Je Souhaite Remercier Iris 
  
B R Émaud 
  
François Gauthier 
  
Francis Col 
  
Kévin Jaboviste 
  
Justine Larivi Ère 
  
Alessandra Del Masto 
  
Victor Almanza 
  
Gaël Matten 
  
Thomas Jean- Nin 
  
Max Alex David 
  
Romain Sylvain 
  
Pierre 
  
Laurent 
  
Cyril 
  
Mebarka 
  
  
  
  
  
  
  
Keywords: modal overlap factor, 50 claw spruce, 47 1, 3, 3 Modal damping, 49 1, 3, 4 Modal density and modal overlap factor, 50 Empirical models for tonewood, 62 2, 1, 3 Anatomical singularity : the bear-claw spruce

Je souhaite remercier ici les personnes qui ont soutenu et évalué ce travail et plus généralement celles et ceux qui furent présents durant ces années.

J'exprime ma gratitude à mes directeurs de thèse, MM. Scott COGAN et Vincent PLACET, qui m'ont encadré durant ces années et m'ont fait profiter de leurs compétences, professionnalisme, rigueur et exigence. Ils m'ont laissé une grande autonomie pour la conduite de ce travail et je les en remercie grandement. De plus, je souhaite remercier Emmanuel FOLT ÊTE, qui a démarré des activités autour du bois de lutherie au laboratoire, et a obtenu le financement nécessaire à la conduite de cette thèse. Je le remercie aussi pour son regard bienveillant à l'égard de cette activité et son rôle d'examinateur.

Parmi les enseignants-chercheurs, je souhaite tout d'abord remercier Émeline SADOULET-REBOUL, qui fut mon enseignante de master, pour son application dans l'enseignement qui éveilla mon intérêt pour la mécanique et m'accorda une chance en suggérant mon profil d'étudiant/luthier amateur à mon futur directeur de thèse Scott COGAN, je crois que sans cela rien n'aurait été possible, merci encore. Je remercie aussi Gaël CHEVALIER et Morvan OUISSE, pour leurs expertises et conseils.

Je souhaite aussi remercier Delphine TRAVAGLINI, Christine FROIDEVAUX et Isabelle MAILLOTTE-NAVARRO pour leur soutien logistique et leur réactivité si bénéfiques pour le laboratoire.

Dans la communauté des luthiers, je remercie tout d'abord Maxime MORAND, qui m'accepta dans son atelier pour fabriquer ma première guitare, et m'initia à la lutherie ; une fois de plus Maurice BEAUFORT, luthier du quatuor ; Alexandre PUDDU, luthier guitares, à qui je souhaite une belle réussite à son nouvel atelier de lutherie ; la scierie le bois de lutherie et Bernard MICHAUD ; Pierre AVOCAT, le "luthier du métal", pour sa gentillesse et ses coups de mains. 

Figures List

Tables List

General introduction

The building of stringed musical instruments is traditionally based on fine craftsmanship and rigorously selected natural materials. Stringed musical instrument makers, or luthiers, hone their skills with years of training and practice. The instrument designs themselves evolve over time based primarily on empirical methods. Nowadays, the arrival of sophisticated manufacturing processes or low-cost human labour combined with the shortage and cost of tropical woods has created a highly competitive environment for the production of new handmade instruments and as a result luthiers are confronted with a dwindling demand for their one-ofa-kind products.

The objective of this doctoral work is to investigate the potential and limitations of leveraging physics-based virtual prototyping tools to provide luthiers with modern means to modify their designs without wasting precious resources in test builds. Historically, the physics underlying the behaviour of musical instruments have been studied primarily using analytical or experimental methods. While these approaches have proven useful in understanding global tendencies, they are not well adapted to the detailed study of the impact of design modifications on the dynamic behaviour of the instrument.

Virtual prototyping based on physics-based numerical models has proven to be an effective tool in industry for supporting design decisions through effects screening analysis, design optimization, and uncertainty quantification for complex dynamical systems. For fields typically relying on more traditional and experiencebased approaches, virtual prototyping may provide a useful tool for attaining a better understanding of the phenomena in play. This study explores the potential of virtual prototyping in its application to stringed instrument making and conservation. Traditional approaches are generally limited by the irreversibility of structural modifications, the high cost of raw materials and construction time, as well as the ethical objections to modifying old and valuable instruments. Virtual prototyping can provide a solution to many of these issues by proposing a decision support tool for both instrument makers and museums curators allowing them to explore new designs, new presets, potential wood substitutions, as well as providing an essential ingredient for model-based or hybrid approaches to sound synthesis. Moreover, virtual prototyping can be particularly useful to investigate a wide range of new designs and the impact of the natural variability in the component material properties.

