrical parameters as the trabecular bone Young's modulus or the interference fit corresponding to the size's difference between the bone cavity and the implant.

Development of a future medical device

Being able to objectively monitor and follow implant insertion per-operatively is likely to support the surgeon in the decisions made during the impaction stage, especially in the last stages of insertion. Although the present methodology cannot be directly applicable in clinical conditions because of the required time of measurement, our approach could be used in the future to provide a decision-support system to the surgeon using frequency measurements obtained following a comparable method. The first application of the present method is to track the implant insertion thanks to the evolution of the resonance frequencies. Such approach will allow to decrease the occurrence of unnecessary additional impacts applied when the implant is fully inserted, thus reducing the risk of fractures, while improving the implant primary stability.

A second application concerns the estimation of the insertion length into the femur, which is difficult to measure in the clinic. This insertion length is an important criterion defining the end of insertion. By using predictive methods, the correlation between the resonance frequencies and implant displacement into the bone could help to estimate the actual insertion depth.

Perspectives

Contrarily to previous studies which require modifications of the implant for sensors or shaker fixation, the main advantage of our method is that it does not require any contact with the implant nor bone tissues (Henyš and Čapek, 2018;[START_REF] Pastrav | Detection of the insertion end point of cementless hip prostheses using the comparison between successive frequency response functions[END_REF][START_REF] Yousefsani | A Vibrational Technique for In Vitro Intraoperative Prosthesis Fixation Monitoring[END_REF]. However, it would be relevant in a future study to evaluate respective sensitivity of modes 2Y and 2Y b to specific characteristics of the bone-implant interface properties during insertion such as the bone Young's Moduli or the implant positioning in the bone cavity. It would also be interesting to optimize the number and locations of measurement points regarding the shape of the modes of interest identified in this study, in order to make the measurement easier and quicker for the surgeon by calculating only few FRFs on which the resonance frequencies would be identified and used to monitor the femoral stem insertion.

Conclusion

This chapter investigates the possibility to perform EMA directly on the surgical ancillary used to insert uncemented implant into the bone, in order to monitor femoral stem insertion.

The results are shown to be consistent with a previously assessed method based on the impact force analysis. The modal parameters of two bending modes of the ancillary in the range Hz are sensitive to the bone-implant contact conditions and a significant correlation was obtained between the variation of the corresponding modal frequencies and the femoral stem displacement into the host bone. This study opens new paths towards the development of noninvasive evaluation methods for the femoral stem insertion monitoring.

Key points

• The vibration measurements are performed throughout the ancillary connected to the bone-femoral stem system.

• Two resonance frequencies of the ancillary are correlated to the implant insertion depth in the range [400-8000] Hz. These resonance frequencies correspond to two bending modes of the ancillary: the modes 2Y (∼ 2.9 kHz) and 2Y b (∼ 3.5 kHz).

• At least two mode shapes of the ancillary (2Y and 2Y b ) provide information on the boneimplant contact.

• An insertion end-point criterion is developed based on the modal frequencies convergence, similarly as the convergence threshold defined for impact analysis.

• An instrumented ancillary device may be developed to provide a valuable real-time and non-invasive monitoring method.

Chapter 4

Development and optimization of an instrumented ancillary to assess bone-implant stability

Introduction

In Chapter 3, a specific vibration method has been validated in vitro for real-time monitoring of uncemented implant insertion. The principle of the investigated method is to assess the boneimplant system rigidity via frequency measurements performed on the ancillary, which is fixed to the implant during the insertion procedure. The main advantage of this approach is that no sensors nor probes need to be fixed either to the implant or to the bone. However, the time of measurements required for full modal characterization of the ancillary is an important drawback considering the surgical point of view. Moreover, based on the results obtained in Chapter 3, only a set of modes measured in the range [0.4-8] kHz, which will be named "modes of interest" in what follows, present a resonance frequency sensitive to implant insertion. Therefore, the instrumented ancillary proposed in Chapter 3 should be optimized so that the vibration measurements focus on the modes of interest only. Moreover, in Chapter 3, the vibrations were measured throughout an accelerometer fixed on the structure. In terms of cost and design, this type of sensor should also be improved, as accelerometers are relatively expensive and bulky, which may prevent the method to be used in the clinic.

Interestingly, piezoelectric ceramic transducers bonded to flexible structures are widely employed in the context of dynamic measurements [START_REF] Park | Dynamics modelling of beams with shunted piezoelectric elements[END_REF][START_REF] Hagood | Damping of structural vibrations with piezoelectric materials and passive electrical networks[END_REF]Dell'Isola et al., 2004). In addition to being thin, light and inexpensive, piezoelectric transducers offer the advantage to be used as sensors or actuators due to their property to convert mechanical strains into electrical voltage and vice versa. Several authors studied piezoelectric sensors placement optimization on structures based on the modal electro-mechancical factor (MEMCF) (ANSI/IEEE, 1988), which is associated to one piezoelectric sensor and one mode of vibration, and the mode observability defined by [START_REF] Halim | An optimization approach to optimal placement of collocated piezoelectric actuators and sensors on a thin plate[END_REF]. This optimization approach is particularly relevant for vibration reduction control [START_REF] Thomas | Performance of piezoelectric shunts for vibration reduction[END_REF][START_REF] Ducarne | Placement and dimension optimization of shunted piezoelectric patches for vibration reduction[END_REF][START_REF] Wang | Optimal placement and size of piezoelectric patches on beams from the controllability perspective[END_REF] but other applications have been developed, such as reduction of the radiated sound power of a structure [START_REF] Rosi | Optimization of piezoelectric patch positioning for passive sound radiation control of plates[END_REF] or damage detection in thin plate-like structures in the field of structural health monitoring [START_REF] Flynn | Optimal Placement of Piezoelectric Actuators and Sensors for Detecting Damage in Plate Structures[END_REF].

Taking advantage of the benefits of using piezoeletric ceramic transducers, this chapter aims to provide an instrumented ancillary optimized in terms of piezoelectric sensor placement for bone-implant stability assessment. From a more general point of view, the specific issue of optimizing the observability of a set of modes sensitive to the beam boundary conditions is addressed.

For that purpose, the ancillary is modeled as a square beam with one free extremity and another one bonded to the implant during its insertion, where the bone-implant rigidity corresponds to the boundary condition of the beam. A description of the smart beam electromechanical behavior and the transducers position optimization strategy based on mode observability is first proposed. In particular, the modal electromechanical coupling between the piezoelectric sensor and the beam and the utility functions chosen for the optimization of a subset of modes are defined. Then, an experimental validation of the optimization strategy is carried out considering the same implant insertion configuration as in Chapter 3, with the perspective to further develop an instrumented ancillary device.

The content of this chapter was published in Mechanical Systems and Signal Processing (Poudrel et al., 2023a).

Equations of the smart device

Geometry and kinematics

Consider an elastic beam of length ℓ with a rectangular section b × h (Fig. We assume the piezoelectric layers have the same width b with the beam's section. Each piezoelectric layer is covered on both its upper and lower surfaces by electrodes which are equipotential surfaces. The electric field E assumed to be constant, uniform and parallel to the transverse direction e z , is : E z = -V /h p , where V the voltage applied between the electrodes.

The purely elastic part of the beam is grounded.

In this study, all forces acting along e y are neglected, the system may be described by a 1D Euler-Bernouilli model in the plane (x, z). Moreover, by assuming that the longitudinal and rotation of the beam are negligible, only flexural movement is considered. All components of the displacement field at a point of coordinates (x, y, z) may expressed in terms of the transverse displacement w(x) of the beam's neutral axis: 

u z (x, y, z, t) = w(x, t) (4.3)

Constitutive law and governing equations

By using the Euler-Bernoulli beam model, the transverse stress σ zz and the shear strain ϵ xz are negligible. Consequently, the only non-zero strain component is: ϵ xx = u ′ x = -zw ′′ and the full piezoelectric constitutive equation (see Appendix A.1) reduces to:

σ xx = Y ϵ xx -e 31 E z , ( 4.4 
) 

D z = e 31 ϵ xx + ε 33 E z . ( 4 
Y p = (c 11 -c 12 )((c 11 + c 12 )c 33 -2c 2 13 ) c 11 c 33 -c 2 13 (4.6)
In the following, the extended Hamilton principle will be used for obtaining the equations of motion and continuity conditions [START_REF] Preumont | Mechatronics: Dynamics of Electromechanical and Piezoelectric Systems[END_REF]. See Appendix A.2 for more details.

Equations in a segment containing

i-th patch (x ∈ [a i , b i ])
With the presence of the upper and lower piezoelectric patches, the beam has three layers and the kinetic variation δT * may be expressed by:

δT * = b i a i b/2 -b/2 H/2 -H/2 ρ(δ ẇ) ẇ dydz dx = b i a i m δ ẇ ẇdx, (4.7) 
where

H = h/2 + h p and m = b(ρ b h + 2ρ p h p )
which is effective mass par unit length of the beam.

Similarly, by recalling that the electric potential is fixed (δE = 0) and by substituting Eqs.

(4.1-4.5) into (A.13), the potential variation δW * e reads:

δW * e = b i a i b/2 -b/2 H/2 -H/2 (-δϵ xx σ xx ) dydz dx (4.8) = b i a i δw ′′ -D w ′′ + GV dx, ( 4.9) 
where (4.11) are a bending stiffness and a coupling coefficient, respectively.

D = b/2 -b/2 H/2 -H/2 Y z 2 dydz = Y b bh 3 12 + Y p bh p (3h 2 + 6hh p + 4h 2 p ) 6 , (4.10) G = b/2 -b/2 H/2 -H/2 e 31 z h p dydz = e 31 b(h + h p ) = b (h + h p ) d 31 Y p ,
Then, integrating δW * e by parts twice with respect to x gives:

δW * e = b i a i δw -D w ′′ + GV ′′ dx -δw ′ -D w ′′ + GV i b i a i + δw -D w ′′ + GV i ′ b i a i (4.12) = b i a i δwM ′′ dx -δw ′ M b i a i + δwM ′ b i a i (4.13)
where M := -D w ′′ + GV is the bending moment in the beam.

If we only consider a distributed transverse load p(x, t) applied to the beam, the virtual work of external force is:

δW * ext = b i a i δw p dx. (4.14)
In order to add the non conservative effects due to the internal damping of the beam, an extended

Hamilton principle approach has to be used:

t 2 t 1 (δT * + δW * e + δW ext + δW nc ) = 0 (4.15)
where δW nc is the work expended by the the non conservative actions. In the case of internal damping of the beam, we suppose the existence of a linear velocity dependent action and this term reads:

δW nc = - ℓ 0 ηwδ ẇdx (4.16)
Finally, by applying the extended Hamilton's principle, the equations of motion reads:

m ẅ + η ẇ -M ′′ = p (4.17)
along with the following continuity conditions, where f (x) = f (x + )-f (x -) is a jump function:

w = 0, (continuity of displacement), (4.18 
)

w ′ = 0, (continuity of rotation), (4.19) 
D w ′′ + GV i = 0, (continuity of moment), (4.20) 
(D w ′′ + GV i ) ′ = 0, (continuity of shear force). ( 4.21)

As the piezoelectric patch is very thin with respect to the beam, the flexural rigidity D and the mass per unit length m of the beam, can be considered as uniform in [0, ℓ]. In addition, the strain may be regarded as uniform over its thickness ϵ xx = -z m w ′′ where z m = (h + h p )/2 is the coordinate of center line of the piezoelectric patch. The charge Q i of the i-th patch is defined as the free electric contained electrode area [START_REF] Ducarne | Placement and dimension optimization of shunted piezoelectric patches for vibration reduction[END_REF]:

Q i = b b i a i -D z dx = b b i a i (e 31 z m w ′′ -ε 33 E z ) dx (4.22) = G(w ′ (b i ) -w ′ (a i )) + C i V i (4.23)
where

C i = ε 33 b(b i -a i )/h p .
If the piezoelectric segment is left open-circuited, then Q i = 0 and:

C i V i = -G(w ′ (b i ) -w ′ (a i )) (4.24)
Equation for the whole domain

(x ∈ [0, ℓ])
For describing the behavior of the beam with length ℓ with n p patches, one may use the same expression of the equation (4.17), with a more general formulation of bending moment:

M = -Dw ′′ + np i=1 GV i (H(x -a i ) + H(x -b i )), x ∈ [0, ℓ]. (4.25)
where H(.) denotes the Heaviside function.

Moreover, considering the beam with one free extremity and the other mechanically connected to another mechanical system, the boundary conditions at x 1 = 0 and x 1 = ℓ are:

w ′′ (0) = 0, (no bending moment on the free end), (4.26)

w ′′′ (0) = 0, (no shear force on the free end), (4.27)

D w ′′ (ℓ) = M ext ,
(bending moment imposed by the external mechanical system), (4.28)

D w ′′′ (ℓ) = T ext ,
(shear force imposed by the external mechanical system). ( 4.29)

Modal expansion

The harmonic motion of the beam may be expressed by N short-circuit eigenmodes ω k , ϕ k (x)

(i = 1..N ): w(x, t) = N k=1 ϕ k (x)q k (t) (4.30)
where q k (t) is a time-dependant function. ω k , ϕ k (x) may solved from by Eq. ( 4.17) with p = 0 and V = 0:

-ω 2 k mϕ k + Dϕ (4) k = 0 (4.31)
where (4) represents the fourth derivative with respect to the coordinate x. The modes ϕ k are orthogonal and may be normalized by:

ℓ 0 ϕ j (x)ϕ k (x) = δ jk (4.32)
By substituting (4.30) into (4.25), (4.17) , and multiplying the results by ϕ j , one obtains N equations (j = 1..N ):

mq j (t) + ω 2 j mq j (t) + η j qj - np i=1 g ij V i = F j (4.33)
where F j = ℓ 0 ϕ j p(x, t) dx. The value of the coupling coefficient g ij of the patch i with respect to the mode j is defined by:

g ij (a i , b i ) = G b i a i ϕ j ′′ (x)dx = G ϕ ′ j (b i ) -ϕ ′ j (a i ) (4.34)
Similarly, substituting (4.30) into (4.24) leads to n p equations (i = 1..n p ):

C i V i + N j=1 g ij q j (t) = 0 (4.35)
By seeking the harmonic solutions under the forms: (4.36) the final system of modal equations (Eqs. 4.37, 4.38) reads:

q j (t) = qj (ω)e iωt , V i (t) = Ṽi (ω)e iωt , F j (t) = Fj (ω)e iωt ,
-

ω 2 mq j + ω 2 j mq j + iωη j qj - np i=1
g ij Ṽi = Fj , (j = 1..N ) (4.37)

C i Ṽi + N j=1 g ij qj = 0, (i = 1..n p ) (4.38)

Optimization of the transducers positions

In this section, an optimization procedure is described for positioning the piezoelectric patch on a structure so that the measurement of specific modes is maximized. The aim is to find the utility function that represents the piezoelectric patch sensitivity as a function of the specific modes of interest. More specifically, we intend to find the optimal placement a i for the patch such as the coupling g ij between the i-th patch and the j-th mode is maximized.

Modal sensitivity

We compute qj from Eq. (4.37), then inject the result into Eq. (4.38). By neglecting the quadratic terms with respect to the coupling term g ij , we obtain the so called sensor equation for each patch i:

Ṽi = - N j=1 g ij Fj C i m(ω 2 j -ω 2 + iωη j / m) (4.39)
In our case the external force is a point force applied at a specific point of the beam x f , with amplitude F0 (ω), i.e. p(x, ω) = F 0 (ω)δ(x -x f ). This means that:

Fj = ℓ 0 p(x, ω)ϕ j (x)dx = ℓ 0 F0 (ω)δ(x -x f )ϕ j (x)dx = F0 ϕ j (x f ) (4.40)
then the voltage measured on each piezo is:

Ṽi = - N j=1 g ij F0 (ω)ϕ j (x f ) C i m(ω 2 j -ω 2 + iωη j / m) (4.41)
Finally, we can define the transfer function at the i-th patch as:

H i (ω) = Ṽi (ω) F0 (ω) = - N j=1 g ij ϕ j (x f ) C i m(ω 2 j -ω 2 + iωη j / m) (4.42)
This transfer function is at the core of the optimization process.

The contribution of the j-th mode to the frequency response function Eq. ( 4.42) is:

G ij (ω) = g ij ϕ j (x f ) C i m(ω 2 j -ω 2 + iωη j / m)
In order to estimate the sensitivity of each piezo patch i to mode j, with respect to the position a i , we can introduce the following norm ∥.∥ ∞ , that in our case corresponds to evaluating the contribution of the j-th mode at resonance frequency ω j :

κ ij = ∥G ij (ω j )∥ ∞ = g ij ϕ j (x f ) C i iω j η j (4.43)
For each given patch i, a normalised form of modal sensitivity to mode j is given by:

M ij = κ ij max j=1..N κ ij (4.44)
where M ij represents the control authority of the i-th patch fixed over the j-th mode. Since the aim is to maximize the sensitivity of the piezoelectric sensor in regard to the detection of one or several mode(s) rather than using the patch as an actuator to control the mode(s), in this chapter, it is named modal sensitivity in comparison with notion of modal controllability used in [START_REF] Halim | An optimization approach to optimal placement of collocated piezoelectric actuators and sensors on a thin plate[END_REF].

Definition of a new utility function

Different utility functions can be defined starting from the concept of modal sensitivity. The idea is to obtain modal filtering, which is achieved by adding a weight in the optimization for specific modes. In this way it is possible to "see" or "hide" a mode [START_REF] Rosi | Optimization of piezoelectric patch positioning for passive sound radiation control of plates[END_REF]. To this end we define a vector ξ of modal weights, whose the component ξ j corresponds to weight of the j-th mode:

ξ j =           
1 if the j-th mode has to be seen -1 if the j-th mode has to be hidden 0 if the j-th mode is not relevant (4.45)

Then, for each value of a i , b i of the transducer and assuming that x f is fixed, the utility function is defined as:

F(a i , b i , x f ) = N j=1 ξ j M ij (a i , b i , x f ) (4.46)
and the optimal positions âi , bi is defined by: âi , bi = arg max(F(a i , b i , x f )) (4.47)

Several transducers can be optimized at the same time, by choosing local maxima of the transfer function. In this case, constraints on transducers sizes have to be considered to avoid the overlap of two patches. The practical application of the method will be detailed in the case study presented in Section 4.3.

Optimal transducers positioning for implant stability monitoring

The optimization method described in Section 4.2.4 is applied to a square beam named ancillary hereafter, and connected to an inaccessible mechanical system corresponding to an orthopedic implant into a bone mimicking phantom (Fig. 4.2). The ancillary is a part fixed to the implant during the surgery in order to enable the surgeon to apply hammer impact at one of its extremity, leading to implant insertion. The aim of this case study is to present and validate a procedure of piezoelectric patches placement optimization for monitoring the stability of an implant which is not directly accessible for vibration measurement. The optimization principle lies on focusing on specific modes of vibration of the ancillary, which are sensitive to implant stability into the bone, and to hide modes which are not of biomechanical interest.

Geometry

A stainless steel beam of square section was designed with the geometrical and material properties given in 

Optimization algorithm

The experimental optimization approach consists in the following successive steps described in Fig. 4.3:

1. Modal characterization of the ancillary without piezoelectric sensors. The modes of vibration of the ancillary are measured in the frequency range [0.4-12.8] kHz by Experimental Modal Analysis (EMA). The experimental mode shapes ϕ e j , the resonance frequencies f j = 2πω j and the damping coefficients β j = η j / m are retrieved.

2. Piezoelectric patches placement optimization. Different utility functions are defined from Eq. ( 4.46) based on the modal sensitivity M ij calculated for each position a i of piezo i and mode j. Considering the information carried by each mode j on the implant stability, a vector ξ is defined. For each utility function F, the optimal piezoelectric patch position {â i , bi } is determined by Eq. (4.47). One patch is associated with one utility function and n p patches are used.

Piezoelectric patches placement validation:

The amplitude ratios at ω j are calculated between the frequency response functions H i , measured successively with each piezoelectric patch i. The results are compared with what was expected from the definition of each utility function F. Only the mode shapes oscillating along e z , were measured, since the properties of the mode shapes along e y were shown to not evolve with implant insertion into the bone in a previous study [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. 

Mode shapes

The experimental modal shapes ϕ e j of the five selected modes presented in Table 4.2 and in Fig. 4.5 are shown in Fig. 4.6. The five modes are of bending nature, with either two nodes (modes A, B and C) are three nodes for higher resonance frequencies (modes D and E). This result confirms that mode A and B correspond to modes 2Y and 2Y b in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Each mode shape ϕ e j was normalized by its Euclidean norm ||.|| 2 . Each discrete experimental mode shape ϕ e j , was fitted using the general equation of normal beam shapes adapted from Eq. ( 4.31):

ϕ (4) j = ω 2 j m D ϕ j (4.48)
where λ

(4) j = ω 2 j m/D. Hence, the general solution of Eq. ( 4.48) is given by:

ϕ j = C 1 sin(λ j x) + C 2 cos(λ j x) + C 3 sinh(λ j x) + C 4 cosh(λ j x) (4.49)
where the constant C 1,2,3,4 are determined from the boundary conditions expressed by Eq. ( 26)

to ( 29). In our case study, considering a free end at x = 0, the bending moment and shear force were both equal to zero at this end (Eq. ( 26) and Eq. ( 27)) which gives

C 1 = C 3 and C 2 = C 4 .
Then, for each mode j, the values of C 1 and C 2 were determined using an error minimization algorithm in Matlab. The mode shapes were fitted in order to further calculate the coupling coefficient g ij from the mode shape curvature ϕ j ′′ (Eq. 4.34), which requires a continuous shape. From these results and in order to demonstrate the performances of the optimization method, three examples of utility functions F are defined with Eq. (4.46), for which the modal weights -F 1 : The resulting position â1 of the patch assumes to be the best compromise to see all the modes A to E on the frequency response function (ξ j =1). This configuration acts as a reference case, which will allow the comparison with other configurations where modes should be filtered (F 2 , F 3 ), in order to evaluate the efficiency of the optimization method.

- -F 3 : The resulting position â3 of the patch assumes to be the best compromise to filter mode C (ξ 3 =-1) while ensuring visibility of mode B (ξ 2 =1). The other modes are not concerned by the optimization configuration (ξ 1,4,5 =0). This configuration enables to focus on the tracking of the resonance frequency of mode B for implant insertion monitoring, by avoiding confusing with mode C, due to their close resonance frequencies.

Modes A B C D E {â i , bi } (mm) F 1 1 1 1 1 1 {40, 50} F 2 1 1 1 -1 1 {78, 88} F 3 1 1 -1 1 1 {91, 101}
Table 4.4 -Modal weights ξ j defined for the utility functions F 1,2,3 and resulting optimal piezoelectric positions â1 , â2 , â3 . The reference case corresponding to F 1 is highlighted in bold. 

ξ =[1 1 1 1 1], ξ =[1 1 1 -1 1
] and ξ =[0 1 -1 0 0], respectively, with the optimal positions âi corresponding to the maximum of each utility function F.

Validation of optimization placement protocol

The structure has been assembled following the optimization procedure described in the previous section. The piezoelectric patches have been bonded on the surface of the beam using a one-component silver-filled epoxy resin (Elecolit 3043, Panacol, Germany) cured at 160°C during 30 min. The resulting smart ancillary is shown in Fig. 4.9.

To assess the validity of the patches placement optimization procedure, a frequency analysis was performed in order to compare the frequency response functions H i measured by each patch #i. To do so, the ancillary was excited by a modal hammer, impacting the structure at x f = 5

mm along e z . The choice of the position of the source x f is explained by the similarity of the mode shapes near the free extremity (see Fig. 

Conclusion and discussions

This chapter proposes a method for optimizing the positioning of piezoelectric patches on a beam attached to an unreachable structure. The issue of maximizing the observability of a set of modes, which is sensitive to the beam boundary conditions, was adressed. For that purpose, an optimization strategy was developed, based on the definition of utility functions, expressed in terms of modal weight and in terms of the so-called modal observability, for which the expression have been exhibited. It has been shown that the modal observability depends on the electro-mechanical coupling coefficient, calculated from the patches geometrical and material properties, and the beam mode shapes curvatures.

In the particular case developed in this chapter, one piezoelectric patch is associated to several modes, whose the observability has to be improved. Therefore, the optimal piezoelectric patches positions are the result of a compromise obtained from the utility functions, aiming at improving the observability of a set of modes sensitive to beam boundary conditions, while minimizing the observability of the modes which are not sensitive to them. In the experimental case study, the particular issue of monitoring implant stability by means of a smart beam was investigated. The mode observability measured by the position-optimized patches was in good agreement with what was expected from the utility functions definition.

However, since the optimization strategy is based on the modal observability and in particular on the coupling coefficient, the positions strongly depend on the mode shapes curvatures. For low frequency modes, the placement possibilities are limited because of the few number of nodes, and therefore close mode shapes will tend for close piezoelectric patches positions. Moreover, another drawback of the study is that optimization of the dimensions of the piezoelectric patches was not studied, whereas the electro-mechanical coefficient also depends on the thickness or the length of the patch. This aspect was studied in [START_REF] Ducarne | Placement and dimension optimization of shunted piezoelectric patches for vibration reduction[END_REF] and could be easily implemented in the strategy proposed in this chapter. Another way of optimization, would be to use specific forms of piezoelectric patches, enabling accurate boundary force measurement, as proposed in

Chapter 5

Detection of periprosthetic fractures by resonance frequency analysis

Introduction

In Chapter 3, an experimental method was developed for per-operative monitoring of uncemented implant insertion based on vibration measurements. The proposed method analyzed the frequency behavior of the ancillary with regard to the implant position into the host bone. In addition to implant stability optimization, one of the most challenging surgical issues related to uncemented FS insertion is the risk of periprosthetic fractures incidence [START_REF] Berend | Long-term outcome and risk factors of proximal femoral fracture in uncemented and cemented total hip arthroplasty in 2551 hips[END_REF], which can reach up to 28% during uncemented revision surgeries [START_REF] Berry | EPIDEMIOLOGY: Hip and Knee[END_REF][START_REF] Meek | Intraoperative fracture of the femur in revision total hip arthroplasty with a diaphyseal fitting stem[END_REF] and may be explained by the nature of the implant fixation, based on implant press-fit [START_REF] Fitzgerald | The Uncemented Total Hip Arthroplasty: Intraoperative Femoral Fractures[END_REF]Schwartz et al., 1989).

Chapter 1 (Subsection 1.2.3) detailed different types of femoral periprosthetic fractureswhich are defined as both intra-operative and post-operative fractures-, their occurrence and their impact on primary stability achievement and thus, surgical success. In particular, it was observed that intra-operative fractures are often not detected during the surgery and are later characterized in post-operative radiographs [START_REF] Masri | Periprosthetic Fractures Evaluation and Treatment[END_REF]. However, a post-operative detection of periprosthetic fracture may lead to aseptic loosening because of a poor osseointegration and of a lack of bone ingrowth [START_REF] Fishkin | Cerclage wiring technique after proximal femoral fracture in total hip arthroplasty[END_REF]. Therefore, fractures per-operative detection is an important issue in order to avoid revision surgery.

Although quantitative methods have been studied in the literature for FS stability assessment during implant insertion (see Chapter 2), using either impact methods [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], vibration analysis [START_REF] Lannocca | Intra-operative evaluation of cementless hip implant stability: A prototype device based on vibration analysis[END_REF][START_REF] Oberst | Vibroacoustic and nonlinear analysis of cadavric femoral bone impaction in cavity preparations[END_REF][START_REF] Kikuchi | Laser Resonance Frequency Analysis: A Novel Measurement Approach to Evaluate Acetabular Cup Stability During Surgery[END_REF][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] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF] or acoustic measurements (Goossens et al., 2020a;[START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF][START_REF] Wei | Using Acoustic Vibrations as a Method for Implant Insertion Assessment in Total Hip Arthroplasty[END_REF][START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF], the per-operative detection of femoral fractures remains a challenge. The lack of studies about periprosthetic detection in the literature may be explained because i) experimentally, fracture occurrence is difficult to be controlled in a reproducible manner and ii) the non-invasive measurement method should be sensitive enough to detect a local damage of the bone. Despite the identification of vibration or acoustic behavior changes following the fracture occurrence by some of the aforementioned studies [START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF]Goossens et al., 2020a;[START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF], the results did not propose a quantitative criterion for systematic periprosthetic fracture detection and assessment.

The aim of the present chapter is therefore to evaluate the sensitivity of the vibration method 

Material and methods

Bone mimicking phantom specimens and FS implant

The study was performed on thirteen human artificial left femurs (ORTHObones, 3B Scientific, Hamburg, Germany). The bone mimicking phantoms were cut at the diaphysis level and the distal part was embedded in a fast-hardening resin (SmoothCast 300 polymer, Smooth-On, Easton, USA), similarly as in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF], in order to be clamped to the fixed support. An uncemented FS implant of size 9, made of Ti-Al6-V4 titanium alloy and coated with hydroxyapatite was used throughout the study (CERAFIT R-MIS, Ceraver, Roissy, France). The host bone cavity was prepared by two experimented surgeons using the adapted rasps. The FS implant was fully inserted into the bone by successive hammer impacts on the ancillary, which is a square shape part made of stainless steel and temporary fixed to the FS during impaction. The insertion end-point was determined according to the surgeon proprioception. The vibration measurements were performed once the implant was fully inserted into the bone mimicking phantom.

Periprosthetic fracture creation

The periprosthetic fractures were artificially created in the 10 bone mimicking phantoms in order to control their initial position and plane of propagation and optimize the reproducibility.

periprosthetic fractures located in the calcar zone, close to the lesser-trochanter, are considered throughout the study as they are the most frequent, with an occurrence rate reaching up to 42% [START_REF] Ferbert | Impact of intraoperative femoral fractures in primary hip arthroplasty: a comparative study with a mid-term follow-up[END_REF][START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF]. Such fractures correspond to type I as defined in [START_REF] Ferbert | Impact of intraoperative femoral fractures in primary hip arthroplasty: a comparative study with a mid-term follow-up[END_REF], and to types A or B, depending on their length on the diaphysis femur region, according to the Vancouver classification [START_REF] Duncan | Fractures of the femur after hip replacement[END_REF][START_REF] Masri | Periprosthetic Fractures Evaluation and Treatment[END_REF].

The location and length of the fractures were both validated by an experienced orthopaedic surgeon.

A schematic description of the protocol used to reproduce fractures of different lengths is presented in Fig. 5.1. The periprosthetic fractures were initiated and enlarged once the implant was fully inserted into the bone mimicking phantom. The fracture was manually initiated in the trabecular bone at the bottom right corner of the bone cavity by a handsaw. Then, the fracture enlargement was achieved by impacting an osteotome in contact with the fracture line. Osteotomes are cutting tools usually used by orthopaedic and plastic surgeons to perform osteotomies [START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF]. The fracture was iteratively enlarged as long as i) the fracture path stays on the part of the femur parallel to the plane (YZ ) and ii) the fracture path length is lower than 40 mm. The length of the fracture was measured with a digital calliper after each enlargement. According to surgical observations, periprosthetic fracture lengths higher than 40 mm affect FS stability and are usually detected by the surgeon during the surgery [START_REF] Masri | Periprosthetic Fractures Evaluation and Treatment[END_REF]. In what follows, for each sample, i corresponds to the number of the fracture configuration, where i ∈ {1...n}, with n the number of the last fracture configuration. i = 0 corresponds to a non-fractured sample. 

Resonance frequency measurements

Experimental set-up 

Measurement protocol

The measurement of the FRF of the ancillary was performed for each phantom and each fracture length, from the fracture initiation to a fracture length of at least 40 mm. The bonestem-ancillary system was excited by a modal hammer (8204, Brüel and Kjaer, Naerum, Denmark), of 5g-mass, which enables frequency measurements within the range [0.4-12.8] kHz. The vibration response of the ancillary, measured by the piezoelectric sensors, was recorded by a dedicated data acquisition module (BK Connect, Brüel and Kjaer, Naerum, Denmark) with a sampling rate of 51.2 kHz and a duration of 0.25 s. The frequency resolution was 1 Hz. The impacts were performed close to the top free extremity of the ancillary, in order to retrieve a maximum number of resonance frequencies on the FRF. Impacting close to a free extremity allows for being distant to a node of vibration, which optimizes resonance frequencies visibility on the FRF [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF]. The impacts were applied in both x-and y-directions, and the corresponding vibration signal was recorded by the piezoelectric sensor whose normal is aligned with the direction of impact. Note that all measurements were repeated five times in each direction. The impacts were applied with a maximum force lower than 50 N in order to avoid any modification of the implant position, which could affect the FRF.

Data analysis of frequency measurements

Frequency response functions

The Frequency Response Functions (FRFs), noted h, were calculated in the frequency range f ∈[0.4-12.8] kHz as follows [START_REF] Ewins | Modal testing: theory, practice, and application[END_REF]:

h(f ) = p(f ) F (f ) (5.1)
where p and F denoted the Fourier Transforms (FTs) of the voltage and force signals, recorded by the piezoelectric sensor and the modal hammer, respectively.

Frequency sensitivity and minimal size of detectable fracture

The resonance frequency sensitivity to bone fracture detection for a given fracture configuration i was defined as the difference between the resonance frequency of the bone-stem-ancillary system with a fracture in the configuration i (f i ) and without fracture (f 0 ) and is given by:

∆f i/0 = f i -f 0 (5.2)
For each bone mimicking phantom specimen and each resonance frequency, ∆f i/0 was then analyzed as a function of the length l i of the fracture at the configuration #i.

A threshold for fracture detection, noted ∆f s , was defined for each resonance frequency f by:

∆f s = σ f + 1 Hz (5.3)
where 1 Hz corresponds to the data acquisition frequency resolution and σ f is the standard deviation related to the measurement protocol obtained for each resonance frequency f . σ f was evaluated by repeating the measurement protocol described in Section 5.2.3 fifteen times with the bone mimicking phantom #1, before any fracture was made, in both x-and y-directions.

Therefore, fifteen FRFs were recorded by each piezoelectric sensor, and the standard deviation σ f corresponding to each resonance frequency f was calculated.

A minimal detectable fracture's length, noted l min , was then defined as the length corresponding to ∆f s , when plotting ∆f i/0 as a function of l i for each resonance frequency f . However, as indicated in Section 5.2.2, the enlargement of the fracture was incremental and the measurements of the FRF were performed for discrete values of fracture lengths l. Therefore, a linear interpolation of the experimental data ∆f (l) was performed between the closest values surrounding ∆f s , in order to estimate l min .

Statistical analysis

A one-way analysis of variance (ANOVA) and Tukey-Kramer tests were performed to evaluate the significance of minimal fracture length detection l min as a function of the resonance frequency f . Statistical differences were defined at a 95 % confidence level.

Results

Fracture positions and lengths

An example of a bone fracture with typical enlargement steps #i is presented in Fig. 

Choice of the resonance frequencies of interest

FRF of the bone-stem-ancillary system without fracture Figure 5.4 shows two FRFs of the bone-stem-ancillary system, measured by the piezoelectric sensors #1 (grey line) and #2 (black line). The measurements are performed for the FS completely inserted into the bone mimicking phantom #9 and before any fracture was initiated.

Seven modes identified in Fig. 5.4 are selected for the study of fracture detection by resonance frequency analysis: four in the plane (YZ ) and three modes in the plane (XZ ), measured by the piezoelectric sensors #1 and #2, respectively. First, the modes are selected based on the results

Results

from a previous study on FS insertion monitoring [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. The modes at 2.5 kHz and 3.5 kHz, measured by the piezoelectric sensor #1 and the mode at 3.2 kHz measured by the piezoelectric sensor #2 correspond to the modes 2Y , 2Y b and 2X, identified in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], respectively. The modes 2Y and 2Y b were shown to be highly sensitive to the implant insertion step [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Then, the four other modes were chosen for their good observability on the FRF, that is a peak amplitude at resonance frequency higher than 0.1

V/N and a small damping. Since the value of the seven selected resonance frequencies f is close for all specimens, in what follows they will be labeled using the values obtained for the bone mimicking phantom #9, as indicated in Fig. 5.4. 

Method accuracy

Table 5.1 shows the standard deviation σ f corresponding to each of the seven selected resonance frequencies f and calculated from the fifteen repeated measures of the frequency response functions h in the x-and y-directions by the piezoelectric sensors #2 and #1, respectively.

The value of σ f varies from 2 to 9 Hz according to the mode and is smaller for the resonance frequencies measured by the piezoelectric sensor #2. 5.2. The minimal fracture length l min varies between 3.1 ± 1.7 mm and 5.9 ± 1.9 according to the resonance frequency f .

ANOVA test of the results obtained with all ten bone mimicking phantoms was performed and the results show a significant effect of the mode on the minimal length of detectable fracture l min (p-value = 0.011). Tukey-Kramer analysis indicates that the value of l min obtained with the mode at 10.5 kHz measured by piezoelectric sensor #2 is significantly lower from the results obtained with the modes at 2.5 kHz (4.1 kHz respectively) measured by piezoelectric sensor #1

(p-values = 0.016 and 0.013 respectively). However, the results obtained by the other modes are statistically similar and the mode at 10.5 kHz appears to be the most sensitive to detect fracture occurring in the (YZ ) plane. Table 5.2 -Resonance frequency difference thresholds for fracture detection, ∆f s , with the corresponding minimal length of detectable fracture, l min , obtained for each resonance frequency f . The results are averaged over the ten bone mimicking phantom specimens.

Discussion

The main purpose of the present chapter was to investigate whether resonance frequency analysis can be used to detect periprosthetic fractures during FS implant insertion. The vibration analysis of the bone-stem-ancillary system had been previously studied by our group to monitor FS insertion [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. It had been shown that several resonance frequencies of the bone-stem-ancillary system in the range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF] kHz were sensitive to the implant insertion depth into the host bone. The originalities of the present work are i) to show that different resonance frequencies are sensitive to the presence of periprosthetic fracture and ii) to provide a quantitative criterion for periprosthetic fracture detection, based on the bone-stemancillary's system resonance frequency shifts consecutive to the fracture creation and propagation. In particular, different sensitive resonance frequencies were identified and the minimal size of measurable periprosthetic fracture throughout resonance frequency analysis was evaluated for each vibration mode.

The frequency measurements were performed throughout the ancillary, considering different length of periprosthetic fractures which have been manually created. The frequency range was enlarged to [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz compared to [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. The main advantage of performing measurements throughout the ancillary is that it does not require sensor fixation on the implant nor the bone, which allows to consider the use of such approach in clinical conditions in the future.

Detection of periprosthetic fractures by resonance frequency analysis

Bone-stem-ancillary vibration behavior

Seven resonance frequencies f could be identified in the frequency range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz for all ten bone mimicking phantom specimens and all states of periprosthetic fractures. Two directions of FRF measurements were analyzed thanks to two piezoelectric sensors fixed on two perpendicular faces of the ancillary. The positions of the piezoelectric sensors along the ancillary axis had been optimized in order to maximize the amplitude of the FRF at the resonances of the three modes identified in the Chapter 3. In particular, the resonance frequencies f = 2.5 kHz, 3.5 kHz and 3.2 kHz analysed in the present chapter correspond to the modes 2Y , 2Y b and 2X already identified in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. The hypothesis was made that these modes, which are sensitive to the implant insertion depth could also be sensitive to periprosthetic fractures, which was confirmed in the present chapter (see Fig. 5.6a). For instance, the presence of a periprosthetic fracture of length l = 54.9 mm in the bone mimicking phantom #9 resulted in a decrease of the resonance frequency equal to 170 Hz (respectively 178 Hz and 129 Hz) for the mode f = 2.5 kHz (respectively 3.5 kHz and 3.2 kHz) (see Fig. 5.6). Moreover, four supplementary modes with regard to the study in Chapter 3 were analyzed in the present work due to their high amplitude and small damping on the FRF (see Fig. 5.4) with resonance frequencies f = 4.1 kHz and 11.0 kHz measured by the piezoelectric sensor #1 and f = 6.4 kHz and 10.5 kHz measured by the sensor #2. In total, four (respectively three) resonance frequencies were analyzed in the present chapter from FRF measurements in the y-direction (respectively x-direction) using the piezoelectric sensor #1 (respectively #2) in the frequency range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz. Note that it was assumed that the bone-implant system behaves linearly during the modal tests, due to the low energy applied with the modal hammer [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Eventually, we assumed that the weight of the piezoelectric sensors does not influence the frequency response of the bonestem-ancillary system.

Resonance frequency sensitivity to periprosthetic fracture occurrence

For all the seven modes and the ten bone mimicking phantom specimens, a decrease of the resonance frequency values was obtained when the fracture length increased, as shown in Fig. 5.5 and 5.6 for bone mimicking phantom #9. The decrease of pre-stressed state of the bone-implant system due to the fracture [START_REF] Fishkin | Cerclage wiring technique after proximal femoral fracture in total hip arthroplasty[END_REF][START_REF] Bishop | The influence of bone damage on press-fit mechanics[END_REF] leads to a decrease of the system rigidity [START_REF] Masri | Periprosthetic Fractures Evaluation and Treatment[END_REF][START_REF] Mondanelli | Treatment Algorithm of Periprosthetic Femoral Fracturens[END_REF]Schwartz et al., 1989), which is responsible for a substantial change of the system vibro-acoustic response. In particular, the shift of the FRF to lower frequencies is consistent with a loss of rigidity of the system (Albini Lomami et al., 2020;[START_REF] Oberst | Vibroacoustic and nonlinear analysis of cadavric femoral bone impaction in cavity preparations[END_REF]Henyš and Čapek, 2018) due to the periprosthetic bone fracture. However, the change of press-fit due to the fracture should be high enough in order to be detected on the FRF's measurement. Fig. 5.6 shows that before a certain fracture length (l = 8.7 mm for the specimen #9), the resonance frequency variation compared to the non-fractured state is lower than the standard deviation of the measurement and thus the bone fracture cannot be detected. It is worth noting that the periprosthetic fractures studied herein are among the less severe according to the Vancouver classification [START_REF] Mondanelli | Treatment Algorithm of Periprosthetic Femoral Fracturens[END_REF], with small consequences on the FS stability [START_REF] Masri | Periprosthetic Fractures Evaluation and Treatment[END_REF], which indicates the good sensitivity of the frequency method investigated in the present chapter.

The decrease of the bone-stem-ancillary system resonance frequencies as a function of the fracture length is in agreement with previous numerical [START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF]; ?) and in vitro [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF] and in vivo [START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF] experimental studies. In [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], it was demonstrated that several resonance frequencies in the range [0. 4-12.8] kHz increase during FS insertion depth into the host bone, which was associated to an increase of the global rigidity of the bone-stem-ancillary system. Moreover, the resonance frequency variation behavior with fracture occurrence agrees with observations made by [START_REF] Pastrav | In vivo evaluation of a vibration analysis technique for the per-operative monitoring of the fixation of hip prostheses[END_REF] during in vivo measurements where the FRF's graphs were shifted to lower frequencies consecutively to fracture occurrence. The fracture was quantitatively noticed by lower values of correlation coefficient between the two last FRFs. The shift to lower frequencies is also coherent with numerical results (?), which showed that the resonance frequencies decreased when the trabecular bone Young's modulus decreased. Note that a bone damage like a fracture can be modeled by a local reduction of bone Young's modulus (Henyš et al., 2018;[START_REF] Ovesy | Explicit finite element analysis can predict the mechanical response of conical implant press-fit in homogenized trabecular bone[END_REF]. Eventually, the use of the mode shape curvature in order to detect the periprosthetic fractures, rather than the resonance frequency shift only, was also investigated (Henyš et al., 2018). Curvature based-damage index are widely used in industrial engineering to localize and quantify structural damage [START_REF] Pandey | Damage detection from changes in curvature mode shapes[END_REF][START_REF] Abdel Wahab | Damage detection in bridges using modal curvatures: application to a real damage scenario[END_REF].

Acoustic methods, which have been investigated for Acetabular Cup [START_REF] Goossens | Development of an acoustic measurement protocol to monitor acetabular implant fixation in cementless total hip Arthroplasty: A preliminary study[END_REF] or FS insertion monitoring [START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF]Goossens et al., 2020a;[START_REF] Wei | Using Acoustic Vibrations as a Method for Implant Insertion Assessment in Total Hip Arthroplasty[END_REF][START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF] also showed that the resonance frequency was sensitive to periprosthetic fracture [START_REF] Sakai | Hammering sound frequency analysis and prevention of intraoperative periprosthetic fractures during total hip arthroplasty[END_REF][START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF]Goossens et al., 2020a). In an in vivo study (Goossens et al., 2020a), the spectral analysis of the sound produced by the hammer impacts during implant insertion showed a drop of the band power features (BPF), which corresponds to the ratio of the power in a specific frequency band over the total power of the frequency spectrum, with the occurrence of a micro or macro-fracture. Another clinical study [START_REF] Morohashi | Acoustic pattern evaluation during cementless hip arthroplasty surgery may be a new method for predicting complications[END_REF] aiming at quantifying the sound produced during stem insertion found a significant relationship between the sound pattern and the occurrence of intra-operative fracture and subsidence. These two studies confirmed the sensitivity of the vibro-acoustic behavior of the bone-implant-ancillary's system to periprosthetic fracture occurrence, which is in agreement with the results found herein.

A quantitative criterion to detect periprosthetic fracture

The analysis of the FRF's measurements allowed the detection of periprosthetic fractures from 3.1 mm to 5.9 mm in length, depending on the resonance frequency (see Table 5.2). The highest frequencies (f = 11.0 kHz and f = 10.5 kHz) allowed the detection of the smallest fractures (see Table 5.2). This result emphasizes the role of higher resonance frequencies in local bone damage detection, whereas lower frequencies are sensitive to global change of rigidity of the bone-implant-ancillary system [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] Henys | Evaluation of acetabular cup initial fixation by using resonance frequency principle[END_REF]Goossens et al., 2020a). Moreover, it was observed that the resonance frequency f = 10.5 kHz had a significantly higher sensitivity than the other resonance frequencies. This result can be explained by the direction of vibration of the mode f = 10.5 kHz, which is purely normal to the fracture plane (YZ ). This result indicates that sensor positioning should take into account the plane of the fracture that is to be detected.

Limitations and perspectives

A first limitation lies in the difficulty to control and characterize the geometry of the fracture.

First, the width of the fracture was not measured, as it is not constant along the fracture line.

Then, the fracture depth across the cortical bone could not be retrieved whereas it may also influence the frequency sensitivity, especially for the bone around the FS. Then, the length of the fracture was estimated with a numerical calliper and therefore, the total length of the fracture corresponds to the distance between the two extremities of the fracture line. However, the fracture path is not a straight line and this measure gives an insight of the approximate fracture length only. Eventually, even if all periprosthetic fractures were initialized at the same point of the bone cavity and even if it was ensured that the fracture line stays in the plane (YZ ) of the femoral bone mimicking phantom, the fracture line direction within the plane varies from one specimen to another, leading to different types of fractures among the specimens. The variability of the geometrical properties of the fracture may lead to slightly different FS stability loosening and thus different vibration behaviors, which may explained the values of the standard deviation σ f associated to the minimal lengths of detectable fracture (see Table 5.2). In a future study, in addition to better characterize the geometrical properties of the fracture, it would also be relevant to investigate the sensitivity of the resonance frequency analysis to other types of fractures, and in particular fracture of types II described in [START_REF] Ferbert | Impact of intraoperative femoral fractures in primary hip arthroplasty: a comparative study with a mid-term follow-up[END_REF]. As these fractures occur in the plane (XZ ), the resonance frequencies measured by the piezoelectric sensor whose normal is perpendicular to this plane are expected to be more sensitive than resonance frequencies measured in the other perpendicular plane.

The second limitation concerns the method used for the estimation of the minimal detectable fracture length l min . It was chosen to define l min as the fracture length corresponding to the resonance frequency sensitivity threshold ∆f s . Therefore, a linear extrapolation between the two experimental points closest to ∆f s was performed in order to calculate l min . However, this approximation can lead to an overestimation of the method performance to detect small fractures, as it is not known whether the resonance frequency sensitivity ∆f increases linearly as a function of the fracture length l, between the two experimental points around ∆f s . Therefore, additional fracture enlargement states i should be considered, especially for the small fractures, which would increase the accuracy of the estimation of l min . Here, the estimation was performed on a fracture length increment of the order of 5 mm.

A third limitation comes from the use of bone mimicking phantoms instead of human femurs.

First, only the proximal part of the femur was used, as it allows to fixed the specimen to a testing table (see Fig. 5.2). Although this configuration is commonly employed in the literature for numerical [START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF] or experimental studies [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], the variation of boundary conditions compared to the anatomic configuration may affect the resonance frequency values. Therefore, i) the same length of femur mimicking phantoms was considered for all the specimens and ii) the position and clamping of the specimen to the testing table were not change throughout the experimental measurement. Second, the presence of soft tissues surrounding the bone is expected to reduce the resonance frequencies values and to increase the damping (Athanassoulis [START_REF] Makris | Influence of Artificial Soft Tissue on Intra-Operative Vibration Analysis Method for Primary Fixation Monitoring in Cementless Total Hip Arthroplasty[END_REF] with regard to the results observed herein. The present in vitro study should be considered as a demonstration of the sensitivity of resonance frequency analysis based method for periprosthetic fracture detection.

Note that a previous paper [START_REF] Bosc | Influence of soft tissue in the assessment of the primary fixation of acetabular cup implants using impact analyses[END_REF] showed that the presence of soft tissues around the acetabulum did not affect the performances of the method developed by our group and aiming at assessing the acetabular cup stability. The method developed in the present chapter should be tested on anatomical subjects to retrieve quantitative frequency data, such as the boneimplant-ancillary resonance frequency values considering the anatomic configuration, which are necessary for the perspective of developing a future medical device that could be used in the clinic.

Eventually, a fourth limitation consists in the fact that the fracture was manually created, while it would be of interest that the method proposed herein could detect a fracture occurrence during the implant insertion. Therefore, based on the preliminary results obtained in the present chapter, a future objective will be to move towards a real-time method, capable of either preventing or detecting bone fracture occurrence throughout the implant insertion using hammer impacts.

Conclusion

The present chapter investigates the use of a vibration-based method for the intra-operative detection of periprosthetic femoral bone fractures. This study is the first in vitro validation and quantification of the sensitivity of the bone-stem-ancillary system resonance frequencies to periprosthetic fracture occurrence of different lengths. A periprosthetic fracture was artificially created and enlarged in ten bone mimicking phantom in the calcar zone, close to the lesser-trochanter. A resonance frequency shift to lower frequencies due to the fracture occurrence and propagation was observed and quantified for seven resonance frequencies in the range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz. A frequency sensitivity threshold was defined and the corresponding minimal length of noticeable fracture was calculated for each resonance frequency. A statistical analysis reveals a significantly higher sensitivity for one of the highest resonance frequencies, corresponding to a bending mode vibrating in a plane perpendicular to the fracture path. The method should be validated on anatomical subjects to be closer to real clinical conditions, with the future perspective of developing a medical device for intra-operative periprosthetic fracture detection.

Key points

• Periprosthetic femoral bone fractures are frequent complications of THA and may occur during the insertion of uncemented FS, due to the nature of the press-fit fixation.

• The sensitivity of a method based on resonance frequency analysis of the bone-stemancillary system in the range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz has been quantified for periprosthetic fractures detection.

• Periprosthetic fractures were artificially created close to the lesser-trochanter of ten femoral bone mimicking phantoms, which corresponds to fracture of type A L or B according to the Vancouver classification.

• Fracture occurrence and propagation lead to a decrease of the resonance frequencies of the bone-stem-ancillary system. The frequency shift was quantified for seven modes as a function of the fracture length.

• A fracture detection threshold was defined for each resonance frequency and provides the detection of fractures longer than 3 mm.

Chapter 6

Influence of the environment on the femoral stem stability and vibration behavior

Introduction

One of the main surgical issue associated to uncemented implant insertion is to maximize the primary stability without increasing the risk of periprosthetic fractures, taking into account inter-individual variability of bone quality and anatomical features as well as the femoral stem material and geometrical characteristics.

In vitro approaches were presented in Chapters 3 and 5 for per-operative monitoring of implant insertion (Chapter 3) and detection of periprosthetic femoral fractures (Chapter 5).

However, one of the major difficulty when considering the experimental characterization of the bone-implant stability using vibration methods lies in the difficulty to accurately control the biomechanical parameters influencing the vibration behavior of the bone-implant system, such as the bone rigidity or the bone cavity size. Moreover, these parameters may vary simultaneously.

In Chapter 3, the sensitivity of vibration analysis was analyzed in terms of implant insertion depth only. To further investigate the accuracy of the vibration method for implant insertion monitoring, the sensitivity of the vibration features with regard to the bone-implant contact (BIC) ratio or the bone quality are relevant information. However, these parameters are difficult to measure experimentally.