Doctoral thesis -R. Viala

TABLE OF CONTENTS

The pertinence of virtual prototyping for industrial applications no longer needs to be proven. However, the relevance of these tools to support the decision-making process for luthiers remains to be shown. Indeed, it must be demonstrated that physics-based models are able to provide a solid basis for proposing design changes in order to attain the desired acoustical characteristics even in the presence of variability in wood properties. The necessary ingredients for high-fidelity modelling in mechanical systems include accurate geometries, pertinent material behaviour laws, and wherever possible their associated models of uncertainty. This thesis will focus on violins and acoustic guitars as they are the most prevalent instruments on the market today. Moreover, both of these instruments have been thoroughly studied from the point of view of musical acoustics and a large knowledge base already exists treating both their historical evolution as well as their mechanical and acoustical characteristics.

The components of these two types of instruments are made of wood, which exhibits a complex mechanical behaviour that is still widely studied. From the different behaviours that can be linked to the wood, some will not be integrated in this work. The creep and mechanosorptive behaviours, that are usually essential for the design and monitoring of wooden structures, are not taken into account in this study that focuses on the dynamics of the musical instruments. Although the dynamics of wooden structures are of course dependent of a large number of mechanical parameters, in order to provide effective tools for violin makers and reduce the computation times, a step backward in the wood behaviour detail is made. The global work of the thesis aims at dealing with general trends in the dynamics of the musical instruments and not on specific and "realistic" behaviours.

An aphorism often stated, reminds that all the models are false, but some might be useful [Box 76]. In this context, the wood mechanical behaviour is simplified and mainly considered as hygroelastic. The elasticity of the wood is generally well-known, but specific studies on the woods used in musical instruments, especially in some directions that are alleged to be influential on the dynamics have yet to be performed. The evolution of the wood properties, when it undergoes climatic changes is also well-known. In normal use, the musical instruments are used in room conditions ; nevertheless, in these temperature and relative humidity bands, a constituent of the wood, the hemicelluloses, exhibits an in situ glass transition. This glass transition may strongly affect the elastic and damping properties of the wood, even for small temperature and relative humidity changes and it is assumed to have a non negligible impact on the sound of wooden musical instruments. In order to implement correct material properties in the numerical models of the violins and guitars, the creation of empirical and probabilistic laws for all the wood directions is also a main goal of this work.
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Starting point

As a sum up of all these elements, from the different scientific domains that should be considered to characterize the overall musical performance, the mechanics are relevant for the characterization of the musical instruments, especially their dynamics. This work aims at providing an objective and quantitative characterization of the musical instruments dynamics, and the concept of "quality" of the instruments will not be approached.

The instruments of a given family exhibit a wide variability in their dynamical and acoustical features, the sources of variability of the musical instruments are sorted in different sub-domains, among these different sub-domains given below, the ones in bold will be the core of this work. The mechanical features of the assembly will not be considered, as the models will be, for this study, simplified. As well, the varnish will not yet be considered, as the simulation of its effects increases the complexity of the making of the physics-based numerical models and increases the computation times. The varnishes properties depend mainly of the instrument makers, and their properties are highly variable. The effects of the varnish on the musical instruments are still complex to determine, and it would have involved chemical physics studies that were out of the scope of this thesis work. This work is, at first step, focusing on the mechanical characterization of the wood used in musical instrument, labelled as tonewood. In order to create empirical models that will be used in the second part which is focusing on the numerical models creation and their post-processing to provide elements of response for the lockers detailed previously. The most important contribution will be to assess which of the different features (geometrical, material, climatic) are the most influential on the dynamics of the studied instruments.

The work is divided in two main parts, for which different chapters are associated with specific topics. The chapter I is independent of these parts and gives contextual elements and generalities. The first part is focusing on the characterization of the mechanical properties of tonewood and gathers the chapters II and III. The second part deals with the creation of the physics-based numerical models and includes the chapters IV, V, VI and VII. Doctoral thesis -R. Viala
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Chapter I

The first chapter aims at positioning the entire work, as the musical acoustics related domains are numerous, and the mechanical point of view is one among other points of view for the study of the musical instruments. This chapter also aims at giving generalities related to wood mechanical properties and elements related to the dynamical domain. Firstly, the contextual elements related to musical acoustics are given, then the subject is curtailed to mechanics. Among the different elements of the musical performance that are described, the musical instruments are emphasized. Mainly, the guitar and the violin and their corresponding making and study domains are discussed. Secondly, generalities are given about the wood from a mechanical point of view and the relations between wood and musical instruments. Finally, generalities on the elements of the dynamical domain are given.

Part I

This part is dedicated to the material characterization of the wood used in musical instrument, especially spruce. Firstly, the variability of the elastic and damping properties of spruce are quantified. Secondly, the dependence of the material properties to climatic conditions is studied.

Chapter II

This chapter aims at, from a mechanical point of view, evaluate the variability of the materials of wooden parts of musical instruments. As one of the objective of this work is to study, through numerical models, the impact of the material variability on the dynamics of the musical instruments, this variability has to be quantified. The woods used for musical instruments are highly documented, but generally in the longitudinal direction. The other directions that are alleged to be influential on the dynamics of the instruments are thus studied as much as the longitudinal direction in this chapter. A non-destructive method based on 3D velocity fields measurements and finite element model updating (FEMU) has been developed especially for this aim, in order to evaluate the material properties of bulk wooden samples as they are usually obtained, in order to preserve them for further utilizations. Firstly, the sources of variability and the existing knowledge about the tonewood mechanical properties are discussed. The proposed method is then detailed and applied on spruce and maple specimens. The elastic and damping properties of the spruce specie are obtained for numerous samples, and distribution laws are identified, in addition with empirical models that have proven useful for the test model correlation of musical instrument parts.
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Chapter III

The dependence of the wood properties identified in the chapter II in regard with the climatic conditions is the main object of study of this chapter. Usually the wood viscoelasticity is studied on broad temperature and relative humidity ranges. The aim of this chapter is to focus on the climatic conditions that the instruments undergo within a regular use, as the hemicelluloses in situ glass transition temperature is comprised in these temperature and relative humidity ranges. This microscopic feature leads to a softening of the wood, in a lesser extent when compared to lignin glass transition, but anyhow significant. Such feature is alleged to play an important role in the evolution of the elastic and damping properties in room conditions. The objective is to finely study the mechanical properties of spruce for different relative humidity and temperature values of the room conditions. This aims at quantifying the relative changes of wood elastic and damping properties as a function of relative humidity and temperature changes.

Firstly, the existing knowledge on the elastic and damping properties of spruce, especially its thermal and hygroscopic properties, is detailed. Secondly, an evaluation of the changes of spruce mechanical properties using both DMA and a dedicated non-destructive method is proposed. The results of this last method are compared with the one obtained with usual tests. Finally, empirical deterministic laws are proposed, that will be implemented in the remaining studies.

Part II

The second part consists in the application of the V&V process methods on physics-based numerical models of musical instruments. The material properties obtained in the part I are mainly used.

Chapter IV

This chapter is a first step towards numerical physics-based models of musical instrument and their model-based studies. It aims at applying some of the verification and validation usual tools on musical instrument parts. The studies dealing with musical instruments and such methods are unusual considering the existing bibliography.

At first, the different elements related to the verification and validation process are detailed. Secondly, some of the distribution laws and phenomenological models previously determined are implemented in the numerical models of instrument parts with a Doctoral thesis -R. Viala
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finely displayed geometry. The modelling is performed with the finite elements method. Two different applications are considered, the first one is a validation of a Spanish guitar soundboard in the low frequency domain and the eigenfrequencies obtained from the numerical model are compared with the experimental ones.

The second application is a screening analysis performed on an unmounted violin to sort, among the numerous material parameters involved, which ones are the most influential on the dynamics of the unmounted violin. The results for each cases are given and the reliability of the V&V method on musical instruments models is discussed.