Therefore, numerical simulations are mandatory to understand the phenomena occurring during implant insertion and in particular to analyze the influence of the biomechanical parameters independently (Raffa et al., 2019b;[START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. As detailed in Chapter 2 (Subsection 2.6), most of the numerical studies on the femoral stem focus on the implant stability during daily activities such as stair climbing or gait loading [START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF], that is, when the FS is fully seated. Such approaches provide limited insight with respect to the development of intra-operative methods to guide the surgeon in the detection of the optimal insertion end-point, with the ultimate goal to maximize the primary stability and prevent the risk of periprosthetic fractures. To reach this long-term objective, the biomechanical phenomena occurring during FS insertion should be better understood. In addition, there is a lack of information on the vibration behavior of the bone-implant system under different biomechanical configurations, and in particular during implant insertion, since the majority of the numerical studies considers the implant fully inserted (Pastrav et al., 2009a;[START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF]. Therefore, the change of contact is artificial and these studies do not provide the relation between the frequency change and the implant insertion characteristics.

The objective of the present chapter is twofold. First, this work aims to provide a better understanding of the biomechanical phenomena occurring during the insertion of uncemented FS and to identify the main factors influencing its primary stability. The FS primary stability is evaluated through an estimation of the pull-out force [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF], of the Bone-Implant Contact (BIC) ratio [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF] and of the resonance frequencies of the bone-implant system which could be measured by using non-destructive testing 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] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Second, the resonance frequency sensitivity to the BIC area and to the bone quality is analyzed and compared to the results obtained in The content of this chapter was published in Biomechanics and Modeling in Mechanobiology (Poudrel et al., 2022a).

Material and methods

Geometry and mesh

The geometrical configuration is described schematically in Fig. 6.1 where the ancillary, the FS and the femoral bone, cut at its distal end [START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF] are shown.

The ancillary was modeled as a cylinder with the same shape and dimensions as in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], and bonded to the stem. The FS geometry was created from the STL file of a scan of the FS RMIS implant of size 9 (CERAFIT RMIS, Ceraver, Roissy, France). The geometry for the human femur was retrieved from a free online database with an appropriate size to accommodate the stem. The cortical layer was created by extrusion using Meshmixer the stem geometry rather than the bone cavity, in order to keep the same mesh for the bone.

The mesh was generated in ANSYS Workbench software and consisted in 427,523 tetrahedral elements, which leads to a system of equations with 1,958,289 degrees of freedom. The mesh was finer around the bone implant contact (Fig. 6.1) and a convergence study on the bone and implant element size h e and the load step increment ∆l s was conducted for the reference case.

Both mesh and load step increment were refined until the implant displacement U I and BIC ratio, defined by the bone surface in contact with the FS with regard to the total bone cavity surface, local relative errors were less than 5%. 

Materials, interface modeling and parametric study

In order to describe the stem insertion process, the system should be studied under the large displacement assumption. In this context, all materials were assumed to have isotropic hypoelastic behavior which may be defined by two elastic constants: the Young modulus and the Poisson coefficient. Here, all domains were assumed to be homogeneous and have a same Poisson ratio ν = 0.3. The ancillary and the FS implant were assumed to be made of stainless steel and titanium alloy (Ti-Al6-V4), respectively. The femoral bone was assumed to be composed of trabecular bone surrounded with a 3 mm-thick layer of cortical bone. The Young's moduli of the four domains which constitute the mechanical system are shown in Table 6.1. A wide range of trabecular bone Young's modulus E t was investigated, according to physiological values found in the literature [START_REF] Brown | Mechanical Property Distributions in the Cancellous Bone of the Human Proximal Femur[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF].

The reference value E * t = 0.2 GPa was chosen according to results on bone mimicking phantoms [START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF]. As it was previously shown that changes in the trabecular bone modulus have a greater effect on proximal micromotions and strains than cortical properties changes [START_REF] Wong | Effect of bone material properties on the initial stability of a cementless hip stem: a finite element study[END_REF], the cortical bone Young's modulus E c was assumed to be fixed and equal to 18 GPa [START_REF] Katsamanis | Determination of mechanical properties of human femoral cortical bone by the Hopkinson bar stress technique[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF].

To model different press-fit conditions at the bone-implant interface, interference fit IF values comprised between 100 µm and 400 µm were considered based on results of experimental [START_REF] Gebert | Influence of pressfit parameters on the primary stability of uncemented femoral resurfacing implants[END_REF] and numerical studies [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Rothstock | Primary stability of uncemented femoral resurfacing implants for varying interface parameters and material formulations during walking and stair climbing[END_REF]. The reference value IF * is not well known in the literature, especially because of the surgeon variability for cavity reaming [START_REF] Konow | Variability in Femoral Preparation and Implantation Between Surgeons Using Manual and Powered Impaction in Total Hip Arthroplasty[END_REF] and the specific geometry of the FS.

The reference value IF * = 200 µm was chosen with a variation between 100 and 400 µm in order to achieve an acceptable value of bone-implant contact ratio at the end of FS insertion.

Moreover, the frictional contact between the bone and the FS implant was modeled using Coulomb's law [START_REF] Wriggers | Computational Contact Mechanics[END_REF]:

f s = |F t | -µ|F n | ≤ 0 (6.1)
where |F t | and |F n | are the norms of tangential and normal components of interface traction vector, respectively; µ is the friction coefficient; and f s is a slip criterion which is negative (f s < 0) when no sliding occurs (sticking) and null (f s = 0) in case of sliding. The constant friction coefficient µ was comprised between 0 and 0.5 for the parametric study in order to consider different types of implant coating surfaces and different physiological bone-implant contact conditions [START_REF] Shirazi-Adl | Experimental determination of friction characteristics at the trabecular bone/porous-coated metal interface in cementless implants[END_REF][START_REF] Dammak | Passive damping of beam vibrations through distributed electric networks and piezoelectric transducers: prototype design and experimental validation[END_REF][START_REF] Damm | Friction coefficient and effective interference at the implant-bone interface[END_REF]. A reference value of µ * = 0.3 was chosen [START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. The bone cavity was decomposed into four distinct regions of interest represented in Fig. 6.2. The two opposite faces parallel to the frontal plane and the two opposite faces parallel to the sagittal plane constituted the frontal BIC (in red in Fig. 6.2) and the sagittal BIC (in blue in Fig. 6.2), respectively. For solving the contact problem, the Augmented Lagrangian Algorithm, which generally leads to better conditioning and convergence with reasonable number of iteration, was employed [START_REF] Pettersen | Subject specific finite element analysis of implant stability for a cementless femoral stem[END_REF][START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF][START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF].

Boundary conditions and solver settings

Femoral stem quasi-static insertion

All simulations were carried out under quasi static loading conditions (i.e., excluding inertia and viscosity effects) and taking into account large deformation effects. A direct solver was used. For all the configurations, the distal part of the femur, represented in blue in Fig. 6.1, was assumed to be fixed [START_REF] Taylor | Cancellous bone stresses surrounding the femoral component of a hip prosthesis: an elastic-plastic finite element analysis[END_REF].

The simulation was divided into two stages: i) the implant insertion and ii) the implant pullout to quantify the primary stability. The imposed vertical load F z during both the insertion [START_REF] Brown | Mechanical Property Distributions in the Cancellous Bone of the Human Proximal Femur[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF][START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF], the interference fit IF [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Rothstock | Primary stability of uncemented femoral resurfacing implants for varying interface parameters and material formulations during walking and stair climbing[END_REF][START_REF] Gebert | Influence of pressfit parameters on the primary stability of uncemented femoral resurfacing implants[END_REF] and the friction coefficient µ [START_REF] Shirazi-Adl | Experimental determination of friction characteristics at the trabecular bone/porous-coated metal interface in cementless implants[END_REF][START_REF] Dammak | Passive damping of beam vibrations through distributed electric networks and piezoelectric transducers: prototype design and experimental validation[END_REF][START_REF] Damm | Friction coefficient and effective interference at the implant-bone interface[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF].

and pull-out stages can be described as a function of the load step ls by:

F z =    f 0 /ls 1 × ls for 0 ≤ ls ≤ ls 1 -2f 0 (ls + ls 1 )/(ls 2 -ls 1 ) + f 0 for ls 1 ≤ ls ≤ ls 2
where ls 1 is defined as the load step when the force F z starts decreasing and ls 2 corresponds to the last load step of the simulation, when the contact is lost. The load increment between two computations was taken equal to ∆ls = f 0 /50 during the implant insertion in order to ensure Newton-Raphson convergence. To simulate the insertion process, a quasi-static vertical load F z was applied uniformly on the top surface of the ancillary (see Fig. 

Bone-stem-ancillary system vibration analysis

At each of ten equally distributed load steps during the FS insertion, pre-stressed modal analysis was performed on the entire bone-implant-ancillary system, similarly at what was experimentally done in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. For the modal analysis, the bone-implant interface was assumed to be fully bonded. Only the modes within the frequency range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF] kHz were considered in order to allow comparison with a previous experimental study which demonstrated the sensitivity of several modes regarding implant insertion within this range [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Both the resonance frequencies and associated mode shapes were analyzed throughout the implant insertion.

FS insertion monitoring and primary stability evaluation

The insertion of the FS implant was monitored by analyzing i) the implant vertical displacement U I , ii) the BIC ratio variation with respect to the insertion force F I and iii) the variation of the bone-stem-ancillary system's resonance frequencies with regard to the BIC ratio [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] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF].

The FS primary stability was evaluated by i) the value of the pull-out force F p [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF] as what has previously been done for the ACI study (Raffa et al., 2019b;[START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF][START_REF] Doyle | Impaction technique influences implant stability in low-density bone model[END_REF] and ii) the BIC ratio at the end of insertion [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF], that is for F I = 2.5 kN. The pull-out force F p is defined as the value at the happening of the detachment of the implant from the bone, identified by a slope discontinuity with a brutal decrease of the BIC ratio.

Results

Reference case

Bone-implant contact characteristics during implant insertion

A typical variation of the macroscopic BIC evolution during the implant insertion and pullout stages is represented in Fig. 6.3 for the reference case. Four distinct phases may be identified:

1. contact positioning (ls ∈ [0, 60], highlighted in grey): at first, BIC = 0 as there is no contact between the bone and the implant. As soon as the contact is established (ls = 28), the BIC suddenly increases until reaching a "plateau" around 40%. This constant value of the BIC corresponds to a regime in which the non-sliding contact is dominant at the bone-implant interface (|F t | < µ|F n |). [60,103]): this phase corresponds to a regime in which the sliding contact is dominant at the bone-implant interface (|F t | = µ|F n |). A detailed description of the BIC evolution during insertion is given in Fig. 6.4. 3. implant pull-out (ls ∈ [103, 308]): slight decrease of the BIC until a sudden drop to 0%:

implant insertion (ls

∈
the slope discontinuity gives the load step corresponding to the pull-out force F p , (here ls = 305).

Results

4. in this last phase, the implant is totally removed from the bone cavity. 3) sagittal BIC increase (C) and 4) total BIC convergence (D). At the end of the FS insertion, that is for F I = 2.5 kN, the BIC reaches 75% of the total bone cavity surface and no further significant contact increase is observed from 2 kN.

Modal characteristics during femoral stem insertion

The mode shapes and the resonance frequencies in the frequency range [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF] kHz are represented in Fig. 6.5 with the same scale factor (0.005) for all the mode shapes. The bone is not shown for a better visualization. Eight modes are represented for which the vibration of the ancillary is of bending nature with two or three nodes. The mode shapes for which the maximum displacement of the ancillary is largely inferior to the maximum displacement of the bone or the femoral stem are not represented since they would not be measurable experimentally. 2X shows a smaller resonance frequency variation, especially for BIC > 55%, which is in good agreement with what was obtained experimentally in [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Therefore, in what follows, only these three modes will be selected for the study on the sensitivity to the trabecular bone Young's modulus E t . 

FS insertion monitoring under different biomechanical parameters

Effect of the trabecular bone Young's modulus values of E t (E t = 0.1 GPa, E * t = 0.2 GPa and E t = 0.3 GPa), the curves corresponding to the variation of the implant displacement U I as a function of F I exhibit a slope discontinuity, which corresponds to the jump of the BIC evolution explained by the establishment of the sagittal BIC (see Fig. 6.4 and Fig. 6.7b). The value of F I where this discontinuity occurs increases as a function of the Young's modulus E t . At the end of the insertion stage (F I = 2.5 kN), the BIC varies from 50% to 82% depending on the value of the trabecular bone Young's modulus, which corresponds to a difference of implant displacement U I close to 2.5 mm. that this small difference in the displacement, difficult to measure in the clinic, corresponds to a variation of BIC of nearly 20%. and a significantly lower increase for IF > 150 µm. A good compromise is obtained for the reference case with the maximization of both the BIC and the pull-out force F p reaching 75% and 1.95 kN, respectively. The values of the pull-out force F p found in Fig. 6.10 are again in good agreement with experimental results obtained on bone mimicking phantoms [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF]). An optimal range of values can be defined for µ, and IF (an optimal value of E t is not searched here as it is not a parameter controllable by the surgeon), which optimize the FS stability by maximizing both the pull-out force F p and the BIC ratio. For instance, friction coefficient values between 0.25 and 0.35 and IF values between 150 µm and 250 µm provide FS stability such as F p > 1.9 kN and BIC > 70%. 6.2. The most sensitive mode is the mode 2Y b , with a mean sensitivity of 14.03 Hz/%. This sensitivity is similar for the different values of E t within the range [0.1-0.6] GPa. The least sensitive mode is 2X, with a slope inferior to 2 Hz/% for E t = 0.3 GPa, E t = 0.4 GPa and E t = 0.6 GPa. However, the sensitivity of 2X is higher for the smallest trabecular bone Young's modulus, reaching up to 12.95 Hz/% for E t = 0.1 GPa, which may be explained by large differences of implant position for the same level of BIC ratio.

Effect of the friction coefficient

Variation of the FS implant stability

FS insertion monitoring by means of modal analysis

The sensitivity of the resonance frequency to the trabecular bone Young's modulus E t is evaluated at a given BIC ratio, indicated by the vertical dashed line at BIC = 50% in Fig. 6.11. The resonance frequency of each mode obtained at BIC = 50% is noted f BIC=50% and the values are shown in Table 6.2 for the different values of E t . The mode 2Y b is the most sensitive to the trabecular bone Young's modulus E t , with a variation of more than 1.1 kHz obtained for values of E t varying between 0.1 GPa and 0.6 GPa. The modes 2Y and 2X are more sensitive to changes of the trabecular bone Young's modulus when small values of E t are considered. In particular, the resonance frequency of the mode 2X is nearly constant for E t > 0.3 GPa, with a frequency variation lower than 30 Hz between E t = 0.3 GPa and E t = 0.6 GPa. 6.2). 

Et = 0.1 GPa Et = 0.2 GPa Et = 0.3 GPa Et = 0.4 GPa Et = 0.6 GPa

Discussion

This work aims to provide more insight on the influence of various biomechanical parameters on the FS insertion and primary stability, which could lead to eventually develop a vibrationbased method to guide surgeons during the insertion procedure. The contact ratio and the pull-out force depend on the trabecular bone Young's modulus E t , the friction coefficient µ and the interference fit IF. The resonance frequencies of the bone-implant-ancillary are shown to be sensitive to the bone-implant contact BIC ratio and to the trabecular bone Young's modulus E t . The corresponding mode shapes and the variation of the resonance frequencies during the FS insertion are in good agreement with experimental measurements performed in a previous work by our group [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF].

Bone-implant contact evolution

During the FS insertion, the BIC evolution is found to increase non-linearly with the insertion force for all configurations, which is in good agreement with the dynamic FE study of [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF] on the evolution and distribution of the bone-implant contact during and after the FS insertion. This non-linear increase of the BIC ratio may be explained by the particular shape of the FS implant : the BIC at the sagittal bone cavity faces is established after the BIC at the frontal bone cavity faces (see Fig. 6.4). In particular, the contact reached in the calcar zone, which is part of the sagittal BIC is of great interest for the surgeons because this femur region is subjected to periprosthetic fractures [START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF] and stress-shielding effects [START_REF] Mccarthy | Quantifying bone loss from the proximal femur after total hip arthroplasty[END_REF][START_REF] Joshi | Analysis of a femoral hip prosthesis designed to reduce stress shielding[END_REF][START_REF] Khanuja | Cementless Femoral Fixation in Total Hip Arthroplasty[END_REF]. The contact evolution obtained for the reference case indicates that continuing the stem insertion into the cavity for insertion forces F I higher than 2 kN does not lead to a significant increase in BIC ratio (see Fig. 6.4).

This observation validates the choice of IF * = 200 µm as a reference value and confirms the need for the surgeons to detect the insertion end-point in order to avoid stress concentration which could lead to periprosthetic bone fractures (Kim et al., 2001a) and to surgical failure.

FS pull-out

The simulated pull-out forces are comprised between 1611 N and 2096 N, which is in good agreement with experimental values obtained on bone mimicking phantoms in [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF],

where the pull-out forces were found to be between 1000 and 2300 N according to the stability configuration. The pull-out force is found to be an increasing function with respect of the bone's stiffness, the friction coefficient and the interference fit. It is worth noting that these results are new findings, because in the literature, the other studies on FS's biomechanical behavior rather focused on the micromotion than the pull-out force evaluation.

In previous studies on the ACI, it was shown that the pull-out force increases with these same parameters until an optimal value and then decreases for higher values (Raffa et al., 2019b;[START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. This behavior may be explained by the fact that highly concentrated contact stresses appearing at the equatorial rim of ACI strongly increase with the increasing variation of (E t , µ, IF ), which may prevent the implant to be completely inserted into the bone cavity under the physiological driving force, leading to a worse pull-out force. However, in the case of FS considered herein, as the bone-implant contact surface is much larger, the contact force is not sufficiently strong, even for the biggest values of (E t , µ, IF ), to prevent the complete insertion of the implant into the bone cavity under the considered imposed force. Consequently, the pullout force of FS was found to monotonously increase with the aforementioned parameters. A simplified cone-shape implant model from [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF] confirms our finding concerning the pull-out force, which is found to increase with the interference fit or the friction coefficient, with values between 8000 N and 9000 N. The pull-out forces F p observed in [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF], during the first steps of implant insertion and corroborates the non-sensitivity of the mode 2X observed experimentally [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Table 6.2 shows that the most sensitive mode for insertion monitoring is 2Y b with a variation of 14 Hz per %BIC increase. At the end of FS insertion, a convergence of the resonance frequency is observed from U I = 13 mm (see Fig 6.6b).

Such a convergence may be of interest to detect insertion end-point, which corresponds to the moment when continuing to push the implant into the bone will not lead to any better implant fixation or higher BIC increase.

Different numerical studies considered the resonance frequency shift with contact conditions in order to simulate osseointegration and therefore investigate the mode sensitivity to the longterm stability (Pastrav et al., 2009a;[START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF]. Similarly as in our study, the resonance frequency shift with the bone-implant contact was shown to depend on the mode number and on the location of the BIC : proximal, distal or central (Pastrav et al., 2009a).

The highest frequency shifts were observed for proximal contact increase. In the perspective of the development of a surgical tool, being able to estimate the amount of bone-implant contact thanks to the measure of the bone-implant-ancillary system resonance frequencies is of great interest. In particular, it can prevent periprosthetic bone fractures by avoiding non-necessary hammer impacts if the BIC ratio has already converged (Fig. 6.4). The results shown in Fig. 6.6 highlight that two modes are particularly sensitive to the bone-implant contact ratio, namely the modes 7 and 8, which were not identified in the previous experimental study [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]). An optimization of the sensor positioning on the ancillary, according to the mode shape, could be relevant to be able to measure these modes experimentally.

The sensitivity of the resonance frequency to E t depends on the mode of vibration (see Fig.

6.11)

. For the same level of BIC, while the frequencies of the modes 2Y and 2Y b increase with the trabecular bone Young's modulus (Fig. 6.11a and 6.11c), the frequency of the mode 2X is constant for high bone rigidity (E t > 0.2 GPa) (Fig. 6.11b). This variation of sensitivity depending on the mode number is also observed in a study focusing on the stem material properties [START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF], where the frequency shift observed for various implant materials varies between the mode number. A global increase of the resonance frequencies is observed for stiffer materials considering the same level of bone-implant contact, which is in good agreement with our findings. The understanding of this sensitivity may be of interest for the surgeons in order to retrieve information on the patient bone quality. The resonance frequency sensitivity to the friction coefficient could not be investigated in the present study, as the bone-implant interface was assumed to be fully bonded for the modal analysis. Besides, even if the interference fit strongly influences the implant displacement in the host bone (Fig. 6.9a), the resonance frequency variation over the range of interference fits considering a same BIC ratio, was strongly lower than for the trabecular Young's moduli (data not shown). This may be explained by a stronger effect of the bone's stiffness than the interference fit (and thus, the press-fit), on the bone-stem-ancillary system's resonance frequencies, for the range of parameter values considered herein.

Limitations of the FE model

This study has several limitations. First, only a single type of FS and ancillary geometry was studied due to the numerous parameters considered and to computation time related issues.

However, the FS design considered in this work -straight stem with a cervico diphyseal angle of 132°, a medial curvature adapted to different morphologies to avoid post-operative varus (cer-averCerafitRMIS)-is largely employed by the surgeons for uncemented procedures. Therefore, the results obtained herein are of interest for a majority of uncemented procedures. However, the influence of other shapes of implant could be considered in a future work, based on studies about the effect of the implant geometry on the level of stress and micromotion under cyclic loading [START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF][START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF] or on the bone remodeling [START_REF] Folgado | Influence of femoral stem geometry, material and extent of porous coating on bone ingrowth and atrophy in cementless total hip arthroplasty: an iterative finite element model[END_REF]. Several recent reports also provide insight on the contribution of FS design to the risk of periprosthetic fractures [START_REF] Khanuja | Cementless Femoral Fixation in Total Hip Arthroplasty[END_REF][START_REF] Carli | Periprosthetic femoral fractures and trying to avoid them: what is the contribution of femoral component design to the increased risk of periprosthetic femoral fracture?[END_REF]. A change of femur geometry should also be considered in order to represent the patient variation [START_REF] Pettersen | Subject specific finite element analysis of implant stability for a cementless femoral stem[END_REF]. Eventually, although considering half of the femur with the fixation of the distal end is commonly employed when studying femoral stem insertion [START_REF] Taylor | Cancellous bone stresses surrounding the femoral component of a hip prosthesis: an elastic-plastic finite element analysis[END_REF][START_REF] Pérez | A finite element analysis of the vibration behaviour of a cementless hip system[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], such configuration is likely to affect the vibrational response of the bone-stem-ancillary system with regard to a real anatomic configuration. However, the frequency sensitivity to the bone stiffness and BIC ratio is expected to be similar. Note that a previous ACI study showed that the thickness of the soft tissues located around the implant does not influence the biomechanical phenomena occurring during the implant insertion [START_REF] Bosc | Influence of soft tissue in the assessment of the primary fixation of acetabular cup implants using impact analyses[END_REF].

Second, we assumed that bone is homogeneous, elastic and isotropic. However, the bone properties are inhomogenous, as shown by several authors who used CT scans to recover the spatial distribution of the bone density [START_REF] Ovesy | A nonlinear homogenized finite element analysis of the primary stability of the bone-implant interface[END_REF]. Even if the same computational procedure could have been followed, the aim was to determine the effect of the global bone stiffness on the FS insertion. The effect of bone anisotropic properties have been investigated

for the ACI stability [START_REF] Nguyen | Influence of anisotropic bone properties on the biomechanical behavior of the acetabular cup implant: a multiscale finite element study[END_REF], but was not used in the present study herein in order to simplify the configuration for comparison of the effect of the parameters of interest.

Third, other studies have also pointed out the debonding effects [START_REF] Immel | A modified Coulomb's law for the tangential debonding of osseointegrated implants[END_REF] or bone damage at the interface [START_REF] Ovesy | Explicit finite element analysis can predict the mechanical response of conical implant press-fit in homogenized trabecular bone[END_REF] and their influence on micromotion and pullout force. However, even if trabecular bone damage may occur during the insertion process, an experimental study showed that bone damage has no impact on the pull-out force [START_REF] Bishop | The influence of bone damage on press-fit mechanics[END_REF]. As our study accounts for primary stability, this effect was neglected.

Fourth, a uniform thickness of cortical bone was considered. As the implant is only in contact with trabecular bone, it is assumed that the homogeneous thickness does not influence the results. A similar study on the ACI confirms this assumption with results showing that the influence of the cortical bone stiffness on the pull-out force is small compared to the other parameters (trabecular bone Young's modulus, friction coefficient and interference fit) [START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF].

Fifth, quasi-static analyses were carried out whereas the surgeons insert the implant by successive hammer impacts. In order to take into account viscoelastic effects of the bone, it would be interesting to consider dynamic simulations with implant impaction [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]. Note that the computation cost required for such simulations would be considerably higher than the one of the present study.

Conclusion

The present chapter brings new outcomes on the influence of the bone quality, the boneimplant contact friction coefficient and the interference fit, on the FS primary stability, which is evaluated in terms of bone-implant contact ratio and pull-out force. The results emphasize the necessity to optimize the biomechanical parameters in order to guarantee both a maximal pull-out force and bone-implant contact ratio. Moreover, from our knowledge, this is the first numerical study which proposes modal analysis of the bone-implant-ancillary system at different FS insertion steps. The sensitivity of the resonance frequencies to the bone-implant contact ratio and to the bone quality may be used to develop a quantitative method to monitor FS insertion by means of vibration measurement on the ancillary, which is easily accessible during the surgical procedure. Both the stability and the vibration features, that is, the pull-out forces and the resonance frequencies, respectively, are consistent with previous experimental results. However, the proposed in silico model should be improved in order to be more representative of the surgical impaction technique by simulating dynamic impacts.

Key points

• The bone-implant contact ratio decreases as a function of the bone stiffness, the interference fit and the friction.

• The bone-implant contact ratio increases non-linearly with femoral stem insertion until reaching a threshold.

• An interference fit higher than 200 µm does not increase significantly the pull-out force.

• The resonance frequencies of the bone-stem-ancillary system are sensitive to the boneimplant contact ratio.

• The sensitivity to bone stiffness of the bone-implant-ancillary system's resonance frequencies varies according to the mode of vibration.