Chapter V

The objective of this chapter is to use a finely detailed numerical model of complete violin to rank geometrical, material and climatic parameters according to their influence on the dynamics of the violin. Numerous studies, based on either experimental or analytical means have addressed the dynamics of the violin. Nevertheless, such studies were limited by their intrinsic drawbacks and could not study the influence of material and geometrical changes at once, as well as the impact of relative humidity and temperature changes on dynamical features. The numerical models, dealing with finely described geometry are used as a potential tool for such studies and the application is given in this chapter. For this study, the chapter is divided in different parts, and contains mainly a methodological part and results.

Firstly, a state of the art of the previous experimental, analytical and numerical studies on the violin is given. Secondly, the creation of the numerical model is detailed, and preliminary studies are performed to define which, among different modelling tools, are relevant for the computation of the dynamics of the violin. Then, the results of the preliminary studies are given. Finally, dynamical features are studied and screening analyses, involving both material parameters and geometric changes, are performed. The numerous effects of mechanical properties, climatic changes, design choices are screened, which is the main contribution of this chapter.

Chapter VI

This chapter aims at studying the guitar soundboards with the different means that have been proposed previously. At term, the objective is to evaluate which of the geometrical and material features are the most influential on the dynamics of the guitar soundboards. Based on the author's knowledge, the physics-based models have never been used to perform stochastic simulations dealing with different geometries and probabilistic definitions of the material properties to highlight such The state of the art of the studies on the dynamics of the guitar soundboards is given. The trends of the guitar soundboard vibratory behaviour are studied using probabilistic approaches. The post-processing of probabilistic data is proposed to evaluate the different levels of dispersion (design, material, climate) of the guitar dynamics.

Chapter VII

This chapter proposes a solution to instrument makers issues as a transfer of technology between industrial domain and craftsmanship. It presents the digital interfaces and numerical tools dedicated to musical instruments that have been developed all along the thesis which is the main application objective. Application dedicated to guitar and violin soundboards are described and detailed, since each one deals with specific methods.

Conclusion

The overall results are finally proposed in the conclusion and results associated with each chapters are listed. The appendix contains complementary data, such as computation data, and specific studies focused on instrument makers issues and questions.
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Introduction

For millennia, musical performance has been an integral part of the history of mankind, and now gathers many research fields. It implies many kinds of interactions, and thus, the studies about the musical performance cluster a large spectrum of topics, combined in musical acoustics, a thousands years-old discipline whose history is detailed in [ Donval 06]. The actors of the musical making process -the composer, the instrument maker, the musician and the listener -are driven by different paradigms that can not necessarily be superposed. In this context, both objective and subjective assessments coexist. The objective Doctoral thesis -R. Viala

Contextual elements and generalities assessments, led by the scientific method, are related to the scientific domains that are involved. The subjective assessments, led by empiricism and traditions are intrinsic to the musical performance and its parts. Among these parts, instrument making is particularly subject to beliefs, related to the musical instruments, such as :

-The varnish used (alcohol, oil, resin) -The woods (both hardwoods and tonewoods) -The age (from early 17 th century for violins to modern times) -The location of making -The name of the maker -The shape of the instrument These beliefs can been discussed by objective facts and measurements, such as :

-The mechanical properties of the material used (especially the wood, the varnish and the glue)

-The static, dynamic, and acoustic responses of the instruments -The dimensions of the instruments -Blinds tests performed to value musical instruments Trial and errors have led the stringed instruments making practice. This method has driven to a wide variety of woods used, shapes and prototypes. The technological developments have been, since the beginning of the last century, a source of constant innovation for many instruments. From the amplification with vacuum tubes, transistors and more recently digital electronic, the 20 th century has been an era of revolution in the musical domain. As well as the evolution in instrument making and musical performance, scientific technologies have provided new tools for musical instruments studies.

Among the different possible research domains involved (ethnomusicology, sound studies, psychoacoustics, mechanics, biology, room acoustics, etc.) this work addresses the mechanics domain. Among the musical instruments quoted in the nonexhaustive list of the table 1.1, only two instruments, are considered, the violin and the guitar. Each one of these instruments belong to the stringed musical instruments family and represent a significant portion of the sold, played and studied musical instruments. More specifically, this work is focused on the dynamics of these musical instruments and the acoustical domain is not addressed. The different parts involved in the musical performance are linked by many interactions. Figure 1.1 sums up these interactions and the different parts are described in this section.

Contextual elements and generalities

In this chapter, the first section details the topics related to the musical performance, and gives the basic concepts that have to be considered. Secondly, generalities on the wood, from a mechanical point of view are given, as well as the specific features of the wood that are associated with musical instruments. Finally, the basic concepts of the dynamics are given, as this domain will be the core of the entire work.

Overview of musical instruments related topics

Composers and musicians

In the creation of music, both composers and musicians are involved. The first ones are individuals who write vocal and/or instrumental music. The composers, as well as the musicians, are receptive to the timbre of the instruments that will be part of their writing process. The timbre is the perception of the sound, whose physical characteristics are the spectrum and envelope of the sound signal. In classical music, a characteristic part of the timbre is inherent to each instrument families (strings, brass, woods) and to each instrument in these families. Meanwhile, there remain differences in timbres between each instrument of a family that can lead to their qualitative or quantitative, and so subjective or objective sorting.

The composers are aware of the timbre of the musical instruments, and, as an example, Hector Berlioz (1803-1869) has written in 1844 the "Traité d'instrumentation et d'orchestration" [Berlioz 44] that proposes techniques of composition based on the timbre of the instruments and orchestra. This composition method has evolved in parallel with the scientific discoveries in acoustics, carried out in the 19 th century by, among others, Félix Savart (1791-1841), Ernst Chladni (1756-1827) and Hermann von Helmholtz (1821-1894).

Musicians create the music pieces written by composers, by mixing techniques and musical knowledge, they transcribe their intentions. The musicians have an impact on the timbre of the sound produced by an instrument as a personal interpretation of the will of the composer. The figure 1.2 shows annotations by Yehudi Menuhin on a Johann Sebastian Bach Sonata No.2 in A minor, BWV 1003 score. The adaptation work is clearly visible, and emphasises the interpretation of the musician. Thus, the interpretation of a musical piece is not sealed, and the ways of interpretation of a piece are in constant evolution.
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Doctoral thesis -R. Viala For stringed instruments, especially the guitar and the violin, from a mechanical point of view, musicians apply an excitation on a string using fingers, a bow or a plectrum that will affect the timbre. Different measurable parameters modify the excitation, such as the applied force, the velocity, the angle of the hair of the bow, and the position of the excitation all along the string. Taking into account the response of the instrument, musicians adjust their gesture to create an active feedback loop [Le Carrou 09].

Musicians value the instruments and will describe them using a specific vocabulary that is not necessarily linked to measurable features. Moreover, they are subject to numerous bias when testing instruments such as :

-The commercial value of the instrument -The date of making -The aspect of the instrument -The name of the maker. Thus, the description of the timbre of an instrument by a musician is mainly subjective and studies aim at linking the vocabulary of the musicians with measurable dynamical or acoustical features [ Saitis 13]. The study of actuation and dynamics of musical instruments is a high stake topic in musical acoustics, and uses objective quantitative means.

Musical instrument actuation 1.1.2.1 Violin actuation : bows

The instruments of the string quartet (violin, viola and cello) are most of the time operated by bows. Modern bows are composed of a stick made with pernambucco Caesalpinia echinata that stretches a -most of the time male-horse hair coated with rosin. The friction between the hair and the string will produce a non linear motion (stick-slip) of the string, known as the Helmholtz motion. This motion appears when different parameters are controlled by the musician, and a Doctoral thesis -R. Viala controlled loop is set up. The figure 1.3 shows the ranging domain of the Helmholtz motion and displays schematically the force applied on the bow as a function of the position of the bow along the string. The musician adjusts the excitation of the string by acting on the velocity, the force, the position of the bow, and the angle of the hair. These features can be measured quantitatively and numerous studies have been focused on the characterisation of bows [ Schelleng 73], [ Ablitzer 11], [Ablitzer 12], [ Pitteroff 98]. The stick of the bow is carved and heat-bent to reach a shape that respects criteria of mass and stiffness. The static and dynamic behaviour of the bow influences the Helmholtz motion [Serafin 99]. More recently, numerical tools have been developed for bow makers and transferred to workshops and finite element models have been used to study the buckling effects due to the tension of the hair [ Ablitzer 17].