Chapter 7

Dynamic behavior of a press-fitted femoral stem under impaction

Introduction

In the previous chapter, a finite element model of the femoral stem insertion under quasistatic loading conditions was proposed. This approach allowed to analyze the effects of various biomechanical parameters on the implant stability, defined by the BIC ratio and the pullout force. Chapter 6 also provided a measurable relationship between the resonance frequencies of the ancillary and the primary stability of the implant. However, the dynamic behavior of the bone-implant system during the impaction was not considered, which will be at the core of the present chapter.

First, clinically, the femoral stem is inserted by applying successive impacts on the upper surface of the ancillary, as explained in Chapter 1 (Subsection 1.2.2). While Chapter 6 is relevant to analyze the main determinants of implant stability, taking into account the impaction is necessary to analyze the dynamic phenomena occurring during the insertion.

Then, impact analysis, extensively described in Chapter 2 and compared to Experimental Modal Analysis in Chapter 3, has shown to be a promising method for implant stability assessment. Two indicators of implant stability were derived from the force signals (see Chapter 2, Subsection 2.4.2). The indicator I, rather used for the Acetabular Cup Implant (ACI), corresponds to the impact momentum and was shown to be correlated to the implant pull-out force [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](Michel et al., , 2016b,a),a). For the femoral stem, another indicator, denoted D, was developed corresponding to the time difference between the impact of the hammer and the rebound of the ancillary on the hammer [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF]. This quantity was shown to be in agreement with the surgeon proprioception to indicate the femoral stem insertion end-point, which is defined as the insertion step that maximizes initial fixation while avoiding periprosthetic fracture. However, the assessment of the impact method could not be considered in Chapter 6 because of the quasi-static nature of the insertion simulation.

Despite promising results obtained in previous in vitro [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] and ex vivo studies on bovine femurs (Albini Lomami et al., 2020) and anatomical subjects [START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF] for impact analysis applied to femoral stem insertion, some phenomena should be clarified for an optimal development of this method in the clinic. First, the sensitivity of the indicator D to the BIC ratio could not be retrieved in the experiments [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF]. Second, the influence of various biomechanical parameters and surgical procedures on the indicator D remains unclear. Due to the varied physical characteristics of bone tissues and the difficulty to measure the BIC experimentally, the use of a numerical simulation appears to be the most adapted to address these issues. While dynamic finite element analysis was employed by [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF] to validate the use of impact analysis to predict the bone-implant contact area of an ACI, such study has not yet been performed for the femoral stem. In the literature, few dynamic simulations of the femoral stem insertion are proposed. [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF] investigated the influence of stem geometry and fitting conditions on the evolution and distribution of the bone-implant contact, stress and strain during and after the hip stem insertion by means of a dynamic analysis. However, the impact force features and their variation during impaction was not studied.

The aim of this chapter is, first, to investigate the variation of the impact force over time during femoral stem insertion, and second, to validate the use of this quantity to monitor implant insertion. For that purpose, a three-dimensional finite element nonlinear dynamic analysis of the insertion procedure using impacts is developed. The originality of the study is to quantify the effect of various biomechanical parameters on the variation of the indicator D derived from the impact force signal during femoral stem insertion. In this work, all media were modeled as isotropic elastic materials, similarly as what was done in [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF] and in Chapter 6. The material properties associated to each domain are given in Table 7.1 for the reference case. Each material was assumed to be homogeneous and had the same Poisson's ratio equal to 0.3. The mesh was generated in ANSYS Workbench software (v.20, ANSYS Inc., Canonsburg, PA, USA) and consisted in 89381 tetrahedral elements. The mesh was refined around the bone implant contact. A convergence study on the bone and implant element size h e and the time increment ∆t was conducted for the reference case. Table 7.1 -Material properties of the five subdomains [START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF][START_REF] Shirazi-Adl | Experimental determination of friction characteristics at the trabecular bone/porous-coated metal interface in cementless implants[END_REF][START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF] 

Material and methods

Finite element model

FS insertion simulation

All simulations were performed using the ANSYS software (v.20, ANSYS Inc., Canonsburg, PA, USA). To describe the dynamic behavior of the system during the insertion process, nonlinear geometrical with large displacement hypothesis was assumed. Therefore, the initial configuration at t = 0 described by the point coordinates X was distinguished from a given configuration at a time t described by the point coordinates x = x(X, t).

Boundary, initial and contact conditions

Different kinds of boundary conditions were defined for each subdomain, denoted Γ sym for the symmetry condition, Γ c for the contact condition and Γ u for the imposed displacement as indicated in Fig. 7.1. The bone distal surface, Γ u b , was fixed to represent the distal bone clamping of the experimental configurations [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. No external forces were applied to the system. The symmetry condition Γ sym in the (XZ) plane was applied to the whole system, according to the plane of symmetry of the femoral stem. Therefore, the boundary conditions read (except for the contact surfaces):

u = 0, on Γ b , ( 7.1 
)

u • e y = 0, in Γ sym α , (7.2) 
where u(X, t) = x -X is the displacement vector and Γ sym α

= (Γ sym h ∪ Γ sym a ∪ Γ sym i ∪ Γ sym tb ∪ Γ sym cb ).
Frictional contact model using Coulomb's law [START_REF] Wriggers | Computational Contact Mechanics[END_REF] was assumed between the hammer and the ancillary noted (Γ c ha ,Γ c ah ) (see Fig. 7.1c) and between the bone and the FS implant noted (Γ c bi ,Γ c ib )(see Fig. 7.1d), where:

f s = |F t | -µ|F n | ≤ 0. ( 7.3) 
|F t | and |F n | are the absolute values of tangential and normal components of the interface traction vector, respectively; µ is the friction coefficient; and f s is a slip criterion which is negative (f s < 0) when no sliding occurs (sticking) and null (f s = 0) in case of sliding.

A friction coefficient of 0.1 was chosen between the hammer and the ancillary, similarly as in [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF] and it was chosen equal to 0.3 for the reference case based on previous values used in the literature [START_REF] Damm | Friction coefficient and effective interference at the implant-bone interface[END_REF][START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF].

To simulate the impact of the hammer Ω h on the ancillary Ω i , an initial vertical velocity is imposed to Ω h at t = 0. At t = 0, the bone and the implant are supposed to be at rest and already in contact along Γ c . The initial conditions read:

u (t=0) = 0, in Ω α , ( 7.4 
)

u(t=0) = 0, in (Ω a ∪ Ω i ∪ Ω tb ∪ Ω cb ), (7.5) 
u(t=0) = (0, 0, -v 0 ), in Ω h , ( 7.6) 
where u(X, t) is the velocity vector and

Ω α = (Ω h ∪ Ω a ∪ Ω i ∪ Ω tb ∪ Ω cb ).

Impaction procedure and parametric study

Different simulations of the femoral stem insertion by impaction are performed using the numerical model and the procedure described above. Before starting the impaction procedure, the implant is positioned into the bone cavity to established bone-implant contact by applying a quasi-static vertical force of 10 N to the upper surface of the ancillary, similarly as what was done in Chapter 6. This stage represents the manual positioning of the implant into the bone performed by the surgeons before the hammer impacts. The insertion procedure by impaction (denoted "implant impaction" in what follows), starts at the end of the implant positioning. It consists in applying successive impacts of the hammer on the ancillary, with an initial velocity equal to v 0 for each new impact. The number of impacts was set equal to 10 for each simulation (except for v 0 = 2 m/s, which will be discussed in Section 7.4) to be able to compare the influence of the configuration on the implant insertion. The time duration between two successive impact was adapted to each configuration so that the system is at rest at the beginning of each new impact.

Repeating the protocol described above to different biomechanical configurations, a parametric study was carried out based on the experimental variations observed in the studies of Chapters 2 and 3. To represent the patient and surgical procedure variability, different values of trabecular bone Young's modulus E t , friction coefficient at the bone-implant interface µ, interference fit IF and impact velocity v 0 are considered, leading to a total of 17 simulations.

The range of variation of each parameter is indicated in [START_REF] Brown | Mechanical Property Distributions in the Cancellous Bone of the Human Proximal Femur[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF][START_REF] Leuridan | Determination of replicate composite bone material properties using modal analysis[END_REF][START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Rothstock | Primary stability of uncemented femoral resurfacing implants for varying interface parameters and material formulations during walking and stair climbing[END_REF][START_REF] Gebert | Influence of pressfit parameters on the primary stability of uncemented femoral resurfacing implants[END_REF][START_REF] Shirazi-Adl | Experimental determination of friction characteristics at the trabecular bone/porous-coated metal interface in cementless implants[END_REF][START_REF] Damm | Friction coefficient and effective interference at the implant-bone interface[END_REF][START_REF] Dammak | Passive damping of beam vibrations through distributed electric networks and piezoelectric transducers: prototype design and experimental validation[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF] 

Insertion monitoring and signal processing

To analyze the femoral stem insertion, the positions of the hammer and the ancillary, the implant vertical displacement U I , as well as the bone-implant contact ratio was evaluated during the impaction procedure. The implant displacement U I is defined by the variation of the position of the ancillary during each impact #i. The BIC is defined by the ratio of the bone surface in contact with the femoral stem and with the total bone cavity surface. Then, to investigate the impact method sensitivity, the time variation of the impact force F I applied by the hammer on the upper surface of the ancillary was determined during each impact #i of the impact procedure. The same signal processing method as the one presented in Chapters 2 and 3

was employed in order to analyze the impact force signal s(t) measured at the hammer lower

surface. An indicator, noted D, was calculated for each impact #i. The indicator D, given in milliseconds, corresponds to the interval between the times t 2 and t 1 of the second and the first local maxima of the signal s(t) respectively (see [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF]; [START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF];

Albini Lomami et al. (2020) for more details).

Results

Analysis of the FS insertion: reference case

The positions of the hammer's impact surface and the ancillary's upper surface during impaction procedure composed of ten impacts is shown in Fig. 7.2 for the reference case E * t , IF * , µ * and v * 0 . At each impact #i, the hammer bounces on the ancillary fixed to the femoral stem, which is illustrated by the local minima on the curve representing the hammer position (see Fig. 7.2). The femoral stem displacement U I is higher at the beginning of the insertion procedure.

The position of the ancillary varies less than 0.25 mm between each impact after the 6 th , which indicates that from a macroscopic perspective, the femoral stem may be considered as fully inserted into the host bone. The description of two impacts (impact #1 and #3) measured during the femoral stem insertion procedure, is illustrated in Fig. 7.4 for the reference case. The variation of the force applied between the hammer and the ancillary is shown in Fig. 7.4a for the impact #1 (respectively Fig. 7.4c for the impact #3). The variation of the position of the ancillary and the hammer during the impact #1 (respectively impact #3) is represented in Fig. 7.4c (respectively 7.4d). The first peak of the force signals s(t) corresponds to the initial hammer blow on the ancillary. The following peaks represent the rebounds of the ancillary on the hammer. The contact duration of the rebounds are associated to the superposition of the curves of the hammer and ancillary positions shown in Figs. 7.4b and 7.4d. The time difference between the initial hammer blow (peak #1) and the first rebound of the ancillary on the hammer (peak #2) varies throughout the impaction procedure. The time of the second peak is around 0.9 ms for the impact #1 (see Fig. 7.4a) and 0.5 ms for the impact #3 (see Fig. 7.4c).

Several examples of the impact force versus time signal s(t) measured between the hammer and the ancillary are shown in Fig. 7.5 for different impacts #i of the femoral stem insertion procedure for the reference case. The impact number #i is indicated above each second peak of the force signal s(t). The value of the time difference described in Fig. 7.4 and defined as the indicator D (see Chapter 2, Subsection 2.4.2) decreases during implant impaction procedure.

In particular, the variation of the indicator D as a function of the impact number #i is shown in Fig. 7.6 for the reference case, together with femoral stem displacement U I (Fig. 7.6a) and the BIC ratio (Fig. 7.6b). The time difference D first decreases with the impact number #i and then stays constant to 0.23 ms after seven impacts. The total implant displacement after 10 impacts is around 4 mm for the reference case (see Fig. 4.6a). Note that the implant displacement is calculated from the beginning of the impaction procedure, once the implant is positioned inside the bone cavity. The implant displacement U I is higher at the beginning of the impaction procedure than at the end. Even if the displacement still varies after the impact #10, the variation of U I between the impacts #10 and #9 is about 0.25 mm, which is much smaller than its variation about 0.75 mm between the impacts #1 and #2 (see Fig. 7.2 and 7.6). Similarly, 80% of the BIC ratio is reached after the four first impacts. The BIC ratio only increases from 10% for the six last impacts. Figure 7.7 shows the influence of the trabecular bone Young's modulus E t , the friction coefficient µ, the impact velocity v 0 and the interference fit IF on the variation of the BIC ratio as a function of the impact number #i. The values of the BIC ratio increase during the femoral stem insertion procedure for any values of E t (a), µ (b), v 0 (c) and IF (d). The increment of the BIC ratio is higher at the beginning of the impaction procedure. Except for the case E t = 600 MPa (see Fig. 7.7), which will be discussed in Section 7.4, the BIC asymptotically reaches a threshold value during the impaction procedure and its increment significantly decreases with respect to the number of impacts. The number of impacts necessary to obtain the threshold Overall, for any impact number #i, the BIC ratio increases when E t , µ, IF decrease and when the impact velocity v 0 increases (see Fig. 7.7). The BIC ratio reached at the end of insertion (i = 10) varies between 74% and 97% according to the value of E t , between 81% and 96% according to the value of µ, between 60% and 98% according to the value of v 0 and between 81% and 90% according to the value of the interference fit IF . It is worth noting the difference of BIC ratio of 50% obtained after the tenth impact for an impact velocity v 0 = 0.5 m/s and v 0 = 1 m/s (Fig. 7.7c). The BIC ratio corresponding to v 0 = 0.5 m/s does not significantly increase after the 7 th impact, which may be explained by insufficient tangential forces at the bone-implant interface produced by an impact with v 0 = 0.5 m/s compared to the normal forces.

Influence of the environment on the FS insertion: a parametric study

For v 0 = 0.5 m/s, it may be hypothesized that continuing the impaction procedure with such velocity would not lead to an increase of the BIC ratio. 

Discussion

The aim of the present chapter is to provide more physical insights on the dynamic phenomena occurring during the femoral stem insertion using a 3-D finite element model of the impaction procedure under various biomechanical configurations. In particular, the time indicator D [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], derived from the impact force signal is studied during the femoral stem insertion and its sensitivity to the biomechanical configuration is investigated.

First, the value of the maximal BIC achieved during femoral stem insertion as well as the number of hammer impacts necessary to reach this value, were shown to strongly depend on the value of E t , which is related to the patient's bone tissue quality and on IF , µ and v 0 , which are related to the surgical configuration (see Fig. 7.7). This observation confirms the by means of a 2D axi-symmetric model and similar behavior of the impact force was obtained.

However, the acetabular geometry differs from the femoral stem's one. Moreover, the time duration between the rebounds was not directly investigated as a function of the biomechanical environment, which constitutes the novelty of our study.

The time duration between the impact and the first rebound, named indicator D, first, decreases as a function of the impact number and then, reaches a threshold and stays constant (see Fig. 7.6). This behavior was also observed experimentally in [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF] and Albini Lomami et al. (2020) as well as in the study of Chapter 3 and allowed to define an insertion end-point criterion based on the convergence of the indicator. This criterion was shown to be in good agreement with the surgeon proprioception and the implant insertion depth. The parametric study proves that the indicator D converges to 0.23 ms for any value of E t , µ, IF and v 0 (see Figure 7.8). However, for several configurations, the BIC ratio continues to increase after D reaches this threshold. The number of impacts for D to converge towards its threshold is lower when the bone-implant system rigidity is higher (i.e higher trabecular bone Young's modulus E t , friction coefficient µ and interference fit IF ). In addition, the BIC ratio corresponding to the convergence of D is lower when considering a higher bone-implant system rigidity. This result reveals that the indicator D is not directly correlated to the BIC ratio but rather to the global stiffness of the bone-implant system. Therefore, the pull-out force should be considered in addition to the BIC ratio to evaluate the sensitivity of the indicator D to the femoral stem stability. In the previous chapter, the pull-out force was shown to increase as a function of the bone-implant rigidity, while the BIC ratio was shown to decrease, considering the same insertion force. Moreover, it is worth noting that the implant displacement due to the last impacts, for which the indicator D stays constant, is smaller than 0.25 mm (see Fig. 7.6 for the reference case), which is very low to be measurable in the clinic and would be neglected.

Although the variation of the indicator D as a function of the impact number is in good qualitative agreement with previous experimental studies, the convergence threshold slightly differs. While it was shown herein that the indicator D converges to 0.23 ms for any value of E t , µ, IF and v 0 , experimentally, the indicator D was shown to reach a threshold comprised between 0.4 and 0.6 ms according to the type of the bone (femur mimicking phantoms [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF], bovine femur bone (Albini Lomami et al., 2020) or human bone [START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF]). Multiple factors can explain this difference. First, the material properties considered in the model are not fully representative to the real materials. In particular, while bone tissue is viscoelastic [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Messer-Hannemann | Time-dependent Viscoelastic Response of Acetabular Bone and Implant Seating during Dynamic Implantation of Press-fit Cups[END_REF], only elastic materials are considered in the present model. Note that this assumption have already been made in previous similar modeling approaches [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. The viscoelastic effects are likely to influence the dynamic behavior of the femoral stem insertion. The higher amplitude of the peaks on the impact force signal obtained in the simulations compared to the experimental signals presented in Chapters 2 (Subsection 2.4.2) and 3 may be explained by the elastic modeling of bone properties, which does not take into account for dissipation mechanisms. Second, the boundary condition at the distal femur does not exactly reproduce the clamping or the anatomical loading considered in the experimental configurations, which is likely to modify the resonance of the bone-implant system and therefore the time duration between the rebound of the ancillary on the hammer.

Eventually, a cylinder represents the femoral bone, which differs from a real femur anatomy especially in the proximal part and may also influence the stiffness of the bone-implant system.

The finite element model developed in this study presents several limitations in addition to the ones mentioned above. First, the geometrical configuration differs between the experimental and numerical approaches. The thickness of the cortical bone was modeled as a uniform layer of 3.5 mm whereas it is more likely to be non-uniform. Nonetheless, since the femoral stem is only in contact with trabecular bone in the model herein, the uniform cortical bone thickness is not expected to significantly influence the results. Moreover, an "ideal" bone cavity is modeled, whereas it was shown that the reaming of the cavity varies between the surgeons [START_REF] Konow | Variability in Femoral Preparation and Implantation Between Surgeons Using Manual and Powered Impaction in Total Hip Arthroplasty[END_REF]. The cavity reaming as well as the impact direction may influence the femoral stem insertion into the bone [START_REF] Bätz | Effect of cavity preparation and bone mineral density on bone-interface densification and bone-implant contact during press-fit implantation of hip stems[END_REF]. In particular, the femoral stem implant is perfectly aligned to the bone cavity at the beginning of insertion and the impact force is purely vertical.

However, note that the horizontal displacements along the x-direction are allowed. Eventually, it would also be relevant to consider other implant geometries, even if the stem type used in this study is largely employed for uncemented surgeries, due to the cervico diaphyseal angle of 132°a nd the medial curvature adapted to different morphologies (ceraverCerafitRMIS, 2020), which confirms the relevance of the results obtained herein for most uncemented procedures.

Second, bone tissue is known to exhibit anisotropic [START_REF] Wirtz | Critical evaluation of known bone material properties to realize anisotropic FE-simulation of the proximal femur[END_REF] and inhomogeneous [START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF] properties. Inhomogeneous and patient specific bone properties could be taken into account using CT scans to recover the spatial distribution of the bone density [START_REF] Keller | Predicting the compressive mechanical behavior of bone[END_REF][START_REF] Ovesy | A nonlinear homogenized finite element analysis of the primary stability of the bone-implant interface[END_REF]. However, the aim of the present chapter was to investigate the influence of several parameters which are difficult to determine and control experimentally on the phenomena occurring during femoral stem insertion. For that purpose, the assumption was made to propose a simplified material model for the parametric study, where only the global stiffness of the bone was considered via the Young's modulus and neglecting the anisotropic bone properties [START_REF] Nguyen | Development of Oil-in-Gelatin Phantoms for Viscoelasticity Measurement in Ultrasound Shear Wave Elastography[END_REF], to simplify the comparison between the different configurations.

Third, plastic deformations [START_REF] Taylor | Cancellous bone stresses surrounding the femoral component of a hip prosthesis: an elastic-plastic finite element analysis[END_REF], as well as bone damage [START_REF] Bishop | The influence of bone damage on press-fit mechanics[END_REF][START_REF] Ovesy | Explicit finite element analysis can predict the mechanical response of conical implant press-fit in homogenized trabecular bone[END_REF] and bone compaction [START_REF] Bätz | Effect of cavity preparation and bone mineral density on bone-interface densification and bone-implant contact during press-fit implantation of hip stems[END_REF][START_REF] Green | The effect of bone compaction on early fixation of porous-coated implants[END_REF] are likely to occur in the peri-implant bone tissue during its insertion, which may affect the bone cavity geometry and the bone stiffness. These phenomena were neglected as it was assumed that the influence on the biomechanical configuration remains lower than the effect of the variation of the parameters chosen in the parametric study. Moreover, the value of the von Mises stresses in the peri-implant bone (see Fig. 7.3) at the end of insertion remains inferior to the tensile and compression yield stresses of the bone reported in the literature [START_REF] Morgan | Dependence of yield strain of human trabecular bone on anatomic site[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Mirzaali | Mechanical properties of cortical bone and their relationships with age, gender, composition and microindentation properties in the elderly[END_REF].

Conclusion

In the present chapter, a 3-D finite element model of the femoral stem impaction into the bone is proposed to provide more physical insights on the dynamic phenomena occurring dur-ing uncemented implant insertion. The femoral stem insertion is studied in terms of implant displacement, bone-implant contact ratio and impact force for various values of bone properties, interference fit, bone-implant-contact friction coefficient and impact velocity. The results emphasize the necessity to adapt the number and velocity of the impacts depending on the biomechanical configuration to reach a satisfying BIC ratio. The impact force is shown to vary during the impaction procedure. A time indicator D is derived from the impact force signal based on previous experimental studies. This indicator corresponds to the time difference between the initial hammer impact and the rebound of the ancillary on the hammer. The indicator decreases with the impact number and converges to a threshold value of 0.23 ms, independently of the biomechanical configuration. Based on the results of this study, this indicator should be used experimentally to retrieve a macroscopic bone-implant stiffness. The indicator present the main advantage to provide real-time monitoring and to require only the temporal variation of the impact force. Associated to a measurement of the implant displacement or the ancillary's vibrations, such as proposed in Part I, it may be part of a surgical device used to monitor implant insertion.

Key points

• A 3-D dynamic model of a femoral stem impaction into the femoral bone is proposed using finite element analysis. A mass representing a hammer impacts repeatedly an ancillary, which is fixed to the implant.

• The femoral stem insertion is studied under various biomechanical environments (bone quality, bone-implant contact friction coefficient, interference fit and impact velocity) and in terms of implant displacement, BIC ratio and impact force.

• For each impact associated to an insertion step, the ancillary bounces on the hammer after the initial hammer blow, which corresponds to multiple peaks on the impact force signal.

• The time difference between the two first peaks, noted D, decreases as a function of the impact number and reaches a threshold value equal to 0.23 ms, independently of the configuration.

• The behavior of the indicator D is in good qualitative agreement with the experimental results presented in Chapter 2 (Subsection 2.4.2). However, the indicator D is not directly related to the BIC ratio, but rather to the global rigidity of the bone-implant system.

Part IV

From bone to soft tissues Chapter 8

In vitro evaluation of elastic properties of soft tissues mimicking phantoms by impact analysis

Motivations

Chapters 2 (Subsection 2.4.2) and 7 demonstrated the potential of using impact methods in order to characterize the stability of the bone-implant system. In particular, the analysis of the force signal corresponding to the hammer impact applied to insert the implant revealed to be sensitive to the implant stability, as summarized in the Chapter 2 and confirmed with numerical studies on the ACI [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF] and the FS insertion (Chapter 7). A time indicator was developed from the time variation of the impact force signal [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], which is correlated to the bone-implant system stiffness and in good agreement with the surgeon proprioception. These experimental and numerical outcomes make the impact method a promising non-invasive technique for real-time assessment of the bone-implant stability. Among several advantages of the impact method, it is worth noting the followings: ease of use of the device (i.e. fast and simple measurement protocol), real-time feedback, non-invasive and non-destructive approach, dynamic measurement, portability and low cost. In particular, the method sensitivity to bone-implant stiffness as well as the noninvasive and non-destructive approach open path towards the application of impact method for other medical issues than implant stability evaluation.

In various medical fields, such as oncology, hepatology or dermatology, the assessment of elastic properties of soft tissues is of great importance for clinical diagnostic, as the development of most pathological processes comes with an alteration of the tissue mechanical properties and change in tissue stiffness [START_REF] Skovoroda | Quantitative analysis of the mechanical characteristics of pathologically changed soft biological tissues[END_REF][START_REF] Andoh | Multifrequency magnetic resonance elastography for elasticity quantitation and optimal tissue discrimination: A two-platform liver fibrosis mimicking phantom study[END_REF]. Tumorous or fibrous tissues are typically characterized by an elastic modulus that differs from surrounding healthy tissue by several orders of magnitude [START_REF] Krouskop | Elastic Moduli of Breast and Prostate Tissues under Compression[END_REF][START_REF] Wells | Medical ultrasound: imaging of soft tissue strain and elasticity[END_REF]. In dermatology too, many skin diseases as scleroderma, Ehlers-Danlos or keloids induce alterations of the mechanical properties of the skin, which can be assessed by measuring, for instance, elastic properties of the tissue [START_REF] Gennisson | Assessment of elastic parameters of human skin using dynamic elastography[END_REF].

Palpation is a medical method commonly used by the physicians in order to inspect tissue stiffness and detect tissue abnormalities. However, this method remains subjective and can only be applied to superficial organs. Quantitative methods such as quasi-static compression tests, nano-indentation or dynamic measurements such as rheometry or Dynamic Measurement Analysis (DMA) are widely used to characterize material elastic or viscoelastic properties but their destructive nature prevents them to be used in the clinic and they can only be employed for in vitro tests.