Guitar actuation : fingers and plectrum

The actuation used by guitarists consist of a pinch of either the fingers or a plectrum on the strings. Different methods are used by musicians to actuate the guitar strings. The gesture is determinant on the response of the strings and different measurable parameters are considered for the studies in musical acoustics [ Issanchou 16], [ Paté 15]. The force, velocity and position of the fingers are considered. The plectrum is a triangular piece used to hit the strings. The materials used to make plectrum vary, one can mention tortoise shell, plastics, carbon fibre composite, wood or bone. The shapes, and especially the thickness of the plectrum have an impact on the motion of the string after the impact. For both guitars and violins, the different parameters used to excite the strings will change the signal that they transmit to the instrument body. The strings are described below.

Strings used for musical instruments

Violin and guitar strings are driven by the bow, fingers or plectrum and are at the source of the production of the sound. The materials used for their making

22
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1.1 Overview of musical instruments related topics vary, from the animal guts, the metal alloys or polymers like nylon. The strings are stretched to reach a pitch. Different diameters and materials are used to create strings with equivalent stiffness but different tuning in order to spread homogeneously the tension on the instrument soundboards, the wooden plate on which the bridge rests on. The eq. 1.1 shows the relation between the linear mass (µ) , the tension T , the fundamental frequency f 1 and the length L of a string.

f 0 = 1 2L T µ (1.1)
The string vibrates at its fundamental and harmonic frequencies, the frequency of a n th harmonic is given by the eq. 1.2, with n a natural number.

f n = n × f 1 (1.2)
The vibration shapes of the string at its fundamental and harmonic frequencies are given in the figure 1.4. The natural right harmonics shapes of a string, from the fundamental to 16 th harmonic are represented schematically in the figure 1.3 (a). This figure shows that, according to the position of excitation along the length of the string, different harmonics and their respective amplitudes are excited. It is clearly visible that there exists vibration nodes of the string for different frequencies. The positions of the main nodes of vibrations are related to the length divided by an integer. On most violins and guitars, it is quite easy to excite the string at its 1 st , 2 nd and 3 rd harmonics, by applying a slight pressure of the finger at a position given by the length of the string divided by respectively 2, 3 and 4. The timbre of an instrument is the relative amplitude of its harmonics, as shown in the figure 1.5 (b) for a theoretical string. Due to the bending stiffness of the strings, they may exhibit inharmonicity for particular values of their rigidity E (Pa), second moments of area I (m 4 ), tension T (N) and length L (m). The new values of an harmonic frequency f n i become :

f n i = nf 0 1 + Bn 2 (1.3) Doctoral thesis -R. Viala
Contextual elements and generalities

with B = EIπ 2 T L 2 (1.4)
Short and stiff strings with high tension are more likely to exhibit inharmonicity when actuated. The motion of the strings is different between guitar strings and the violin strings as described in the following section. When excited by a bow, the string motion will describe an oscillating corner in the plane represented by the string and the bow hair. This corner reaches the bridge of the instrument a number of times that is related to the pitch (hence the frequency) of the played note. The bow's stick-slip phenomenon, detailed in [ Schumacher 05], [ Serafin 04] is a non-linear actuation of the strings. It is periodic and leads to harmonic ratios of the string harmonics, which is not the case for the piano strings or bell vibrations, that are subject to inharmonic phenomena. The spectrum of a violin string when actuated by a bow is shown in the figure 1.5 that represents the different amplitudes of the harmonics in the frequency domain of a violin string. The impact of the damping due to the finger of the musician is clearly shown, and response of a note of an opened string is less damped than the one of a note pressed by the finger. The great variety of violin strings, their ageing, materials and gauges lead to a diversity of the spectral signals that are transmitted to the instrument through the bridge. The radiated sound, due to the coupling with the instrument will change the different amplitudes of the signal of the strings and is a signature of the timbre. Guitar strings vibrate freely after their actuation. The consecutive vibration motion is a superposition of sinusoids. The coupling with the instrument will change the amplitude ratio between the harmonics and the radiated sound of the same note. The great variety of guitar string materials and gauges leads to a great diversity of responses, and thus differences in the spectrum signal that is transmitted to the guitar body through the bridge. In the case of electrical guitars, the transfer of the string motion is made through electromagnetic pickups that capture the velocities of the strings. In the case of acoustic instruments, the string vibrations are routed to the sounding box. The timbre of the sound produced by the instruments is intrinsic to the mechanical characteristics of the soundboard and sounding box which is the last element of the sound production.