Interestingly, elastography, whose development started in the 1990's [START_REF] Ophir | Elastography: a quantitative method for imaging the elasticity of biological tissues[END_REF], has been extensively used to characterize the stiffness of soft tissues by mapping the compressive and shear moduli in different tissue locations, as it can be applied in vivo. The principle of elastography is the following [START_REF] Gennisson | Ultrasound elastography: Principles and techniques[END_REF]): an external force, which can be either quasi-static [START_REF] Ophir | Elastography: Imaging the elastic properties of soft tissues with ultrasound[END_REF] or dynamic [START_REF] Fatemi | Ultrasound-stimulated vibro-acoustic spectrography[END_REF][START_REF] Sandrin | Shear modulus imaging with 2-D transient elastography[END_REF], is applied on the targeted soft tissue and its deformations are monitored using imaging methods such as magnetic resonance or ultrasound techniques. In particular, transient elastography, which relies on shear wave propagation, remains one of the gold standard for clinical evaluation of local tissue Young's modulus [START_REF] Catheline | Measurement of elastic nonlinearity of soft solid with transient elastography[END_REF][START_REF] Bercoff | In vivo breast tumor detection using transient elastography[END_REF]. A medical device has been developed: the Fibroscan ® , which is commonly used for the assessment of hepatic fibrosis [START_REF] Sandrin | Transient elastography: a new noninvasive method for assessment of hepatic fibrosis[END_REF]. However, the use of shear-waves requires a more complex and expensive system, which may limit the use of the technology. In dermatology, although elastography has also been investigated [START_REF] Gennisson | Assessment of elastic parameters of human skin using dynamic elastography[END_REF], another simpler method based on skin suction and consecutive deformation has been developed for skin elasticity assessment, with the medical device known as Cutometer ® [START_REF] Dobrev | Use of Cutometer to assess epidermal hydration[END_REF][START_REF] Bonaparte | The effect of probe to skin contact force on Cutometer MPA 580 measurements[END_REF]. This instrument may be used to assess skin aging [START_REF] Ahn | Correlation between a Cutometer® and quantitative evaluation using Moire topography in age-related skin elasticity[END_REF] and the efficiency of cosmetic treatments [START_REF] Dobrev | Use of Cutometer to assess epidermal hydration[END_REF][START_REF] Stroumza | Intérêt du cutomètre pour l'évaluation de l'efficacité des traitements cutanés en chirurgie plastique et maxillofaciale[END_REF]. However, this method is based on empiric observations and the understanding of the relations between the different parameters retrieved from the deformation curves obtained with the Cutometer ® and the viscoelastic properties of the skin should be improved [START_REF] Dobrev | Use of Cutometer to assess epidermal hydration[END_REF].

In this chapter, the impact method described in Chapter 2 (see Subsection 2.4.2) and studied in Chapter 7 to assess bone-implant system stiffness, is applied to another type of biological tissue. Because of the manifold clinical issues, the aim of this work is to study the feasibility of using impact analyses for soft tissue elasticity evaluation. As a first approach, impact analysis is performed on soft tissues mimicking phantoms made of agar, a biological polymer. Agar-based phantoms have been extensively employed to mimic biological soft tissues [START_REF] Culjat | A review of tissue substitutes for ultrasound imaging[END_REF][START_REF] Maccabi | Quantitative characterization of viscoelastic behavior in tissue-mimicking phantoms and ex vivo animal tissues[END_REF][START_REF] Catheline | Measurement of viscoelastic properties of homogeneous soft solid using transient elastography: An inverse problem approach[END_REF], since they have similar mechanical properties with adjustable concentration-dependent mechanical characteristics [START_REF] Normand | New insight into agarose gel mechanical properties[END_REF][START_REF] Ebenstein | Nanoindentation of soft hydrated materials for application to vascular tissues[END_REF][START_REF] Madsen | Tissue-mimicking agar/gelatin materials for use in heterogeneous elastography phantoms[END_REF][START_REF] Dahmani | Predictive Model for Designing Soft-Tissue Mimicking Ultrasound Phantoms With Adjustable Elasticity[END_REF]. To do so, the experimental setup presented in Chapter 2 and 7 is adapted for soft tissue specimen testing. Impact analysis is performed on the agar-based specimen and the impact force signal is analyzed following the signal processing described in Chapter 2 and used in Chapter 7. In particular, the study has been designed to evaluate the method sensitivity to agar-based specimen stiffness (i.e. by varying the agar concentration) and non-linear elastic properties (i.e. by testing under preloading conditions). Moreover, the sensitivity of the method to the agar-based specimen stiffness is compared to DMA and elastography techniques.

Material and methods

Preparation of tissue mimicking phantoms

Tissue mimicking phantoms were made by varying the concentration of agar from 1 g to 5 g in 100 ml of distilled water, leading to specimens with agar concentration c of 1%, 2%, 3%, 4% and 5%. Three specimen were prepared from the same solution and analyzed for each 

Impact measurements

Experimental set-up

A description of the set-up device is shown schematically in Fig. 8.2. The experimental set-up for impact tests was composed of a small hammer of 5g (8204, BK Connect, Brüel and Kjaer, Naerum, Denmark) and a cylindrical beam positioned in a guiding support, so that the beam was kept vertical during the testing procedure, with one extremity in contact with the surface of the specimen to be tested. Two different aluminium beams were custom-made. A first one, named "AlD1" of 80 mm of length and 4 mm of diameter with one extremity of 1 mm diameter was used for the method sensitivity evaluation. A second one, named "AlD4" of 40 mm of length and 4 mm of diameter was used to study the influence of the impact force on the results (see Section 8.4). The larger diameter with regard to the beam AlD1 allows to apply higher forces without drilling the specimen.

In addition, for the tests in preloading conditions only, five stainless steel cylindrical masses of 10.9 g, 21.6 g, 32.7 g, 43.8 g and 54.9 g with an external diameter of 20 mm (see Fig. 8.3).

The cylinders were successively put on the agar-based specimen of different concentrations (1%, 2%, 3%, 4% and 5%), from the lightest to the heaviest. A through hole of 5 mm in diameter in the center of the cylinders allow the positioning of the beam AlD4 for impact testing under preloading conditions. Impact tests were performed for each mass and each agar concentration.

Figure 8.3 -Picture of the five cylindrical masses from 10.9 g to 54.9 g used for the preload tests.

Experimental protocol

The testing procedure consisted in applying four impacts on the upper surface of the beam.

The measurement protocol was repeated three times. The force signal s i (t) corresponding to each impact #i was recorded by a force sensor located in the impact face of the hammer. The signal was acquired in Labview interface (National Instruments, Austin, TX, USA) with a data acquisition module of 51.2 kHz sampling frequency (NI 9234, National Instruments, Austin, TX, USA), leading to a temporal resolution of 0.02 ms on the force signal s i (t). The range of amplitude of the impact force was comprised between 1 N and 10 N, which will be discussed in the Section 8.4.

Analysis of the impact force signal

A dedicated signal processing method was implemented and adapted from [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF] in order to analyze the signals s i (t). An example of a typical force signal s i (t) is shown in Fig. 8.4. For each signal #i, two local maxima were considered corresponding to i)

the impact of the hammer on the beam and ii) the rebound of the beam on the hammer following 8.3. Results the impact. The maximum amplitude of the first peak of the force signal s i (t) corresponding to the impact #i was noted A i and will be named as the impact force in what follows.

A temporal indicator, noted ∆t and given in ms, was calculated as the average of the time difference ∆t i between the first and second local maxima of the four signals s i (t) following:

∆t = 1 4 4 i=1 ∆t i , ∆t i = t i,2 -t i,1 (8.1)
where t i,1 and t i,2 correspond to the time of the first and second local maxima of the signal s i (t), respectively.

Figure 8.4 -Illustration of a signal s i (t) corresponding to the variation of the impact force as a function of time obtained for a given impact on specimen #1 with agar concentration c = 2%. The quantities ∆t i , t i,1 , t i,2 and A i are indicated.

The reproducibility of the impact measurement method was assessed for each agar concentration c and each specimen, by repeating three times the measurements of ∆t, noted ∆t m 1 , ∆t m 2 and ∆t m 3 with the same specimen. The corresponding mean value ∆t and the standard deviation σ ∆t are calculated. σ ∆t is defined as the intra-specimen variability and corresponds to the method reproducibility. Moreover, the standard deviation associated to the variation of ∆t over three specimens having the same concentration, noted Σ ∆t , was also calculated for each agar concentration and represents the inter-specimen variability.

Results

The values of the time indicators ∆t, ∆t m 1 , ∆t m 2 and ∆t m 3 calculated from the impact force signals s i (t) are given in Table 8.1 for each specimen and each agar concentration c between 1% and 5%. The intra-specimen variability, σ ∆t , is of the same order of magnitude than the interspecimen variability Σ ∆t (except for c = 1%). The intra-specimen variability σ ∆t , is slightly higher for the agar concentration c = 1% (σ ∆t ∼ 5%) than for the others (σ ∆t < 2%). In what follows, only the standard deviation associated to reproducibility of the method, that is the intra-specimen variability σ ∆t , will be considered, to focus on the performances of the impact measurement method.

The indicator ∆t decreases as a function of the agar concentration c (see Table 8.1). An example of the variation of ∆t is shown in Fig. 8.5 for measurements performed on the specimens #1. An ANOVA analysis was performed on the overall values of ∆t obtained for the three specimens (i.e. neglecting the inter-specimen variation Σ ∆t ). The values of ∆t are significantly different for each agar concentration c (p-value=7.10 -41 ). 8.2. A significant linear relation is obtained with a correlation coefficient R 2 higher than 0.60 for all the agar concentrations.

1% 2% 3% 4% 5% #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3
Moreover, the decrease of ∆t as a function of the preload is higher for smaller agar concentrations c (see Fig. 8.6). In particular, the slope of the linear regression curves varies from a = -2.6 ms/% to a = -0.33 ms/% in average over the three specimens between c = 1% and c = 5% (see Table 8.2). 

Discussion

The main purpose of the present work was to investigate the feasibility of a dynamic impact measurement method to evaluate the elastic properties of soft tissues mimicking phantoms.

The impact method, which has been successively assessed to evaluate the rigidity of a boneimplant system in previous studies by our group [START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF](Michel et al., , 2016a;;[START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF], is applied herein to the characterisation of elastic properties of agar-based specimens, due to the well-known dependence of gel stiffness on agar concentration. The main advantages of the proposed impact method with regard to other dynamic techniques such as elastography are: the simple set-up and measurement protocol and its relative inexpensive nature.

Physical interpretation

The values of the temporal indicator ∆t are shown to decrease when i) the agar concentration increases (see Fig. 8.5) and ii) the value of the preload applied to the specimen increases (see Fig. 8.6).

The first observation may be explained by an increase of the specimen stiffness when the agar concentration increases, which has been widely demonstrated in the literature using various quasi-static [START_REF] Hall | Phantom materials for elastography[END_REF][START_REF] Nayar | Elastic and viscoelastic characterization of agar[END_REF]Manickam et al., 2014a) and dynamic characterisation techniques [START_REF] Normand | New insight into agarose gel mechanical properties[END_REF][START_REF] Mcilvain | Reliable Preparation of Agarose Phantoms for Use in Quantitative Magnetic Resonance Elastography[END_REF]. For quasi-static compression tests considering small deformations, it was shown that the elastic modulus E of the agar-based specimen varies between 7 kPa to 200 kPa for agar concentrations ranging from 0.5% to 3% in weight [START_REF] Hall | Phantom materials for elastography[END_REF]. Since ∆t is defined as the time difference between the two first peaks of the impact force signal, that is between the hammer impact and the first rebound of the beam in contact with the specimen on the hammer, an increase of the stiffness of the specimen leads to an increase of the resonance frequency and thus, a decrease of ∆t. The behavior of ∆t with regard to the specimen stiffness is in good agreement with results obtained previously for the evaluation of the bone-implant system rigidity in the context of bone-implant stability assessment [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF]. Both in experimental and numerical studies [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF], it was observed that the higher the bone-implant system rigidity, the lower the time between the two first peaks of the impact force signal. The decrease of the value of ∆t with the increase of the specimen rigidity also agrees with results found in [START_REF] Hubert | Using an Impact Hammer to Estimate Elastic Modulus and Thickness of a Sample During an Osteotomy[END_REF]. In this study, a similar impact analysis was performed on more rigid specimens than the ones considered in this chapter, such as bone mimicking phantoms or plywood samples. The materials, which differed in terms of stiffness could be distinguished based on the time difference between the two first peaks of the impact force signal. Moreover, in the present study, it was shown that ∆t is a decreasing non-linear function with respect to the agar concentration c (see Fig. 8.5 and Table 8.1). Assuming that the indicator ∆t is related to the agar-based specimen stiffness, this observation is consistent with the studies aiming to evaluate the soft tissue mimicking phantoms stiffness with regard to the agar concentration [START_REF] Mcilvain | Reliable Preparation of Agarose Phantoms for Use in Quantitative Magnetic Resonance Elastography[END_REF][START_REF] Hall | Phantom materials for elastography[END_REF]. It was shown that the Young's modulus E is roughly proportional to the square of the agar concentration c when using compression tests [START_REF] Hall | Phantom materials for elastography[END_REF] and Magnetic Resonance Elastography [START_REF] Mcilvain | Reliable Preparation of Agarose Phantoms for Use in Quantitative Magnetic Resonance Elastography[END_REF].

The second observation on the effect of the preload on the value of ∆t may be explained by the non-linear elastic behavior of the agar material, which has been established in the literature [START_REF] Hall | Phantom materials for elastography[END_REF][START_REF] Catheline | Measurement of elastic nonlinearity of soft solid with transient elastography[END_REF][START_REF] Madsen | Tissue-mimicking agar/gelatin materials for use in heterogeneous elastography phantoms[END_REF][START_REF] Pavan | Nonlinear elastic behavior of phantom materials for elastography[END_REF]. In Manickam et al. (2014a), the shear modulus was measured with and without compression of the specimens,

similarly to what was done in the present work for impact measurement in preloading conditions.

It shown that the value of the shear modulus increases with the compression (Manickam et al., 2014a). This observation is consistent with our results presented in Fig. 8.6, where ∆t (inversely proportional to the specimen stiffness) decreases when the value of the preload increases for any concentration of agar in the range [START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF][START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]%. It is worth noting that for a same value of the preload, the strain is higher for smaller agar concentrations. For the specimen composed of 1% of agar, the highest preload correspond to a strain of 8% while it represents only 1% for the specimen made of 5% of agar. Therefore, the results obtained in Fig. 8.6 and Table 8.2 do not provide information considering equivalent level of strains. While Fig. 8.6 and Table 8.2 point out that the variation of ∆t with the value of the preload is higher for smaller agar concentration, the influence of the agar concentration on the non-linearity can not be analysed directly based on these measurements. Note that in [START_REF] Pavan | Nonlinear elastic behavior of phantom materials for elastography[END_REF], it was shown that the non-linearity of the stress-strain curves of agar/gelatin mixture did not depend on agar concentrations in the range 0.58% ≤ c ≤ 2.81%.

Sensitivity analysis

The sensitivity of impact method (including the measurements and analyses) to determine the agar concentration c is analyzed by a simple two steps method described in what follows (refer to Vayron et al. (2014aVayron et al. ( , 2018b) ) for more details). The first step is to perform a linear regression analysis of the average value of the temporal indicator ∆t as a function of the agar concentration c by analyzing the results shown in Table 8. 

c err = |σ m /a| (8.3)
The results of the error c err on the estimation of the agar concentration using the impact method varies between 0.09% and 0.13% of agar according to the set of specimen (see Table 8.3). These values of c err are of the same order of magnitude than the results obtained with other dynamic characterization methods, such as elastography or DMA (Dynamic Measurement Analyis). As shown in Table 8.4, the error on the estimation of the agar using Magnetic Resonance Elastography (MRE) [START_REF] Hamhaber | Comparison of quantitative shear wave MR-elastography with mechanical compression tests[END_REF][START_REF] Ringleb | Quantitative shear wave magnetic resonance elastography: Comparison to a dynamic shear material test[END_REF] or Optical Coherence Elastography (OCE) [START_REF] Lan | Common-path phase-sensitive optical coherence tomography provides enhanced phase stability and detection sensitivity for dynamic elastography[END_REF] is close to 0.07, which is almost twice the value obtained for DMA [START_REF] Ringleb | Quantitative shear wave magnetic resonance elastography: Comparison to a dynamic shear material test[END_REF]. These values were calculated with the same error assessment method as the one presented above. In addition, the error was assessed using the elastic moduli and the standard deviations indicated in Table 8.4 obtained for the different methods and the different agar concentrations c [START_REF] Hamhaber | Comparison of quantitative shear wave MR-elastography with mechanical compression tests[END_REF][START_REF] Ringleb | Quantitative shear wave magnetic resonance elastography: Comparison to a dynamic shear material test[END_REF][START_REF] Lan | Common-path phase-sensitive optical coherence tomography provides enhanced phase stability and detection sensitivity for dynamic elastography[END_REF]. (2005) and values of the error c err on the estimation of the agar concentration c calculated for the different techniques.

Influence of the impact force

In this study, the amplitude A i of the impact force applied with the beam AlD1 was chosen so that A i ∈ [1-10] N because i) higher amplitudes would have drilled the specimen, especially for the small agar concentrations and ii) the values of ∆t may vary with the impact force A i .

Figure 8.7 shows the results corresponding to the influence of the impact force A i in the range N on the value of ∆t for agar concentrations between c = 1% and c = 5%. In order to allow the application of an impact force A i up to 40 N, the beam AlD4 was used for this test, with a tip diameter of 4 mm, which prevents specimen drilling for the considered range of impact force. The results confirm that the measurements should be performed at a constant force A i , or by default on a reduced range, in order to limit the error due to the influence of the impact force. In particular, Fig. 8.7 shows that for all the agar concentrations, the value of ∆t decreases as a function of the impact force A i , until reaching a threshold for A i ∼ 30 N and remaining constant. The variation of ∆t with regard to the impact force A i is higher for the small agar concentrations. Whereas ∆t decreases from 5 ms to 3 ms with regard to the impact force A i for the concentration c = 1%, the variation of ∆t is lower than 1 ms for c ≤ 3%.

Different phenomena may explained the behavior of ∆t with regard to the impact force. The change in dynamic amplitude of the impact force affects both the amplitude and the strain rate experienced by the specimen [START_REF] Pavan | Nonlinear elastic behavior of phantom materials for elastography[END_REF]. In the present study on the influence of the impact force, the strain rate and amplitude are combined. Assuming that ∆t is related to the specimen stiffness, the variation of dynamic amplitude of the impact force may cause non-linear effects on ∆t due to the viscoelastic behavior of the specimen, the non-linearity of the contact between the specimen and the beam, represented by a flat punch, or the elastic non-linearity of the material. In the literature, the viscoelastic behavior of the agar-based specimen has been widely demonstrated [START_REF] Nayar | Elastic and viscoelastic characterization of agar[END_REF][START_REF] Maccabi | Quantitative characterization of viscoelastic behavior in tissue-mimicking phantoms and ex vivo animal tissues[END_REF]Manickam et al., 2014a;[START_REF] Catheline | Measurement of viscoelastic properties of homogeneous soft solid using transient elastography: An inverse problem approach[END_REF] and the modeling of soft tissues viscoelastic behavior by a Kelvin-Voigt model showed good results for Agar-gelatin phantoms [START_REF] Catheline | Measurement of viscoelastic properties of homogeneous soft solid using transient elastography: An inverse problem approach[END_REF]. Note that the time indicator was not shown to vary as a function of the impact force in the studies on the implant stability assessment [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF][START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] or the study on the bone stiffness evaluation by impact analysis [START_REF] Hubert | Using an Impact Hammer to Estimate Elastic Modulus and Thickness of a Sample During an Osteotomy[END_REF]. These may confirms that the variation of ∆t with the impact force (see Fig. 

Limitations and perspectives

This study has several limitations. First, the error related to the determination of ∆t comes from different phenomena. The first one is related to the impact measurements itself and has been quantified in Table 8.1. A second one may come from the device, and in particular the perpendicularity between the testing tip of the beam and the face of the specimen to be tested, as it may influence the results on the temporal indicator ∆t. The device should be therefore improved in order to guarantee the beam vertical alignment while limiting the friction in the guiding system (see Fig. 8.2). Moreover, the flatness of the tested face of the specimen has not been quantified, but it can also influence the system alignment. A third cause of error is the temporal resolution of the measurement of 0.02 ms, which is of the same order of the standard deviation σ ∆t .

Second, further works need to be realized to comfort our approach. An analytic model should be developed to understand the relation between the specimen elastic properties and the values of the indicator ∆t, similarly as what was done by [START_REF] Hubert | Using an Impact Hammer to Estimate Elastic Modulus and Thickness of a Sample During an Osteotomy[END_REF] on rigid tissues.

Such a model could also be useful to investigate the effect of experimental parameters on the measurement, which have not been consider in the present study. The spatial sensitivity of the impact measurements, in terms of depth and radius of the specimen is an interesting issue.

With the perspective of development of a non-invasive medical device, numerical or analytical models could also help to understand the influence of the beam mechanical and geometrical characteristics, such as the testing tip diameter, on the spatial sensitivity.

Third, the soft tissues mimicking phantoms should be improved to have behavior closer to biological tissues concerned by the clinical applications presented in Section 8.1. On one hand, it could be relevant to develop heterogeneous specimens, and test the sensitivity of the method to the inclusion [START_REF] Madsen | Tissue-mimicking agar/gelatin materials for use in heterogeneous elastography phantoms[END_REF][START_REF] Kennedy | Quantitative micro-elastography: imaging of tissue elasticity using compression optical coherence elastography[END_REF][START_REF] Manickam | Study of ultrasound stiffness imaging methods using tissue mimicking phantoms[END_REF]. On the other hand, the impact method should be tested on living tissues. Although agar-based phantoms are widely used to mimic soft tissues properties [START_REF] Normand | New insight into agarose gel mechanical properties[END_REF][START_REF] Mcilvain | Reliable Preparation of Agarose Phantoms for Use in Quantitative Magnetic Resonance Elastography[END_REF][START_REF] Browne | Assessment of the acoustic properties of common tissue-mimicking test phantoms[END_REF][START_REF] Hall | Phantom materials for elastography[END_REF][START_REF] Nayar | Elastic and viscoelastic characterization of agar[END_REF], in vitro experiments should be carried out on biological tissues in order to be closer to a clinical application. A first approach would be to perform tests on muscles, liver or skin, which are among the most important tissues applications targeted by the impact method for living tissues elastic properties evaluation. Interestingly, impact analysis could also help to better understand the dynamic behavior of soft tissues which remains poorly understood, such as the spinal cord [START_REF] Fradet | Strain rate dependent behavior of the porcine spinal cord under transverse dynamic compression[END_REF][START_REF] Fournely | Effect of experimental, morphological and mechanical factors on the murine spinal cord subjected to transverse contusion: A finite element study[END_REF] due to the lack of experimental data.

Conclusion

The present chapter deals with the viscoelastic characterization of soft tissues mimicking phantoms by impact analysis. The method consists in impacting the agar-based specimen via a metallic beam using an instrumented hammer and analyzing the temporal signal of the impact force. Based on previous studies on the bone-implant rigidity evaluation, a time indicator ∆t was derived from the force signal, which corresponds to the time difference between the impact and the rebound of the beam on the hammer. The indicator ∆t was shown to decrease when the agar concentration increases, that is when the rigidity of the specimen increases. In particular, the sensitivity of impact analysis for estimation of the agar concentration from the value of the indicator ∆t was similar to other quantitative methods such as transient elastography. Moreover, the impact method is non-invasive, provides real-time information and is relatively inexpensive and ease-of-use. Therefore, it opens paths toward in vivo applications on soft tissues. However, further investigations should be led on heterogeneous specimens or biological tissues, as well as a comparison with standard mechanical tests, in order to confirm the potential of impact analysis for soft tissue viscoelastic characterization.

Key points

• In dermatology or oncology, a change of tissue elasticity may be associated with a physiopathological evolution of tissues. Although elastography is widely employed in the clinic for elastic soft tissue characterization, the device remains expensive and complex.

• Impact analysis, which has been investigated for implant stability evaluation, can be adapted to soft tissues biomechanical characterization. In this preliminary study, experimental tests are performed on agar-based soft tissues mimicking phantoms, for their well-known elastic properties depending on the agar concentration.

• A time indicator derived from the impact force signal appears to be sensitive to the agar concentration. The error made on the estimation of agar concentration via this indicator (lower than 0.13% of agar) is of the same order of magnitude than the error made using elastography techniques based on results found in the literature.

• The time indicator is also sensitive to the impact force, which could be explained by the viscoelasticity of agar-based material specimens. However, the relation between the characteristic of the impact force signal and the biomechanical behavior should be better understood.

• Further investigations should be carried out on heterogeneous specimens, in order to determine the spatial sensitivity of impact method, as well on biological tissues to be closer to the clinical applications. This method is promising since (i) it gives a real-time feedback, (ii) it is non-radiating, low price and ease-of-use and (iii) it provides dynamic measurements.

Conclusion and perspectives

Synthesis

Implant failures still occur because of a poor primary stability, leading to pain for the patient and costs for the healthcare system. Implant insertion and in particular its primary stability are currently optimized using empirical methods, based on the surgeon proprioception, which is highly subjective. The aim of this thesis is therefore to develop quantitative measurement techniques for characterizing implant stability throughout its insertion and therefore provide a valuable indication to guide the orthopaedic surgeon during the surgery. A review of the methods which have been developed in the literature is presented in Chapter 2. In particular, the potential of two dynamic techniques was highlighted: vibration and impact analyses, that were further investigated in the present work. The originality of this thesis lies in the development and optimization of quantitative and non-invasive methods throughout better understanding of the biomechanical phenomena occurring during uncemented implant insertion. In particular, this work focuses on the femoral implant inserted during hip replacement surgery.

In previous studies, modal and resonance frequency analyses of the bone-implant system have shown to provide information on the implant stability. However, some drawbacks still prevent the measuring devices to be used in the clinic. The aim of Part II, which is divided in three predominantly experimental studies, was to set-up, optimize and evaluate the performances of an innovative measurement technique based on vibration analysis to assess implant primary stability. The approach consisted in using the surgical ancillary as a measuring tool in order to assess bone-implant stability.

First, the potential of using the vibration behavior of the ancillary to monitor the femoral stem insertion into the femur was validated in Chapter 3, which is considered as a "proof of concept" study. Experimental Modal Analysis (EMA) was performed directly on the ancillary connected to the bone-implant system in the range [0. Using this device, the specific issue of detecting intra-operative periprosthetic fractures was then addressed in Chapter 5 by performing resonance frequency analysis. While these fractures may directly affect the implant stability and the surgical success, their intra-operative detection remains a challenge, since they are often not easily detectable for the surgeon. As a first approach, the bone fractures were manually created in bone mimicking phantoms, once the implant had been fully seated, to obtain reproducible configurations over the specimens. The [START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8] kHz and the bone-implant contact ratio increase, which could not be measured experimentally. The sensitivity of these two modes to the bone stiffness, which, from the clinical application perspective, could provide information on bone quality to the surgeon, was also demontrated. In addition, the effect of several biomechanical parameters, including patient or surgical procedure's related properties on the stability of the femoral stem was quantified.