Overview of musical instruments related topics

Musical instruments overview

Hence, the sound produced by an instrument depends on its strings but also mainly on the instrument on which these strings are attached. In the next section, the instruments studied, the guitar and the violin, are described. On the violin and the guitar, the strings are linked on one side to the head of the neck and on the other side to the soundboard of the instrument. The instrument's role is to acoustically radiate the vibrations of the strings, whose surface is too small to radiate the sound. The given details are not exhaustive, for more information, the book [ Chaigne 08] details the acoustics of the musical instruments. A musical instrument is mainly composed of a sound box. The sound box is made of a back, sides and a soundboard. All the elements vibrate. The vibrations of the different components and of the acoustic cavity are transmitted to the surrounding air as acoustic waves. Thus, the vibratory behaviour of the parts of the musical instruments is the essential part of the sound radiated by the instruments. Materials and shapes, as well as the climatic conditions have an influence on the vibratory behaviour of the instruments.

The violin makers often create copies of valuable violins of famous instrument makers, such as Andrea Amati (1505-1577), Antonio Stradivari, Guarnerius del Gesu (1698-1744) or Jakobus Stainer (1617-1683). The guitar makers create copies Doctoral thesis -R. Viala

Contextual elements and generalities of guitars, but the nature and the layout of the braces is highly dependent on the makers. The quality of the sound of the instruments is subjective to each musician and listener. The quality of the making is evaluated by instrument makers through different criteria such as bindings, varnish, work finesse, colors and luthier's choices. It is not clear that nowadays, instrument makers mainly evaluate the construction quality rather than the sound of the instrument. The evaluation of the musicians is sensitive to different parameters that are not only linked with the sound, for example the label, the brand, the aesthetics and the age. These different parameters induce bias to the objective appreciation by the musicians. The different steps in the production of the sound are represented in the figure 1.6. The red curves in the figure 1.6 are representative of the instrument vibratory behaviour. The bridge is separated from the body in this case, which is non realistic, as the elements are coupled. The evolution of the input waveform to the output waveform, the timbre of the instrument, is due to the mechanical characteristics of the instrument. 

Violin making

The violin is an assembly of more than 50 pieces of wood that are carved and glued or assembled together by the instrument maker. The figure 1.7 shows an exploded view of a violin and the nomenclature of the different elements.

The characteristics of the violin and its making are detailed in the chapter V. Different points of view can be considered to characterise the violin. It is not yet clear that musicians mainly consider the sound and instrument makers mainly consider the craftsman's work. Organologists or museum curators consider the patrimonial value of the instrument, which is correlated with its history. In order to alleviate subjective bias when sorting the sound of violins, blind tests can be 1.1 Overview of musical instruments related topics performed, and often lead to results that are different from those of non-blinded tests [Fritz 12]. In mechanically related musical acoustics domain, the dynamic or acoustic fields, the mechanical strains, and other features are used for an objective characterisation of the instrument responses. 

Geometry

According to instrument makers, it is not clear whether geometry or material properties are preponderant on the dynamical behaviour of instruments [ Carlier 14]. Violin makers have numerous ways to build a violin. Generally the modifications affect the contour, arching and thicknesses of the back and top, size and tilt angle of the f-holes, and the shape of the bass bar. The effect of the modification of each component on the behaviour of the violin is hard to evaluate, and the usual characterisation methods (analytical and experimental) are limited for the evaluation of the effects of design change, which is due to the variability of the wood and the complexity of the final mechanical system.

Pre-stress

The assembly of the instrument leads to intentional or unintentional pre-stress Doctoral thesis -R. Viala
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fields inside the parts. In addition, pre-stresses are due to the tension of the strings on the soundboard. This force exists in both guitars and violins. The violin bass bar can be glued with a forcing by diminishing its bending radius. The soundpost can be set slightly greater than the height between the soundboard and the back and will apply a compression force on these two elements. The guitar bars are glued with a smaller bending radius and bend the soundboard and the back, and create a pre-stress field that affects the vibratory response of the musical instrument. The pre-stress inside the structures affect their vibrational behaviour (the clearest example is the one of the strings). Thus the pre-stresses are also supposed to have an impact on the vibratory behaviour, and thus the sound, of the musical instruments.