While the pull-out force increases with the above parameters, the amount of contact between the bone and the implant decreases. This observation brings new results on the optimal values of the friction coefficient and the interference fit to maximize primary stability, depending on the patient's bone quality.

Then, to analyze and better understand the dynamic physical phenomena occurring during the impact of the hammer on the ancillary to insert an uncemented implant, a dynamic 3-D numerical model simulating this procedure was developed. The insertion of the femoral stem was studied in terms of implant displacement and bone-implant contact ratio for different values of bone stiffness, interference fit, friction coefficient between the bone and the implant and impact velocity. The results highlight the need to adapt the number and speed of impacts according to the biomechanical configuration to achieve a satisfactory bone-implant contact ratio. In addition, this model provides the temporal variation of the impact force signal of the hammer on the ancillary during the impact. A time indicator D was derived from this signal, based on experimental studies presented in Chapter 2. This indicator corresponds to the time difference between the initial impact of the hammer and the rebound of the ancillary on the hammer.

The indicator decreases with the number of impacts and converges towards a threshold value of 0.23 ms, independently of the biomechanical configuration. This result highlights the capacity of the indicator to measure the macroscopic rigidity of the bone-implant system.

The experimental and numerical studies proposed in this work validate the potential of two dynamic techniques to monitor uncemented implant insertion and assess primary stability.

From different clinical point of views, the dynamic characterization of biological tissue stiffness by vibration or impact analyses opens different perspectives. Part IV provides a preliminary study on the use of impact analysis to retrieve elastic properties of soft tissues.

Combining both the advantages of impact method (e.g. real-time feedback, non-invasive, relatively cheap and fast measurement protocol) and the clinical needs for dynamic soft tissue characterization, the perspective to use impact analysis for elastic characterization of soft tissues appears to be promising. In Chapter 8, a preliminary study was performed on soft tissue mimicking phantoms made of various concentrations of Agar gelatin corresponding to the range of elasticity of human soft tissues. A time indicator ∆t was derived from the impact force signal, corresponding to the indicator D developed for implant stability assessment. The indicator ∆t decreases when the agar concentration (and thus the stiffness) of the specimen increases. The sensitivity of the method to determine the agar concentration appears to be similar to current in vivo methods used in the clinic such as elastography. This last study opens the path towards new clinical applications for impact methods.

Perspectives

The studies of this PhD work have been designed to further develop a decision-support system to guide the surgeon during uncemented implant insertion and to optimize primary stability. Eventually, the use of impact analyses to evaluate the rigidity of soft tissues have shown promising results, which offers other perspectives of medical applications. In order to provide such devices, some works remain to be done for the two applications (implant stability, soft tissue rigidity), which are discussed hereafter.

Implant stability assessment: further investigating of vibration method

In vitro studies on bone mimicking phantoms and in silico works have demonstrated the sensitivity of vibration method and in particular Resonance Frequency Analysis (RFA) to macroscopic changes at the bone-implant interface, represented by the macroscopic Bone-Implant Contact (BIC) quantity. However, further investigations should be performed on the sensitivity to microscopic scale features, which play an important role on osseointegration. Moreover, the 3-D FE models have confirmed the sensitivity of vibration analysis to the trabecular bone Young's modulus. Nonetheless, the models should be improved in order to take into account bone density heterogeneity, that could be retrieve from CT scans [START_REF] Ovesy | A nonlinear homogenized finite element analysis of the primary stability of the bone-implant interface[END_REF], as well as the influence of cortical bone properties on the vibration method sensitivity. Eventually, the effect of implant properties on the frequency behavior, such as the implant roughness, material or design should also be studied in order to improve the method performances.

In addition, the detection of periprosthetic fractures is an important issue regarding uncemented implant insertion. Although the vibration technique was able to detect periprosthetic fractures longer than 3 mm, a relevant challenge would be to warn the surgeon before the fracture occurs, in order to adapt the surgical procedure. For that purpose, the mechanical stresses in the peri-implant bone, as well as the frequency analysis sensitivity to such stresses have to be better understood.

Then, the bone is anisotropic [START_REF] Goldstein | The mechanical properties of trabecular bone: dependence on anatomic location and function[END_REF][START_REF] Nguyen | Influence of anisotropic bone properties on the biomechanical behavior of the acetabular cup implant: a multiscale finite element study[END_REF], viscoelastic [START_REF] Norman | Cortical Bone Viscoelasticity and Fixation Strength of Press-Fit Femoral Stems: An In-Vitro Model[END_REF][START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF][START_REF] Messer-Hannemann | Time-dependent Viscoelastic Response of Acetabular Bone and Implant Seating during Dynamic Implantation of Press-fit Cups[END_REF] and surrounded by soft tissues [START_REF] Bosc | Influence of soft tissue in the assessment of the primary fixation of acetabular cup implants using impact analyses[END_REF][START_REF] Makris | Influence of Artificial Soft Tissue on Intra-Operative Vibration Analysis Method for Primary Fixation Monitoring in Cementless Total Hip Arthroplasty[END_REF]. Therefore, tests on anatomical subjects should be performed to validate the newly developed technique in an environment closer to the clinic than the in vitro studies using bone mimicking phantoms.

Eventually, the long-term surgical success of Total Hip Arthroplasty (THA) depends not only on the FS stability but also the ACI's. However, the mechanisms which determine ACI stability differ from the FS. For instance, for the ACI, the polar gap, which is the distance between the implant and the bone cavity at the end of insertion, is known to influence osseointegration [START_REF] Spears | Interfacial conditions between a press-fit acetabular cup and bone during daily activities: implications for achieving bone in-growth[END_REF], and must be optimized during the time of the surgery. The sensitivity of vibration analysis to detect and measure the polar gap during ACI insertion should be evaluated. Moreover, the phenomena influencing ACI's stability still remain to be better understood.

Although promising results were obtained using frequency or modal analysis (Henyš and Čapek, 2018;Henyš et al., 2018), these methods employed direct contact with the implant or the bone.

Therefore, the method developed in this thesis could be tested for ACI stability assessment and put into perspective with information obtained with other quantitative methods such as impact analysis.

Towards the clinical application: optimizing of the medical devices

In this PhD work, two dynamic measurement techniques were investigated leading to two possible complementary devices: a "Smart Hammer" equipped with a sensor measuring the impact force and a "Smart Ancillary" equipped with one or several sensors measuring the frequency response due to a pulse excitation with an impact hammer. However, from a design point of view, some improvements are necessary before clinical trials could be conducted.

On the one hand, the use of a Smart Hammer to retrieve the impact force has been validated

in vitro, ex vivo and in silico. The force sensor is directly fixed on the hammer impact face, which allows the measurement to be carried out at the same time as the insertion of the implant.

However, considering both regulatory constraints and the ease of use for the surgeon, some improvements are required. The design of a custom-made piezoelectric force sensor, directly included inside the impact face is needed. Technical constraints should be considered such as:

(i) the resistance to sterilization by autoclave and (ii) the precision and repeatability of the measurements regardless of the position of the impact, since this is difficult to control for the surgeon.

On the other hand, an instrumentation of the surgical ancillary has been proposed in Chapter 4. However, the measurement protocol still requires at least one additional impact between the insertion steps in order to excite the structure, which limits the clinical applicability. Interestingly, piezoelectric sensors have the advantage to be used as sensor or actuator. Therefore, the use of the piezoelectric transducers as a source of excitation could be investigated. Moreover, not only the position but also the dimensions [START_REF] Ducarne | Placement and dimension optimization of shunted piezoelectric patches for vibration reduction[END_REF] of the sensors could be optimized in order to increase the device sensitivity to implant stability and periprosthetic fracture detection. Eventually, piezoelectric sensors are able to continuously monitor the ancillary vibration behavior, that is before, during and after the impact. This is a great advantage with regard to impact analysis. Therefore, the sensitivity of frequency analysis to the mechanical phenomena occurring in the peri-implant bone before a periprosthetic fracture occurs, has to be further investigated.

Further investigating of impact analysis for soft tissue characterization

The preliminary study presented in Chapter 8 provides encouraging results regarding the use of impact analysis to retrieve biomechanical properties of soft tissues. One of the main clinical issue regarding soft tissue elasticity characterization is about the detection of fibrous tissues which are mechanically associated with a local change of stiffness [START_REF] Skovoroda | Quantitative analysis of the mechanical characteristics of pathologically changed soft biological tissues[END_REF][START_REF] Madsen | Tissue-mimicking agar/gelatin materials for use in heterogeneous elastography phantoms[END_REF][START_REF] Bercoff | In vivo breast tumor detection using transient elastography[END_REF]. Therefore, further experimental investigations on heterogeneous specimen are necessary to determine first, the spatial sensitivity of the method, in terms of radius and specimen thickness and second, the ability of the method to detect an inclusion of different size and stiffness. In particular, the influence of the diameter of the beam on the spatial sensitivity should be clarified. Eventually, in vitro tests on biological specimens should be performed in order to be closer to the clinic.

Then, the relation between the time indicator ∆t and the elasticity of the agar-based spec-imens should be further understood. Although the elastic properties of agar have been widely investigated in the literature [START_REF] Catheline | Measurement of elastic nonlinearity of soft solid with transient elastography[END_REF][START_REF] Maccabi | Quantitative characterization of viscoelastic behavior in tissue-mimicking phantoms and ex vivo animal tissues[END_REF][START_REF] Dahmani | Predictive Model for Designing Soft-Tissue Mimicking Ultrasound Phantoms With Adjustable Elasticity[END_REF], the results are not consistent among the studies and vary as a function of the measurement technique [START_REF] Manickam | Study of ultrasound stiffness imaging methods using tissue mimicking phantoms[END_REF][START_REF] Nayar | Elastic and viscoelastic characterization of agar[END_REF][START_REF] Hamhaber | Comparison of quantitative shear wave MR-elastography with mechanical compression tests[END_REF]. Therefore, in parallel to impact analysis, the characterization of the specimen by other mechanical tests, either static (e.g. compression tests) or dynamic (e.g. DMA, nanoindentation) should be implemented.

More generally, the relation between the features of the time variation of the impact force, and the non-linear [START_REF] Pavan | Nonlinear elastic behavior of phantom materials for elastography[END_REF] and viscoelastic [START_REF] Nayar | Elastic and viscoelastic characterization of agar[END_REF][START_REF] Maccabi | Quantitative characterization of viscoelastic behavior in tissue-mimicking phantoms and ex vivo animal tissues[END_REF] properties of agar, should be better understood. Non-linear phenomena have been pointed out in Chapter 8, which may come from the agar material itself and/or the contact between the beam and the specimen. Non-linear elasticity or viscoelasticity may explain the variation of the indicator ∆t as a function of the impact force amplitude. To conclude on the ability of the impact method to retrieve such phenomena, the relation between the impact force amplitude and the strain's rate and amplitude should be retrieved. Moreover, the influence of the nonlinearity of the contact between the beam and the specimen surface on the value of ∆t, currently modeled by a flat punch, should be analyzed.

In addition to experimental approaches, a complementary numerical model could help understand the phenomena and optimize the measurement set-up to increase the method performances. The influence of the geometrical characteristics of the beam on the method sensitivity should be evaluated. A particular attention should be paid to the influence of the diameter and the tip shape of the beam on the spatial sensitivity and non-linear variation of ∆t. Eventually, the design of the experimental set-up could be improved to provide reproducible hammer impacts with a controllable impact velocity. 

A.2 Extended Hamilton principle

Energy density function The total stored energy density in a unit volume of material is the sum of the mechanical work and of the electrical work [START_REF] Preumont | Mechatronics: Dynamics of Electromechanical and Piezoelectric Systems[END_REF]: where f v is the volume force, f s is the surface forces applied on S f , q is surface charge density applied on S q . niques d'imagerie médicale ou des méthodes biomécaniques utilisées actuellement ou en cours de développement pour l'évaluation de la stabilité des implants est proposée. En particulier, les avantages et les inconvénients sont présentés, et les défis restants concernant la mesure peropératoire de la stabilité des implants sont mis en avant. Les fonctions de réponses en fréquences correspondant à la sollicitation de l'ancillaire au niveau de son extrémité libre par un marteau d'impact et l'enregistrement de la réponse vibratoire par les capteurs piézoélectriques ont été mesurées pour différents agrandissements successifs de la longueur de la fracture. La variation de six fréquences de résonance du système en fonction de cette longueur a été quantifiée sur la gamme [START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz. Plus la taille de la fracture est grande, plus le décalage des fréquences de résonnances vers les basses fréquences par rapport à la mesure initiale sans fracture est important. Ainsi, pour une fracture de 30 mm une diminution jusqu'à 200 Hz est observée selon le mode sélectionné. En se basant sur l'évolution des fréquences de résonance dès la création de la fracture, et sur la résolution fréquentielle de la mesure, un seuil de détection fréquentiel de l'apparition de la fracture est défini pour chaque mode.

Les études in vitro décrites dans la partie précédente sont nécessaires pour valider les performances de la méthode vibratoire pour optimiser l'insertion de l'implant dans l'os. Cependant, expérimentalement, il est difficile de contrôler avec précision l'insertion de l'implant et les paramètres qui peuvent influencer le comportement vibratoire (rigidité de l'os, taille de la cavité osseuse, quantité d'os au contact avec l'implant). Ainsi, la troisième partie de ce travail de thèse porte sur le développement de deux modèles numériques à éléments finis de l'insertion de la tige fémorale, complémentaires aux études expérimentales. Ces modèles permettent notamment d'étudier les performances des méthodes vibratoires sous divers environnements biomécaniques contrôlés afin de représenter les disparités entre individus et entre les protocoles chirurgicaux.

Un premier modèle 3-D à éléments finis de l'insertion de la tige fémorale et du comportement vibratoire de l'ancillaire au cours de cette insertion a été développé pour quantifier la sensibilité de la méthode vibratoire par rapport à la stabilité de l'implant et en fonction de différentes configurations biomécaniques. L'analyse modale a été effectuée à différentes étapes de l'insertion de l'implant, similairement à la première étude expérimentale, et a permis de démontrer la corrélation entre la variation des fréquences de résonance des deux modes identifiés expérimentalement dans la gamme [0.4-8] kHz et l'augmentation du contact entre l'os et l'implant, qui n'est pas mesurable expérimentalement. Les résultats montrent également une sensibilité de ces deux modes à la rigidité de l'os, ce qui, du point de vue de l'application clinique, pourrait permettre de fournir des informations sur la qualité osseuse au chirurgien. En outre, l'effet de plusieurs paramètres biomécaniques, rassemblant des propriétés liées au patient, telle que la rigidité de l'os, ou des propriétés liées à la procédure chirurgicale, tels que le coefficient de frottement entre l'os et l'implant ou la taille de l'implant vis-à-vis de la cavité osseuse, sur la Grâce à la mise en oeuvre d'approches complémentaires expérimentales et numériques, cette thèse fournit de nouvelles avancées sur l'utilisation de méthodes vibro-acoustiques pour mesurer la stabilité primaire des implants. Ce travail ouvre de nouvelles perspectives quant au développement de méthodes non-invasives pour la caractérisation mécanique de tissus biologiques, de la stabilité des implants à la rigidité des tissus mous. Afin de fournir de tels dispositifs, des travaux sont nécessaires pour les deux applications concernées (stabilité de l'implant, rigidité des tissus mous). D'une part, une analyse plus approfondie de la sensibilité de l'analyse vibratoire vis-à-vis des phénomènes liés à la stabilité biomécanique des implants devra être menée. Des tests sur
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 11 Figure 1.1 -Schematic illustration of the hierarchical structure of bone tissue. Adapted from Wegst et al. (2015); Zhu et al. (2021)

Figure 1 . 2 -

 12 Figure 1.2 -Hip joint anatomy. a) Hip and pelvis b) healthy joint and c) joint with arthritis.

Figure 1 . 3 -

 13 Figure 1.3 -Femoral bone anatomy. a) Femur and b) zoom on the proximal part. Adapted from Atlas of human anatomy (Netter, 2019).
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 14 (i) an acetabular cup implant, (ii) a liner, and (iii) a femoral stem on which is fixed (iv) a femoral head. Some examples of commercially used FS are presented in Fig. 1.5. While a cemented FS is usually polished (see Fig. 1.5a), a cementless FS may be partially (see Fig. 1.5b) or fully coated (see Fig. 1.5c, d) with a bioactive material such as hydroxyapatite in order to enhance the implant fixation and bone remodeling. The outer surface is usually rough, porous or designed with grooves (see Fig. 1.5c

Figure 1 . 4 -

 14 Figure 1.4 -Total hip arthroplasty: a) components of the total hip prosthesis, b) scheme of implant position into the bone and c) X-ray of a total hip surgery of a patient. Adapted from bbraunTrendHip; orionOrtho, Ries et al. (2019).
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 15 Figure 1.5 -A variety of cemented and uncemented femoral stems with different surface treatments. a) Cemented and polished stem, b) Uncemented partially coated stem (The Tri-lock, DePuy, USA) (Goyal and Anderson Engh, 2013), c) Uncemented fully coated stem (bbraun-TrendHip, 2022) d) Uncemented fully coated with fins (ceraverCerafitRMIS, 2020)
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 16 Figure 1.6 -Surgical tools used for femoral broaching and implant insertion during total hip arthroplasty: a) femoral rasp (serfHype, 2022), b) femoral ancillary (impactor) and femoral stem and c) orthopedic hammer.
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 17 Figure 1.7 -Illustration of the Von Mises stress distribution around femoral stem at the time of fracture occurence for two femoral stems: a) SL-PLUS (Smith & Nephew Orthopaedics KK, Japan) cementless stem and b) Al-Hip (Almedic, Italy) cementless stem. Adapted from Sakai et al. (2011)
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 18 Figure 1.8 -Periprosthetic femoral fractures: a) illustration of the Vancouver classification adapted from Schwarzkopf et al. (2013) and b) X-ray showing a fracture of type A L (Suárez-Huerta et al., 2015).
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 21 Figure 2.1 -Schematic representation of the Periotest ® device (adapted from Schulte et al. (1992)).
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 22 Figure 2.2 -Experimental set-up for impact analysis and implant stability evaluation: a) Schematic representation of the reproducible mass drop set-up for impact analysis (adapted from Mathieu et al. (2013)) and b) correlation between tangential mechanical tests and impact force analysis for implant stability assessment (adapted from[START_REF] Michel | In Vitro Evaluation of the Acetabular Cup Primary Stability by Impact Analysis[END_REF]).
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 2324 Figure 2.3 -Schematic representation of the experimental set-up and the instrumented hammer used for impaction of the ACI. Adapted from Michel et al. (2016b)

Figure 2 . 5 -

 25 Figure 2.5 -Application of impact analysis to FS insertion: a) illustration of the variation of the force signals during FS insertion and b) comparison of the evolution of the indicator D and the FS displacement E as a function of the insertion step. Adapted from Albini Lomami et al. (2020).

Figure 2 . 6 -

 26 Figure 2.6 -FE model of the ACI impaction: a) representation of the numerical 2-D axisymmetric model and b) correlation between the indicator I and the contact area measured from the simulations. Adapted from Michel et al. (2017)
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 27 Figure 2.7 -Schematic representation of the vibration analysis device developed by Lannocca et al. (2007).
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 28 Figure 2.8 -Illustration of the instrument designs presented in Leuridan et al. (2021) using an augmented system approach to improve the sensitivity of the vibration method.
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 31 Figure 3.1 -Experimental set-up: (1) instrumented hammer; (2) modal hammer; (3) tri-axial accelerometer; (4) Data Acquisition Modulus (DAQ); (5) custom-made ancillary and zoom on the positions of markers #M 1, #M 2, #M 3 and the distance e i . Taken from Poudrel et al. (2022b).
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 32 Figure 3.2 -Experimental measurement protocol performed for each implant insertion step #i on all bone phantom specimens. Taken from Poudrel et al. (2022b).
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 33 Figure 3.3 -a) Description of three mode shapes of the ancillary (represented by black lines) in the frequency range [400-8000] Hz at femoral stem insertion step #15 in bone phantom #3. The points correspond to the measurement points and the arrows represent the ancillary response function and b) Frequency response functions measured for the same configuration by the accelerometer for an impact on the ancillary with the modal hammer in x-(blue curve) and y-(red curve) directions at the measurement point 9. Taken from Poudrel et al. (2022b).
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 3 Fig. 3.4b and Fig. 3.4d).
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 34 Figure 3.4 -Matrix representation of the mean and standard deviation of the MAC coefficients A ij over all the specimens calculated between two modal vectors measured at insertion step #i (x-axis) and #j (y-axis) for mode 2Y (a)(b) and mode 2Y b (c)(d). The colorscale codes the averaged and the standard deviation values of A ij over the specimens. Taken from Poudrel et al. (2022b).
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 33 Femoral stem insertion monitoringAn example of several impact force time signals s i (t) and the corresponding values of the indicator D i is presented in Fig.3.5. Each impact corresponds to a specific insertion step #i indicated above each second peak of the force signal. The value of the indicator D i first decreases with the insertion step #i and then stays constant after eight impacts. These results are in agreement with the results found in[START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF].

Figure 3 .

 3 Figure 3.6 shows an example of the evolution of the modal frequencies f 2Y and f 2Y b and the indicator D i with the insertion step #i of femoral stem insertion in bone phantom #3, for which the total number of insertion step is equal to 15. The results first show an increase of the modal
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 35 Figure 3.5 -Illustration of different signals s i (t) corresponding to the variation of the force applied to the ancillary to insert the femoral stem as a function of time for different impact number #i. Data obtained with bone phantom specimen #3. Taken from Poudrel et al. (2022b).
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 36 Figure 3.6 -Evolution of resonance frequencies f 2Y (in red), f 2Y b (in blue) and the indicator D i (black) as a function of the implant insertion step #i for bone phantom specimen #3. The black (respectively red and blue) dashed line represents the convergence threshold of D i (respectively mode 2Y and 2Y b ). The insertion steps N surg , N D , N 2Y and N 2Y b corresponding to the feature convergence are indicated on the x-axis. Taken from Poudrel et al. (2022b).
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 37 Figure 3.7 -Relationship between modal frequency evolution of modes 2Y (f 2Y ) and 2Y b (f 2Y b ) of the ancillary and the implant relative insertion depth E i together with the corresponding linear regression analysis (red and blue lines, respectively) and values of the slopes a into the bone phantom specimen #3. Taken from Poudrel et al. (2022b).
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 38 Figure 3.8 -Variation of D i (black lines), and the modal frequencies f 2Y (red lines) and f 2Y b (blue lines) as a function of the insertion step #i for three successive full insertion procedures of the femoral stem into the same bone phantom specimen #7. The solid (respectively dashed and point-dashed) line represents the variation of the parameters for the first (respectively second and third) implant insertion procedure. Taken from Poudrel et al. (2022b).

  3.6): the increasing behavior of f 2Y and f 2Y b is consistent with the decreasing one of the time indicator D i . However, Figure3.5 and Table

  4.1a), on which piezoelectric layers are bonded at n p segments along its longitudinal axis x. The beam is fixed at x 1 = ℓ to an external mechanical system. At a segment x ∈ [a i , b i ] (i = 1..n p ), the beam is sandwiched between two identical piezoelectric patches of thickness h p which are put symmetrically at the upper and the lower surfaces of the beam (i.e at z = h/2 and z = -h/2) (Fig.4.1b). Each couple of piezoelectric layers is polarized along -e z (Fig.4.1c) and thus form a pure bending sensor/actuator.

Figure 4 . 1 -

 41 Figure 4.1 -a) Geometry of the beam and connection with the inaccessible system b) Piezoelectric patches positions and numbering on the beam and c) A section containing i-th patches couple and the associated electric circuit with V i the potential difference measured by each patches couple i

. 5 )

 5 At a point located in the elastic beam (i.e. for z ∈ [-h/2, h/2]): Y = Y b , ρ = ρ b , e 31 = 0 and ε 33 = 0. Otherwise, in the piezoelectric patches, the mechanical parameters are denoted by ρ = ρ p and Y = Y p . Since piezoelectric ceramics are transversely isotropic, the elastic parameter Y p is an in-plane Young modulus obtained from the corresponding complete elasticity tensor c using the following relation (see Appendix A.1):
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 42 Figure 4.2 -Experimental case study configuration. The same notations as the ones shown in Figure 4.1 are indicated : accessible instrumented length ℓ, axis directions and coordinates origin O. The ancillary (a) corresponds to the accessible part, the implant (femoral stem) (b) and the bone (femur) (c) represent the inaccessible part.
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 43 Figure 4.3 -Experimental procedure for piezoelectric patches placement optimization and protocol validation.
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 33 Modal characterization of the ancillaryModal analysis measurementsThe ancillary modal features were determined by performing EMA following the same protocol described in[START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF] and shown in Fig.4.4. 
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 44 Figure 4.4 -a) Picture and b) scheme of the Experimental Modal Analysis set-up with ℓ =125 mm.
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 45 Figure 4.5 -Frequency response functions, frf, measured by the accelerometer for an impact at x f = 5 mm along e z at beginning (in grey) and end (in black) of implant insertion. The letters from A to E indicate the modes selected for the patch placement optimization analysis.
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 46434 Figure 4.6 -Experimental (o) and fitted (-) mode shapes ϕ j of modes A to E, vibrating along e z .

  (4.44) is calculated for each mode j and patch i by varying the position a i of the patch. As the length ℓ of the instrumented beam is 125 mm and the patches are 10 mm length, a i ∈ [0-115] mm, in order to avoid the patch to exceed the accessible part of the structure. The spatial resolution for varying the position a i of the patch and calculating M ij is 1 mm.For each mode j, the results show at least one minimum and maximum on the modal sensitivity function M ij (see Fig. 4.7) depending on the patch position a i . The higher frequency modes D and E (6157 Hz and 10956 Hz, respectively) have two local maxima, which offers two possibilities for patch placement whereas lower frequency modes A, B and C (2609 Hz, 3391 Hz and 4160 Hz, respectively) only hold one maximum.Choice of transducers positionsThe strategy employed for the definition of a utility function F is to use one transducer associated to multiple modes, as explained in the section 4.2.4.Different utility functions can be defined, each function being associated with an optimal patch position {â i , bi }, defined by Eq.(4.47). The comparison of the frf measured at the beginning of implant insertion and once the implant is fully seated (seeFig. 4.5) shows that 4 modes (namely, modes #A, B, C and E) over the 5 selected for the study, are sensitive to implant stability with a frequency shift of more than 150 Hz to higher frequencies between the beginning and end of implant insertion. The sensitivity of the modes A and B is in good agreement with what was obtained in[START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF].
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 47 Figure 4.7 -Modal sensitivities M ij as a function of the patch position a i on the ancillary calculated for each mode A to E.

F 2 :

 2 The resulting position â2 of the patch assumes to be the best compromise to hide mode D (ξ 4 =-1) while letting the other modes visible (ξ j̸ =4 =1). This configuration enables to focus only on the modes sensitive to implant insertion (namely, modes A, B, C and E), since the resonance frequency of mode D has shown to not significantly change during implant insertion (see Fig. 4.5).

Figure 4 .

 4 Figure 4.8b shows the three utility functions F 1 , F 2 , F 3 calculated for the weight coefficients ξ j defined in Table4.4. The modal sensitivities M ij are represented in Fig.4.8a for j = 1..5. For each utility function, only one maximum is identified, corresponding to the position âi of

Figure 4 .

 4 Figure 4.8 -a) Modal sensitivities M ij as a function of the patch position a i calculated for j = 1..5 (namely, modes A to E) and b) corresponding utility functions F 1,2,3 calculated forξ =[1 1 1 1 1], ξ =[1 1 1 -1 1] and ξ =[0 1 -1 0 0],respectively, with the optimal positions âi corresponding to the maximum of each utility function F.

  4.6), which provides optimization results independent of x f . However, as shown in Eq. (4.42), it would have been possible to study and optimize the position of the excitation source x f in the calculation of the utility functions F. The system dynamic response was measured successively by one of the three piezoelectric patches, the two others being short-cut during the acquisition time. The sampling frequency and the acquisition time were the same as for the modal characterization, leading to a frequency resolution df = 4 Hz.The frequency response function H 1 obtained by the piezoelectric patch #1, placed such as the utility function allows the visibility of all the set of modes A to E, is compared with H 2
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 49 Figure 4.9 -Image of the instrumented ancillary equipped with piezoelectric patches #1, #2, #3 bonded at locations â1 = 40 mm, â2 = 78 mm and â3 = 91 mm, calculated from the optimization procedure described in Section 4.3.4

Figure 4 .

 4 Figure 4.10 -a) Comparison of the frequency response functions H 1 and H 2 measured by the piezoelectric patch #1 and the piezoelectric patch #2 and b) comparison of H 1 and H 3 measured by the piezoelectric patch #1 and the piezoelectric patch #3. A zoom on the target modes by the utility functions F 2 and F 3 is included in the graphs.

  position a i . This decrease is explained by the strong similarity between the shapes of mode B and C (seeFig. 4.6). Therefore, another condition based on a minimum visibility of the modes associated with ξ j =1 should be implemented in the utility function to ensure mode visibility. It could also be relevant to study the effect of the geometrical parameters of the piezoelectric patch as the length b or the thickness h p , both implied in the calculation of the coupling coefficient g ij and therefore M ij .

  developed in Chapter 3 in order to detect periprosthetic fractures of different lengths, which are artificially created in bone mimicking phantoms. In particular, the vibration measurements are performed on the instrumented ancillary optimized in Chapter 4. The Frequency Response Functions (FRFs) are compared for different fractures and the variation of the resonance frequencies of several modes in the range[START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12] kHz are quantified as a function of the fracture length.The work presented in this chapter has been accepted for publication in Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine(Poudrel et al., 2023b).
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 51 Figure 5.1 -Schematic representation of the experimental set-up for periprosthetic fracture creation and enlargement. The dotted square indicates the calcar zone. (1) Ancillary, (2) FS implant, (3) Lesser-trochanter of the bone mimicking phantom, (4) Hammer and (5) Osteotome.

Figure 5 .

 5 Figure 5.2 shows a schematic description of the experimental set-up used to measure the resonance frequencies of the bone-stem-ancillary system. The bone mimicking phantom was clamped to the fixed support throughout the frequency measurements. The ancillary was equipped with two square piezoelectric sensors of 10 mm x 10 mm x 0.1 mm each (Plates, PI Ceramic, Lederhose, Germany) fixed on two perpendicular sides of the ancillary. The ancillary was screwed

Figure 5 . 2 -

 52 Figure 5.2 -Experimental set-up for FRF measurement of the bone-stem-ancillary system with (a) the piezoelectric sensor #1 for an impact in y-direction and (b) the piezoelectric sensor #2 for an impact in x-direction. (1) Modal hammer, (2) Ancillary, (3) FS implant, (4) Bone mimicking phantom (5) Resin with clamping to the fixed support.
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 5353 Fig.5.3b) to 54.9 mm (n = 4, Fig.5.3d) following the protocol presented in Section 5.2.2.The final length of the fracture varies between 27 mm and 55.3 mm according to the bone mimicking phantom. For 3 out 10 specimens, the enlargement protocol was stopped because the fracture line direction went out of the (XZ ) plane, which explains the small values of fracture lengths (l < 40 mm) obtained for these specimens at the last enlargement step n. Moreover, as the fracture direction and the length increment due to each enlargement step i are difficult to control, the number of steps to obtain a final fracture's length such as l > 40 mm varies between n = 3, 4 or 5 according to the specimen.
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 54 Figure 5.4 -Frequency Response Functions (FRF), h(f ), of the bone-stem-ancillary's system, measured by the piezoelectric sensors #1 (grey line) and #2 (black line) for the bone mimicking phantom #9 before any fracture was created. The seven resonance frequencies f indicated on the curves are selected for the rest of the study. The mode 2.5 kHz (respectively 3.2 kHz and 3.5 kHz) corresponds to the mode 2Y (respectively 2X and 2Y b ) identified in Poudrel et al. (2022b).

Table 5 . 1 -

 51 Standard deviation σ f calculated for each resonance frequency of interest f from the fifteen frequency response functions h measured on a non-fractured bone mimicking phantom by the piezoelectric sensors #1 (f = 2.5, 3.5, 4.1, and 11.0 kHz) and the piezoelectric sensor #2 (f =3.2, 6.4, and 10.5 kHz).
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 56 Figure 5.6 -Variation of the resonance frequency difference ∆f i/0 measured for the bone mimicking phantom #9 between the fracture configuration i and the non-fractured specimen (i = 0) as a function of the fracture length l for both resonance frequencies measured by the piezoelectric sensor #1 (a) and #2 (b). The error bars correspond to the standard deviation σ f calculated for each of the seven resonance frequency f .

Chapter 3

 3 in order to provide a reliable method to measure FS stability during the surgery. A quasi-static 3-D finite element modeling of a FS insertion into a human femur is proposed and a modal analysis is performed at different steps during the insertion, similarly as what was done experimentally in Chapter 3. The influence of various patient and implant characteristics on the FS insertion and vibration behavior, such as the bone quality (represented by the trabecular bone Young's modulus E t ), the friction coefficient at the bone-implant interface (denoted µ) and the interference fit (denoted IF ), is studied.

(

  Autodesk, San Rafael, CA, USA), assuming a constant and uniform thickness of cortical bone tissue of 3 mm, as what was done in Immel et al. (2021) for an ACI's study. The thickness of the cortical layer was chosen based on experimental measures on bone mimicking phantoms used in Tijou et al. (2018) and Poudrel et al. (2022b) (ORTHObones, 3B Scientific, Hamburg, Germany), to allow further comparison. The femoral bone cavity was created in ANSYS Workbench (v.20, ANSYS Inc., Canonsburg, PA, USA) by boolean subtraction of the rasp volume. The rasp corresponds to the FS, undersized with a scale factor such as the diameter difference between the rasp and the implant, called the interference fit IF, was 200 µm in the reference case. In order to obtain different IF, the FS scale factor was modified. The choice was made to modify
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 61 Figure 6.1 -Image of the femur geometry with the FS implant and ancillary and zoom on the mesh close to bone-implant contact. Red elements indicate the region where the load is applied and blue elements indicate the fixed boundary condition.
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 62 Figure 6.2 -Images of the bone cavity with the BIC zones definition regarding the anatomical planes. The frontal and sagittal BIC are indicated in red and blue, respectively.

6 . 1 )

 61 from 0 to f 0 = 2.5 kN, corresponding to the load steps ls = 1 to ls 1 = 103, for all the configurations. The vertical load applied for the simulation of the implant insertion phase will be denoted F I bellow, in order to distinguish between the insertion and pull-out phases. The value of the imposed force was chosen based on the experiments ofRaffa et al. (2019b) on the ACI. The second stage of the simulation, from ls 1 = 103 to ls 2 = 330, corresponds to the implant pull-out from the bone which enables to estimate the implant pull-out force F p .
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 63 Figure 6.3 -Variation of the BIC ratio as a function of the load step ls during implant insertion and pull-out phases for the reference case E * , µ * , IF * . The red circles indicate the load steps where modal analyses are performed during the insertion phase.

Figure 6 .

 6 Figure 6.4 studies the macroscopic BIC evolution during FS implant insertion for the reference case, considering the different regions of interest in the cavity presented in Fig. 6.2. The red and blue curves correspond to the frontal BIC and the sagittal BIC, respectively. Four phases of the BIC can be identified: 1) contact positioning (A), 2) frontal BIC increase (B),
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 664 Figure 6.6 shows the variation of the resonance frequency of the eight modes as a function of the BIC (Fig.6.6a) and the implant relative displacement compared to the bone (Fig.6.6b).Only BIC values higher than around 38% are shown since this level is achieved as soon as the implant is manually positioned in the bone cavity. The three modes f 3 , f 4 and f 5 obtained from the simulations correspond to the modes 2Y , 2X and 2Y b measured experimentally in[START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF] in terms of bending shapes and of values of the resonance frequency. The resonance frequencies of the modes 2Y and 2Y b increase until reaching a value close to 3.8 kHz and 4.5 kHz, respectively, which is consistent with our experimental study. Moreover the mode
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 65 Figure 6.5 -Mode shapes and corresponding resonance frequencies in the range [2-7] kHz obtained at the end of the FS insertion (F I = 2.5 kHz), for the reference case E * , µ * , IF * . The modes 2Y , 2X and 2Y b , highlighted in bold, corresponds to the experimental modes identified in Poudrel et al. (2022b).
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 66 Figure 6.6 -Variation of the bone-implant-ancillary system resonance frequencies f in the range [2-7] kHz as a function of (a) the BIC ratio and (b) the implant displacement U I . The modes 2Y , 2X and 2Y b are highlighted in bold and correspond to the experimental modes identified in Poudrel et al. (2022b).

Figure 6 .

 6 Figure 6.7 shows the influence of the trabecular bone Young's modulus E t on the variation of the implant displacement U I and on the BIC as a function of the insertion force F I . Both the implant displacement U I and the BIC increase when E t decreases. For the three smallest

Figure 6 .

 6 Figure 6.8 shows the influence of the friction coefficient µ on the variation of the implant displacement U I (a) and the BIC (b) as a function of the insertion force F I . The implant displacement U I and the BIC are higher for smaller values of the friction coefficient µ. Except for the highest value of the friction coefficient (µ = 0.5), the curves corresponding to the variation of the implant displacement U I as a function of F I exhibit a slope discontinuity, which corresponds to the jump of the BIC evolution explained by the establishment of the sagittal BIC (see Fig.

6. 4

 4 and Fig. 6.8b). At the end of insertion (F I = 2.5 kN), the difference of implant displacement U I reaches 1 mm for friction coefficient µ comprised in the range [0.2-0.5]. It is worth noting
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 67 Figure 6.7 -Variation of (a) the implant displacement U I and (b) the BIC ratio as a function of the insertion force F I for different values of the trabecular bone Young's modulus E t . The reference case E * t is highlighted in bold.
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 68 Figure 6.8 -Variation of the implant displacement U I (a) and the BIC ratio (b) as a function of the insertion force F I for different values of the friction coefficient µ. The reference case µ * is highlighted in bold.
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 69 Figure 6.9 -Variation of the implant displacement U I (a) and the BIC ratio (b) as a function of the insertion force F I for different values of the interference fit IF . The reference case IF * is highlighted in bold.

Figure 6 .

 6 Figure 6.10 shows the variation of the pull-out force F p and of the BIC ratio at the end of insertion stage (F I = 2.5 kN) as a function of (a) the trabecular bone Young's modulus E t , (b) the friction coefficient µ and (c) the interference fit IF . For each parametric study, the results are given with all other parameters fixed at the reference value, noted by * . Figure 6.10 shows an increase of the pull-out force with the parameters E t , µ or IF . Conversely, the BIC ratio decreases as a function of E t , µ, IF . The pull-out force F p has a strong non-linear behavior as a function of IF, with a strong increase for IF values between 100 µm and 150 µm

Figure 6 . 10 -

 610 Figure 6.10 -Variation of the pull-out force F p and the BIC ratio measured at the end of the FS insertion (F I = 2.5 kN) as a function of the trabecular bone Young's modulus E t (a), the friction coefficient µ (b) and the interference fit IF (c).

Figure 6 .

 6 Figure 6.11 shows the variation of the resonance frequencies of modes 2Y (a), 2X (b) and 2Y b (c) as a function of the BIC ratio evolution during implant insertion for different values of trabecular bone Young's modulus E t . Each marker is the result of the modal analysis performed during implant insertion, noted by red circles in Fig. 6.3. An approximately linear relation between the resonance frequency and the BIC ratio is obtained for each mode and each value of E t . The sensitivity of each mode to the BIC may be assessed by the slope of the linear regression curve. The values of the slope and the correlation coefficient R 2 are indicated in Table6.2. The most sensitive mode is the mode 2Y b , with a mean sensitivity of 14.03 Hz/%.

Figure 6 .

 6 Figure 6.11 -Variation of the bone-stem-ancillary system resonance frequencies f corresponding to the mode 2Y (a), the mode 2X (b) and the mode 2Y b (c) as a function of the BIC ratio for different values of the trabecular bone Young's modulus E t . The vertical dashed line at BIC = 50% is used to determine the sensitivity of f to E t for a constant value of the BIC ratio by assessing f BIC=50% , which corresponds to the value of f for BIC = 50% (see Table 6.2).
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 3 D finite element model was used to simulate the insertion of the femoral stem into the bone by successive hammer impacts as in the experiments described in Chapters 2 (Subsection 2.4.2) and 3 and schematized in Fig.7.1a. Figure7.1b shows the geometry of the problem, which consists in five domains: the hammer Ω h , the ancillary Ω a , the implant Ω i and the bone specimen composed of two subdomains: the trabecular bone Ω tb and the cortical bone Ω cb . The ancillary was modeled as a cylinder with the same shape and dimensions as in Chapters3 and 6(outer radius of 16 mm, length of 180 mm) and bonded to the femoral stem. The FS geometry was created from the STL file of a scan of the FS RMIS implant of size 9 (CERAFIT RMIS, Ceraver, Roissy, France). The bone specimen was designed as a cylinder of 110 mm length and 20 mm radius, with an outer layer of 3.5 mm of thickness corresponding to the cortical bone, the inner cylinder representing the trabecular bone. The distal part of the femur was neglected in the model to represent the in vitro tests described in Chapters 2 and 3. A bone cavity was created in ANSYS workbench (v.20, ANSYS Inc., Canonsburg, PA, USA) by boolean subtraction of the rasp volume, similarly as in Chapter 6. The rasp's geometry corresponds to the FS's one, undersized with a scale factor. The diameter difference between the rasp and the implant is called the interference fit IF . Eventually, the full geometry was reduced to a symmetric model following the plane of symmetry of the implant, corresponding to the (XZ) plane.

Figure 7 . 1 -

 71 Figure 7.1 -Representation of the experimental setup (a) and the geometry of the different domains for the simulation (b) with zooms on the meshes at the hammer-ancillary contact (c) and at the bone-stem contact (d).

Figure 7 . 2 -

 72 Figure 7.2 -Positions of the hammer impact surface (grey line) and the ancillary upper surface (black line) along the z-axis obtained during the impaction for the reference case. The origin (z = 0) of the ordinate axis corresponds to the position of the upper surface of the ancillary at the end of the contact positioning for the reference case.

Figure 7 .

 7 Figure 7.3 shows the spatial variation of the von Mises stresses in the peri-implant bone tissue after one, three, six and ten impacts realized during the insertion procedure for the reference case. As shown in Fig. 7.3, the stresses are concentrated around the contact region. First, they are localized on the bone area corresponding to the proximal curvature of the implant (indicated by the circles in Fig. 7.3) at the beginning of the insertion and then they extend to the distal region after few impacts.

Figure 7 . 3 -

 73 Figure 7.3 -Von Mises stresses in the peri-implant femoral bone after one, three, six and ten impacts for the reference case. The circles indicate the bone area corresponding to the proximal curvature of the implant.

Figure 7 . 4 -

 74 Figure 7.4 -Description of the impact realized during femoral stem insertion for the reference case. a) (respectively c): force measured at the hammer lower surface and b) (respectively d) positions of the hammer and of the ancillary along the z-axis during the impact #1 (respectively impact #3).

Figure 7 . 5 -

 75 Figure 7.5 -Illustration of signals s(t) corresponding to the variation of the force as a function of time measured during different impacts #i applied to the ancillary to insert the femoral stem into the bone for the reference case.

Figure 7 . 6 -

 76 Figure 7.6 -Variation of the indicator D, the implant displacement U I (a) and the BIC ratio (b) as a function of the impact number #i during the femoral stem insertion procedure for the reference case.

Figure 7 . 7 -

 77 Figure 7.7 -Variation of the BIC ratio as a function of the impact number #i during the femoral stem insertion procedure into the bone. The results are presented for different values of the trabecular bone Young's modulus (a), friction coefficient µ (b), impact velocity v 0 (c) and interference fit IF (d). When one parameter is investigated, the others are set to their reference values. The reference case is highlighted in bold in the legend.

Figure 7 .

 7 Figure 7.8 shows the variation of the indicator D as a function of the BIC ratio during the femoral stem insertion for different values of trabecular bone Young's modulus E t (a), friction coefficient µ (b), impact velocity v 0 (c) and interference fit IF (d). For any value of E t , IF , µ, and v 0 , the indicator D first decreases as a function of the BIC ratio and then remains constant at a value close to 0.23 ms. The value of the BIC ratio corresponding to the convergence of D varies from 60 % to 95 % according to the configuration. This value is smaller for higher trabecular bone Young's modulus E t (see Fig. 7.8a), higher friction coefficient µ (see Fig. 7.8b) and higher interference IF (see Fig. 7.8d) and for smaller impact velocity v 0 (see Fig. 7.8c).

Figure 7 . 8 -

 78 Figure 7.8 -Variation of the indicator D as a function of the BIC ratio during the femoral stem insertion procedure into the bone. The results are presented for different values of the trabecular bone Young's modulus E t (a), friction coefficient µ (b), impact velocity v 0 (c) and interference fit IF (d). When one parameter is investigated, the others are set to their reference values. The reference case is highlighted in bold in the legend.

Figure 8 . 1 -

 81 Figure 8.1 -Picture and dimensions of the soft tissue mimicking phantoms prepared with agar concentration c = 1% (a), c = 2% (b), c = 3% (c), c = 4% (d), c = 5% (e).

Figure 8 . 2 -

 82 Figure 8.2 -Schematic illustration of the experimental device used for impact measurements on agar-based specimens.

Figure 8 . 5 -

 85 Figure 8.5 -Variation of the time indicator ∆t as a function of the agar concentration c between 1% and 5% for measurements performed on the specimens #1. The error bars correspond to the measurement method reproducibility, σ ∆t .

Figure 8 . 6 -

 86 Figure 8.6 -Variation of the time indicator ∆t as a function of the preload applied on the specimens #1 made of agar concentration c between 1% and 5%. The dotted lines represent the linear regression. The error bars correspond to the measurement method reproducibility, σ ∆t .

  1 and Figure 8.5. The linear regression analysis is performed for each set of specimen #1, #2 and #3, such as: ∆t = a × c + b (8.2) where c is the agar concentration, ∆t is the approximate value of ∆t and (a, b) are the coefficients obtained from the linear regression analysis of the variation of ∆t as a function of the agar concentration c in the range c ∈[1-5]%. The second step of the method consists in assessing the error realized by the impact method on the estimation of the agar concentration c, noted in what follows c err . To do that, the averaged measurement reproducibility error, σ m , corresponding to the mean value of σ ∆t in the range c ∈[1-5]% is calculated for each set of specimen #1, #2 and #3. The error c err is evaluated by combining σ m with the linear regression analyses in Equation (8.2), such as:

  8.7 is related to the material viscoelastic or non-linear elastic behavior.

Figure 8 . 7 -

 87 Figure 8.7 -Variation of the values of ∆t i as a function of the impact force A i in the range [0-40] N for agar concentrations c between 1% and 5%. The measurements were performed with the beam AlD4. Note that each point corresponds to one impact #i.

  [START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8] kHz at different steps of the femoral stem insertion into femur mimicking phantoms. Impact excitations were performed all along the vertical axis of the ancillary and the vibration response was measured by an accelerometer positioned at its upper extremity. The variation of the resonance frequencies of the ancillary and the associated modal shapes during insertion was analyzed. At least two resonance frequencies of the ancillary, close to 3 kHz and 4 kHz, are correlated with the implant insertion depth into the host bone. Moreover, these two resonance frequencies increase as a function of the insertion step until reaching a threshold. Similarly to impact analysis presented in Chapter 2 (Subsection 2.4.2), a convergence threshold was established to provide an insertion end-point indicator to the surgeons. This indicator appears to be more sensitive than the one derived from impact analysis.However, the experimental set-up and measurement protocol proposed in Chapter 3 remained to be optimized for being further used in the clinic. Therefore, an optimization strategy was proposed in Chapter 4, concerning the sensor's type and position on the ancillary, in order to reduce the time of measurement and to increase the accuracy of resonance frequency detection and tracking during implant insertion. The strategy was based on the piezoelectric coupling between the sensitive modes identified in Chapter 3 and the piezoelectric sensors. Three sensors were optimally positioned on the ancillary so that the amplitude at resonances is optimized considering one or several modes of interest.

Frequency

  Response Functions (FRFs), calculated from the vibration response measured by the piezoelectric sensors fixed to the ancillary in Chapter 4, were retrieved for each successive enlargement of the fracture length. The resonance frequencies of the ancillary are sensitive to the fracture occurrence in the range[2-12.8] kHz. In particular, a shift of the FRFs towards lower frequencies is revealed with the fracture occurrence. The variation of the resonance frequencies increases with the fracture length. A fracture detection threshold is then developed, which corresponds to the minimal length of fracture detectable by the frequency shift and depends on the mode of interest.While in vitro studies presented in Part II are necessary to validate the performances of vibration methods, it remains difficult to accurately control implant insertion and the parameters which may influence the vibration behavior using experimental approaches only. Therefore, 3-D numerical models of FS insertion were developed in Part III in order to further understand the biomechanical phenomena occurring during implant insertion and to supplement the experimental outcomes.A 3-D finite element model of the insertion of the femoral stem and the vibratory behavior of the ancillary during this insertion under different biomechanical configurations has been developed. The aim was to quantify the sensitivity of the vibration method with regard to the implant stability. Modal analysis was carried out at different stages of the implant insertion, similarly to the first experimental study (see Chapter 3). A correlation was obtained between the variation of the resonance frequencies of the two modes identified experimentally in the range [0.
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 1 Constitutive equations of piezoelectric materialsConstitutive equations Assuming a linear piezoelectric material, the 3D constitutive equations may be written in matrix form as follows ANSI/IEEE (1988): (σ xx , σ yy , σ zz , σ yz , σ xz , σ xy ) T is the stress vector; D = (D x , D y , D z ) T is the electric displacement vector; ϵ = (ϵ xx , ϵ yy , ϵ zz , 2ϵ yz , 2ϵ xz , 2ϵ xy ) T is the strain vector; and E = (E x , E y , E z ) T is the electric field vector. The matrices c, e, ε are the matrices with elastic, electro-mechanic and dielectric constant entries. s := c -1 is the compliance matrix and d := se T contains the piezoelectric constants.Note that Y b = 1/s 11 .

  dW e (ϵ, D) = (dϵ) T σ + (dD) T E(A.4) Note that for a conservative system, W e = (ϵ,D) (0,0) dW e which leads to the constitutive equation: function is defined by:W * e (ϵ, E) = E T D -W e (ϵ, D) (A.6)By calculating the total differential of dW * e and by using the (A.1), we can express W * e as: We assume the admissibility requirements which impose that the virtual displacements δu must be compatible with the the kinematic of the system, and the admissible flux linkage variation δλ must be compatible with Kirchhoff's voltage rule. The Hamilton's principle reads[START_REF] Porfiri | Identification of electromechanical modal parameters of linear piezoelectric structures[END_REF]:

  -δϵ T σ dV(A.13) The term δW ext represents the virtual work of the external forces and of the external applied currents:δW ext = Ω δu T f v dV + S f δu T f s dS -Sq δϕ T qdS,(A.14) 

  La deuxième partie de cette thèse est dédiée au développement et à l'amélioration d'une méthode de mesure expérimentale de la stabilité per-opératoire des implants, basée sur l'étude du comportement vibratoire du système os-implant-ancillaire. Cette partie se divise en trois études à dominante expérimentale.Une première étude in vitro a été mise en place afin de valider le potentiel de la caractérisation du comportement vibratoire de l'ancillaire pour suivre l'insertion de la tige fémorale dans le fémur. L'originalité de cette étude est d'utiliser l'ancillaire chirurgical comme une partie du dispositif de mesure des vibrations, ce qui évite de fixer des capteurs ou actionneurs sur l'os ou l'implant. L'analyse modale a été réalisée directement sur l'ancillaire sur la gamme de fréquence [0.4-8] kHz à différentes étapes d'insertion de la tige fémorale dans des os de fémurs artificiels fabriqués à base de matériaux composites représentant les propriétés de fémurs humains. L'ancillaire est sollicité sur toute sa longueur par un marteau d'impact et la réponse vibratoire est mesurée par un accéléromètre positionné proche de l'extrémité libre. Cette mesure est répétée à différentes étapes d'insertion de l'implant dans l'os afin d'analyser la variation des fréquences de résonance de l'ancillaire et les formes modales associées au cours de l'insertion.Au moins deux fréquences de résonance, proches de 3 et 4 kHz sont corrélées à l'enfoncement de l'implant dans l'os. Plus le nombre d'impacts augmente, plus les fréquences de résonance augmentent jusqu'à atteindre un certain seuil, ce qui est cohérent avec l'augmentation de la rigidité du système os-implant au cours de l'insertion de la tige fémorale. En outre, la sensibilité de l'évolution des fréquences de résonance a été comparée aux résultats d'une autre technique basée sur l'analyse de la variation temporelle de la force d'impact appliquée par le marteau sur l'ancillaire pour insérer l'implant, détaillée dans la première partie du manuscrit.Une deuxième étude a ensuite porté sur l'optimisation du dispositif, c'est-à-dire de l'ancillaire, afin d'améliorer la sensibilité de l'analyse des vibrations et l'efficacité du protocole de mesure dans la perspective d'une utilisation rapide et facile en clinique. L'accéléromètre utilisé dans l'étude précédente est remplacé par plusieurs capteurs piézoélectriques, ayant l'avantage d'être plus facilement intégrables à la structure et d'être relativement peu coûteux. La stratégie d'amélioration de la sensibilité fréquentielle réside dans l'optimisation du positionnement de ces capteurs piézoélectriques sur l'ancillaire à partir du couplage piézoélectrique entre les capteurs et les modes identifiés dans l'étude précédente, appelés "modes d'intérêts". Il est démontré analytiquement que ce couplage piézoélectrique est étroitement lié à la courbure des formes modales.Trois capteurs ont ainsi été positionnés de manière optimale sur l'ancillaire afin que l'amplitude aux résonances, appelée "observabilité modale", soit optimisée pour la mesure d'un ou plusieurs modes d'intérêts simultanément.Ensuite, la capacité de la technique vibratoire développée précédemment à détecter la présence de fractures périprothétiques a été analysée à travers une troisième étude expérimentale utilisant l'ancillaire optimisé. Bien que ces fractures puissent affecter la stabilité de l'implant et le succès chirurgical, leur détection per-opératoire reste un défi, car elles sont souvent difficilement détectables pour le chirurgien. Pour ce faire, des fractures osseuses au niveau de la zone proximale du fémur ont été créées manuellement sur des os artificiels représentant des fémurs humains.

  stabilité de la tige fémorale a été quantifié. Tandis que la force d'arrachement augmente avec les paramètres ci-dessus, la quantité de contact entre l'os et l'implant diminue. Cette observation apporte de nouveaux résultats sur les valeurs optimales du coefficient de frottement et de taille d'implant vis-à-vis de la cavité, en fonction de la qualité osseuse du patient, pour maximiser la stabilité primaire. Celle-ci étant définie comme la configuration qui maximise à la fois la force d'arrachement et le contact entre l'os et l'implant. Afin d'analyser et mieux comprendre les phénomènes physiques dynamiques ayant lieu lors de l'impact du marteau sur l'ancillaire pour insérer un implant non-cimenté, un modèle numérique 3-D dynamique simulant cette procédure a été développé. L'insertion de la tige fémorale est étudiée en termes d'enfoncement et de quantité d'os au contact avec l'implant pour différentes valeurs de rigidité osseuse, de taille d'implant vis-à-vis de la cavité osseuse, de coefficient de frottement entre l'os et l'implant et de vitesse d'impact. Les résultats soulignent la nécessité d'adapter le nombre et la vitesse des impacts en fonction de la configuration biomécanique pour atteindre une surface de contact os-implant satisfaisante. En outre, ce modèle permet d'analyser la variation temporelle du signal de la force d'impact du marteau sur l'ancillaire au cours de l'impact. La force d'impact varie au cours de la procédure d'insertion par impacts successifs.Un indicateur de temps D est dérivé du signal de force d'impact en se basant sur des études expérimentales présentées dans la première partie du manuscrit. Cet indicateur correspond à la différence de temps entre l'impact initial du marteau et le rebond de l'ancillaire sur le marteau. L'indicateur diminue avec le nombre d'impact et converge vers une valeur seuil de 0,23 ms, indépendamment de la configuration biomécanique. Ce résultat met en avant la capacité de l'indicateur à mesurer la rigidité macroscopique du système os-implant. Cette méthode d'analyse d'impact pourrait être utilisée en parallèle des méthodes d'analyses fréquentielles étudiées dans les études précédentes. La dernière partie de cette thèse ouvre la perspective d'utiliser cette méthode d'analyse d'impact pour d'autres applications cliniques que la mesure de la stabilité des implants. En particulier, la faisabilité de l'analyse d'impact pour mesurer la rigidité des tissus mous a été étudiée à travers une étude préliminaire réalisée sur des fantômes imitant les tissus mous, fabriqués à base de gel d'agar. Le protocole expérimental a été adapté aux tissus mous. En particulier, les impacts sont réalisés sur une tige cylindrique métallique directement en contact avec l'échantillon. Les mesures d'impacts ont été réalisées sur des échantillons de différentes concentrations de gel d'agar, représentant la variabilité d'élasticité des tissus mous humains. De même que pour l'évaluation de la stabilité de l'implant, un indicateur de temps ∆t a été dérivé du signal de force, correspondant à l'indicateur D développé pour l'évaluation de la stabilité des implants. L'indicateur ∆t diminue lorsque la concentration en agar, et donc la rigidité de l'échantillon, augmentent. La sensibilité de la méthode pour déterminer la concentration en agar semble être similaire à la sensibilité de méthodes de caractérisation in vivo employées en clinique telle que l'élastographie. Cette dernière étude ouvre la voie vers de nouvelles applications cliniques pour les méthodes d'analyse d'impact.

  

Table 1 .

 1 

1 -Macroscopic femoral bone mechanical properties

  .2).

	Specimen	1	2	3	4	5	6	7	8	9	10	Mean SD
	D i (ms)	0.70 0.58 0.50 0.57 0.73 0.67 0.71 0.51 0.47 0.50	0.59	0.10
	f 2Y (Hz) 2864 2837 2990 3012 2899 2678 2974 2860 2790 2842	2875	101
	f 2Y b (Hz) 3419 3463 3416 3593 3450 3341 3718 3609 3505 3447	3496	112

Table 3 .

 3 

1 -Values of the thresholds defined for the indicator D i and for the modal frequency f 2Y and f 2Y b for all bone phantom specimens.

  ).

	Specimen	1	2	3	4	5	6	7	8	9	10	Mean SD
	f 2X (Hz) 3131 3153 3108 3189 3089 3044 3126 3164 3142 3147	3129	41
	σ f 2X (Hz)	15	13	26	26	26	66	55	32	44	13	-	-

Table 3 . 2

 32 

-Mean frequency f 2X and standard deviation σ f 2X of mode 2X over all insertion steps #i for all bone phantom specimens.

Table 3 . 3 -

 33 Gap of insertion step between convergence of D i and modal frequencies f 2Y and f 2Y b .

Figure 3.7 

shows the variation of the modal frequencies f 2Y and f 2Y b as a function of the implant relative displacement E i for bone phantom specimen #3, together with a linear regression analysis. As shown in Table

3

.4, a significant correlation was obtained between f 2Y

Table 3 . 4 -

 34 Correlation coefficients R 2 between the resonance frequencies f 2Y , f 2Y b and the implant insertion depth E i into the bone for all bone phantom specimens.

	Specimen	1	2	3	4	5	6	7	8	9	10	Mean SD
	Mode 2Y	0.86 0.99 0.98 0.94 0.98 0.97 0.98 0.91 0.94 0.98	0.95	0.04
	Mode 2Y b 0.87 0.99 0.98 0.99 0.89 0.96 0.90 0.98 0.81 0.99	0.94	0.06

Table 4 .

 4 1. The bottom threaded extremity was rigidly fixed in the implant and the top extremity was kept free. The implant was a cementless femoral stem made of titanium alloy (TiAl6Al4V) and coated with hydroxyapatite (CERAFIT RMIS, Ceraver, Roissy, France). The implant was fully inserted into a bone mimicking phantom (ORTHObones, 3B Scientific, Hamburg, Germany) embedded in polymer resin in order to enable clamping to the vibration table, similarly as what was done in[START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF];[START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF].

	Properties of the ancillary	
	Coefficient	Value	Description
	A	10 × 10 mm 2	Section of the ancillary
	h	10 mm	Thickness
	ℓ	125 mm	Length of the ancillary (squared
			part only)
	Y b	193 GPa	Young's modulus
	ρ	8000 kg m -3	Density
	µ	0.3	Poisson's ratio

Table 4 .

 4 

1 -Dimensions and mechanical properties of the ancillary.

Table 4 .

 4 

2 -Names and modal features (resonance frequency f , damping factor β) of the modes selected for the piezoelectric patches placement optimization procedure.

Table 4 . 3

 43 

-Dimensions and mechanical properties of the piezoelectric patches.

Modal sensitivity As described in Section 4.2.4, the normalized modal sensitivity M ij defined by Eq.

Table 4 . 5 -

 45 Amplitudes at resonances of modes A to E measured by patches #1, #2, #3 together with the percentage of amplitude's decrease at resonance indicated in brackets, with regard to measurements from patch #1. The patch #1 corresponds to the reference case and is highlighted in bold.

Table 6 .

 6 

1 -Material properties of the four subdomains as well as ranges and reference values of the studied parameters: the trabecular bone Young's modulus E t

Table 6 . 2 -

 62 Slope and determination coefficient (R 2 ) corresponding to the linear regression analysis of the variation of the resonance frequency as a function of the BIC ratio for the modes 2Y , 2X and 2Y b . Values of the resonance frequency of the modes 2Y , 2X and 2Y b evaluated at BIC = 50 % for different trabecular bone Young's modulus E t (see dashed lines in Fig.6.11).

	Mean	Std

Table 7

 7 .2 and it was defined according to the experimental data observed in the literature. In what follows the reference values of the aforementioned parameters will be denoted by E * t , IF * , µ * and v * 0 .

	Parameter	Symbol Range	Reference value
	Trabecular bone Young's Modulus E t	[0.1-0.6] GPa [1980; 2004; 2011]	0.2 GPa [2017]
	Interference fit	IF	[100-300] µm [2008; 2006; 2010; 2009] 200 µm
	Friction coefficient	µ	[0.2-0.5] [1993; 2015; 1997]	0.3 [2021]
	Impact velocity	v 0	[0.5-2] m/s	1 m/s

Table 7 . 2 -

 72 Parameters and range of variation for the parametric study.

Table 8 . 1 -

 81 Values of the time indicators ∆t, ∆t m 1 , ∆t m 2 and ∆t m 3 calculated from the impact force signals s

i (t) measured on each specimen of each agar concentration c between 1% and 5%. The inter-specimen variability Σ ∆t is also indicated. All the values are given in millisecond.

Table 8 . 2 -

 82 Values of the slope a and the correlation coefficient R 2 obtained from the linear regression analysis of the values of ∆t as a function of the preload for each specimen and each agar concentration c between 1% and 5%.

Table 8 . 3 -

 83 Results of the linear regression analysis (slope a and intercept b), averaged standard deviation σ m of ∆t in the range c ∈[1-5]%, and error c err realized on the estimation of the agar concentration in the range c ∈[1-5]% for each set of specimen.

		Set of specimen	a	b	R 2	σ mean (ms) c err
		#1	-1.25 10.1 0.82	0.14	0.11
		#2	-1.23 10.0 0.84	0.11	0.09
		#3	-1.24 10.0 0.84	0.16	0.13
				Elastography	DMA
	Agar concentration	MRE		MRE	OCE
	c (%)	(Hamhaber et al., 2003) (Ringleb et al., 2005) (Lan et al., 2017)	(Ringleb et al., 2005)
	0.5	13.5±0.6		-		-	-
	1	50.1±2.5		-		25.0 ± 2.2	-
	1.5	105.6±6.0		52.3± 3.4	49.7±4.9	42.8± 0.1
	2	171.4±22.8		100.6±4.7	116.1 ±12.1	75.1±0.1
	2.5	-		157.1±6.8	-	147.8±0.1
	3	-		258.2±12.1	-	242.4±0.1
	3.5	-		324.3±26.7	-	324.9±0.3
	4	-		-		-	-
	6	-		-		-	-
	Error c err	0.08		0.08	0.07	0.04

Table 8 .
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4 -Young's moduli values of different agar concentrations calculated with elastography in Hamhaber et al. (2003); Ringleb et al. (2005); Lan et al. (2017) and DMA in Ringleb et al.

Acknowledgments

The method proposed in this chapter is particularly adapted for applications where the mode shapes change with boundary conditions, as it relies on mode shape curvatures. Also, a relevant perspective will be to investigate the placement optimization of the excitation source, and in particular, by using one of the piezoelectric patch as an actuator.

Key points

• Patches position optimization for improving mode observability is proposed.

• Electro-mechanical coupling coefficients are sensitive to mode shape curvatures.

• Utility functions enable to target several selected modes simultaneously.

• Experimental procedure validation for monitoring implant stability is performed.

• Modal analysis of the beam enables boundary conditions monitoring.

Frequency sensitivity

Example of the bone mimicking phantom #9 Figure 5.5 shows the frequency response functions h of the bone-stem-ancillary system measured by the piezoelectric sensor #2 with a zoom on the three resonance frequencies of interest in the plane (XZ ): the mode 3.2 kHz (a), the mode 6.4 kHz (b) and the mode 10.5 kHz (c).

Each solid line corresponds to a different fracture enlargement state i, from l = 4.24 mm to l = 54.9 mm, created in the bone mimicking phantom specimen #9. The dashed lines correspond to the measurement of the non-fractured specimen (i = 0). The resonance frequencies of the three modes are decreasing functions of i, especially after the second enlargement of the fracture (i > 1), which corresponds to a fracture's length of l = 8.74 mm. The same results are obtained for the FRF measured by the piezoelectric sensor #1, with the modes 2.5 kHz, 3.5 kHz, 4.1 kHz and 11.0 kHz (data not shown).

The variation of the resonance frequency difference ∆f i/0 for bone mimicking phantom #9 as a function of l is shown in Fig. 5.6. The results are shown for the resonance frequencies measured by the piezoelectric sensor #1 (Fig. 5.6a) and by the piezoelectric sensor #2 (5.6b).

For i ≥ 2, ∆f i/0 > σ f for each mode (see Table 5.1), which validates that the resonance frequency variations can be used to detect bone fracture. The value of ∆f 4/0 obtained for the largest length l = 54.9 mm varies between 113 Hz and 170 Hz, according to the resonance frequency considered. 

Minimal fracture length detection

The values of the minimal fracture length l min calculated from the threshold ∆f s defined by Eq. 5.3 and the results shown in Fig. 5.6 for the bone mimicking phantom #9 are l min = 7.3 mm, 6.7 mm, 5.5 mm and 4.8 mm (respectively l min = 4.7 mm, 4.2 mm and 2.5 mm) for the modes

Part III

Modeling of the biomechanical behavior of the FS insertion which are higher than in Fig. 6.10, may be due to the use of cortical bone only, which has a Young's modulus 100 times higher than the trabecular bone material used in the present FE model. This interpretation is coherent with the increase of the pull-out force with the trabecular bone Young's modulus E t shown in Fig. 6.10a.

Optimal configurations for maximizing FS primary stability

While the polar gap and the pull-out force are key determinants of the ACI stability [START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]Raffa et al., 2019b;[START_REF] Doyle | Impaction technique influences implant stability in low-density bone model[END_REF], the FS insertion success mainly depends on the BIC ratio and the stress distribution in the host bone (Kim et al., 2001a;[START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF][START_REF] Reimeringer | The influence of contact ratio and its location on the primary stability of cementless total hip arthroplasty: A finite element analysis[END_REF]. Due to the anatomical distribution of muscular and joint loads, optimizing the FS pull-out force in the case of the FS is less crucial for the surgical success than minimizing micromotion at the bone-implant interface, which influence the osseointegration and the bone remodelling phenomena [START_REF] Engh | Quantification of implant micromotion, strain shielding, and bone resorption with porous-coated anatomic medullary locking femoral prostheses[END_REF][START_REF] Herrera | Long-term study of bone remodelling after femoral stem: A comparison between dexa and finite element simulation[END_REF][START_REF] Folgado | Influence of femoral stem geometry, material and extent of porous coating on bone ingrowth and atrophy in cementless total hip arthroplasty: an iterative finite element model[END_REF]. Therefore, the effect of the bone quality, of the friction coefficient at the bone-implant interface and of the stem geometry has been widely studied in the literature for the optimization of the long-term stability evaluated from the micromotion retrieved during daily activities such as stair climbing or walking [START_REF] Dopico-González | Probabilistic finite element analysis of the uncemented hip replacement-effect of femur characteristics and implant design geometry[END_REF][START_REF] Dickinson | Experimental validation of a finite element model of the proximal femur using digital image correlation and a composite bone model[END_REF][START_REF] Reimeringer | The influence of uncemented femoral stem length and design on its primary stability: a finite element analysis[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF]. However, the pull-out force remains useful to evaluate quantitatively the primary stability [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] in order to identify factors influencing the immediate fixation strength as bone property [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF] or implant design.

Concerning the effect of bone quality, it has been shown in the literature that both the reduction of the elastic modulus of cortical and trabecular bone caused an increase of the initial micromotion and the bone strain at the bone-implant interface [START_REF] Wong | Effect of bone material properties on the initial stability of a cementless hip stem: a finite element study[END_REF]. As shown in Fig. 6.10a, the initial fixation strength decreases when E t decreases, which may be explained by lower interface stresses even if the global bone-implant contact is higher. This result proves the importance to not only consider the pull-out force but also the level of the BIC ratio when studying FS stability. This same result also emphasizes the necessity to consider the bone quality parameter when comparing with experimental results. Concerning the influence of the friction coefficient, it was found in the literature that higher levels of coefficient of friction are beneficial to primary fixation [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF], which is in good agreement with our results presented in Fig. 6.10b where the pull-out force increases from 1780 N to 2090 N when the friction coefficient increases from µ = 0.2 to µ = 0.5. However, a friction coefficient of µ = 0.5 should be avoided since the BIC ratio at the end of FS insertion is not converged (see Fig. 6.8b),

indicating that the maximum contact level at the sagittal faces and in particular in the calcar zone is not achieved.

While the studies on the ACI confirm the existence of an optimal interference fit for maximizing primary stability [START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF], the existence of such optimal configuration is less obvious for the FS. Due to the geometry of the FS, the effective value of the interference fit resulting from the cavity reaming is difficult to control, which leads to a huge variability on the cavity preparation between surgeons [START_REF] Konow | Variability in Femoral Preparation and Implantation Between Surgeons Using Manual and Powered Impaction in Total Hip Arthroplasty[END_REF]. Several studies on FS micromotion optimization found significantly lower optimal interference fit values than for the ACI [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Pettersen | Subject specific finite element analysis of implant stability for a cementless femoral stem[END_REF][START_REF] Russell | Stem geometry changes initial femoral fixation stability of a revised press-fit hip prosthesis: A finite element study[END_REF]. The results found herein indicate that an interference fit under 150 µm significantly decreases the pull-out force without providing a significantly higher bone-implant contact ratio (see Fig. 6.10c). The behavior of the pull-out force with regard to the interference fit is in good agreement with a similar study considering both elastic and viscoelastic bone properties and a simplified cylindrical stem, where an interference fit "threshold" was evidenced beyond which no additional gains in push-out load are achieved [START_REF] Shultz | Cortical bone viscoelasticity and fixation strength of press-fit femoral stems: finite element model[END_REF]. However, other studies in the literature predict smaller optimal interference fit levels, around 50 µm, to achieve good primary stability fixation while avoiding femoral canal fracture [START_REF] Abdul-Kadir | Finite element modelling of primary hip stem stability: The effect of interference fit[END_REF][START_REF] Pettersen | Subject specific finite element analysis of implant stability for a cementless femoral stem[END_REF]. In the clinic, these levels of interference fit are difficult to reach with manual reaming and experimental results

show that the interference fit corresponding to such micromotion obtained from FE analysis are more likely to be of 1-2 µm (Abdul-Kadir et al., 2008).

Modal analysis: a tool to monitor FS insertion

The resonance frequencies of the bone-stem-ancillary system and their evolution with the implant insertion into the bone are found to be in good agreement with previous experimental results obtained with a bone mimicking phantom [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. In this previous study [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF], two bending modes vibrating in a plane parallel to the sagittal one, namely the modes 2Y and 2Y b , with a mean frequency of 2875 Hz and 3496 Hz over the specimens, were found to be sensitive to the implant insertion depth into the bone cavity.

Another mode shape named 2X and oscillating parallel to the frontal plane was also measured.

Its resonance frequency was around 3129 Hz and did not change significantly during implant insertion. The number of modes obtained numerically is found to be higher than experimentally (see Fig. 6.5), which can be explained by the experimental method employed to retrieve the mode shapes, based on the measure of accelerations all along the ancillary axis, which were recorded consecutively to an excitation by an hammer impact. Therefore, only the modes with the most important ancillary vibration amplitude were recorded in the previous study [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF].

For the reference case (E * t = 0.2 GPa, µ * = 0.3, IF * = 200 µm), the numerical results corresponding to modes 2Y, 2Y b and 2X (highlighted in bold in Fig. 6.5) were identified based on their mode shape and resonance frequency, which are both coherent with experimental data, even if the frequencies are slightly higher. However, the boundary conditions, the bone material properties, the implant coating and friction coefficient, and the effective experimental interference fit may be slightly different in the numerical and experimental studies, which may explain such difference. However, the variation of the resonance frequencies with the implant displacement (see Fig. 6.6b) is in good agreement with experimental data and constitutes a validation of the numerical model [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. In particular, the numerical model confirms the sensitivity of the modes 2Y and 2Y b to the BIC ratio (see Fig. 6.6a), which could not have been measured in the experimental study [START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF]. Moreover, the resonance frequency of the mode 2X is found not to increase for BIC > 55%, which is a value likely to be reached importance for the surgeon to adapt its surgical procedure to maximize the implant stability [START_REF] Doyle | Impaction technique influences implant stability in low-density bone model[END_REF][START_REF] Bishop | A parametric numerical analysis of femoral stem impaction[END_REF][START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF]. The BIC ratio first increases with the impact number and then stays constant. A similar behavior was observed in Chapter 6

where the quasi-static insertion force is representative of the cumulative impacts in the study herein. The number of impacts necessary to reach the maximal BIC value is higher when the bone-implant system stiffness is higher, that is for higher values of E t , µ and IF . Considering a high stiffness trabecular bone (E t = 600 MPa), the BIC ratio still increases after the 10 th impact, which indicates that the implant can not be fully inserted and the primary stability would not be optimized for the given parameter set of (µ, IF , v 0 ). The dependence of the BIC on the configuration agrees with the results found in previous studies [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF].

However, the maximal values of the BIC ratio were lower, which may be due to differences in implant geometries or interference fit values.

The parametric study reveals that for some specific configurations (v 0 = 0.5 m/s), applying additional impacts of the same intensity does not improve the BIC ratio, even if its value is still relatively low. This result is particularly clear for the configuration with the smallest velocity (v 0 = 0.5 m/s), for which the BIC threshold is reached as of 60%, while it can reach a value close to 90% for v 0 = 1 m/s (Fig. 7.7c). This result confirms the importance of considering the impact force, which is related to the initial velocity of the hammer v 0 , to maximize implant stability (Henyš and Čapek, 2018;[START_REF] Bishop | A parametric numerical analysis of femoral stem impaction[END_REF]Doyle et al., 2019b).

Thanks to the large contact surfaces between the femoral stem and the bone, more regular distributions of von Mises stresses at the peri-implant bone zone were obtained (see Fig. 7.3), on contrary to the case of the ACI where the stress field was highly concentrated around the equatorial rim (Raffa et al., 2019b;[START_REF] Immel | Determinants of the primary stability of cementless acetabular cup implants: A 3D finite element study[END_REF][START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]. Note that level of von Mises stresses computed by the present model are consistent with the results obtained by [START_REF] Monea | Numerical simulation of the insertion process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and contact distribution on the stem initial stability[END_REF], comprised between [START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF][START_REF] Lamassoure | Use of an instrumented hammer as a decision support system during rhinoplasty: validation on an animal model[END_REF][START_REF] Lamassoure | Anatomical subject validation of an instrumented hammer using machine learning for the classification of osteotomy fracture in rhinoplasty[END_REF][START_REF] Lamassoure | Using an Impact Hammer to Perform Biomechanical Measurements during Osteotomies: Study of an Animal Model[END_REF][START_REF] Poudrel | Modal Analysis of the Ancillary During Femoral Stem Insertion: A Study on Bone Mimicking Phantoms[END_REF][START_REF] Poudrel | Influence of the biomechanical environment on the femoral stem insertion and vibrational behavior: a 3-D finite element study[END_REF][START_REF] Poudrel | Epidemiology of periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience[END_REF][8][9][10][11][12][13][14][15][16][17][18][19][20] MPa.

The time signal of the impact force measured between the hammer and the ancillary, which is illustrated in Fig. 7.4 for different impacts in the reference case, is qualitatively similar to the experimental signals obtained in previous in vitro [START_REF] Tijou | Monitoring cementless femoral stem insertion by impact analyses: An in vitro study[END_REF] and ex vivo studies [START_REF] Dubory | A cadaveric validation of a method based on impact analysis to monitor the femoral stem insertion[END_REF][START_REF] Lomami | Ex vivo estimation of cementless femoral stem stability using an instrumented hammer[END_REF] (see Chapter 2,Subsection 2.4.2). In these experimental studies, the signal was measured by a force sensor directly fixed on the hammer's impact surface. The numerical model allows to compare the impact force signal and in particular, the time and duration of the peaks with the positions of the ancillary and the hammer. The analysis of the impact confirms that the peaks following the initial hammer impact correspond to the successive rebounds of the ancillary on the hammer (see Fig. 7.4). Qualitatively, it was verified that the global shape of the impact force signal, made up of successive peaks corresponding to the impact of the hammer and the rebounds of the ancillary on the hammer, is not affected by the value of the trabecular bone Young's modulus E t , the friction coefficient µ, the interference fit IF and the impact velocity v 0 in the ranges considered herein (data not shown). In the literature, other numerical and experimental studies found that uncemented implants "rebound" during the insertion procedure, in particular for the acetabular cup implant [START_REF] Hothi | Explicit finite element modelling of the impaction of metal press-fit acetabular components[END_REF][START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF]. [START_REF] Michel | Finite element model of the impaction of a press-fitted acetabular cup[END_REF] 
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