Glues

The different solids are glued together by bone and nerve glue. This gluing is removable under particular conditions (moisture and heating) if a reparation is needed. The bone and nerve glues are mixed with proportion that may vary according to its utilization. Generally, the mixing consist in 2/3 of bone glue and 1/3 of nerve glue, but this recipe depends on the glue joint role. Water is added to the mixture and the whole is heated to 65 • C. The glue is quickly applied hot with a brush and the parts are clamped. This method is constraining and water-based vinyl glues can be used but are not considered as a traditional glue, in the restoration domain especially. The water-based vinyl glues, such as Titebond ® glues, are less reversible than the bone-nerve glues, called hide glues [ Platanianaki 17].

Irremovable parts

Within a normal use of the violin, some parts are considered as irremovable. The linings are glued on the sides and the ribs are closed by the soundboard (where the bass bar is glued), and the back. The neck is glued on the box with an enclosing. The fingerboard and the nut are then bonded on the neck flat parts. When assembled these different parts can not be adjusted later without ungluing the different parts. The varnish overlays the exterior surface of the violin, except the middle of the neck (pore-filled) and the fingerboard, which is oiled.

Varnish

The varnish is considered as an irremovable part, but can be remove if loud restoration is needed. The varnish recipes are often different for each maker. Different types of varnish exist, some are alcohol-based or oil-based, and different resins can be mixed and lead to various textures, viscosity and colours. The ingredients used in most of the recipes are linseed-oil, rosin, alcohol, shellac, Venice turpentine, lavender-oil, sandarac, mastix, elemi gum and dragon's blood (a plant resin). The impact of the varnish on the mechanical response of the instruments has been widely studied, as it will penetrate the wood and thus changes its dynamics, especially its vibration damping, as the damping capacity of the varnish is higher than the one of the wood [ Simonnet 02], [Schelleng 68].

Movable parts

Different movable parts are mounted. These parts, represented in the figure 1.7

1.1 Overview of musical instruments related topics include tuning pegs, tail-piece, nylon tailpiece retainer, string adjuster, chinrest, shoulder rest, bridge and soundpost. The instrument maker has the possibility to adjust the violin mechanical behaviour by modifying the position of the wooden cylinder called the soundpost, that links the top and the back. The bridge, where strings lay on is used to link the strings and the body. The height of the bridge changes the height of the strings, thus it is an adjustable part of the violin that sets the playing comfort of the musician.

Guitar making

Similarly to the violin, the guitar is an assembly of wooden elements that are barely all glued together (the mechanics, mostly in metals are screwed on the head). The figure 1.8 shows an exploded view of a Selmer guitar guitar and the nomenclature of the elements. It has to be pointed out that guitar construction is much more variable than the one of the violin, especially considering shapes and braces patterns. The resonant box is made of two sides and linings, and is closed by a soundboard and a back. The soundboard and the back are reinforced by beams that help the plates to endure the tension of the strings. As well as for the static response, the bars affect the vibratory behaviour of the back and soundboard, by changing their resonant modes shapes and frequencies of the resonances. The neck is glued on the resonant box and the fingerboard, and metal frets are inserted in the fingerboard. Unlike the violin, the guitar has less adjustable parts, and the instrument makers will mainly change the usability of the guitar and not its vibratory response once the instrument is finished. Thus the guitar is mostly considered as irremovable once built. The woods used for guitars vary much more than for the violin. The western woods used for the soundboard are mainly spruce (Picea abies), but red cedar (Thuja plicata) is also used, according to luthier's choice. The species variability of the back, sides, neck and fingerboard is high. The usual wood used for the sides and back of classical guitar were Brazilian rosewood (Dalbergia nigra) before 1990's, and indian rosewood (Dalbergia latifolia)nowadays ; mahogany Swietenia, Cedro (Cedrela odorata) for the neck and ebony (Diospyros) for the fingerboard. Maple (Acer pseudoplatanus) and walnut tree (Juglandaceae) may also be used for different parts as a substitution of tropical woods especially in steel strigns guitars. A recent study, [LGRP 17], highlights the fact that professional musicians can not differentiate by listening (blind tests) the species used for the sides, back, neck and fingerboard. Contrariwise, the same study shows that musicians are sensitive to changes in the design of the bars glued under the soundboard, which seems to rank the design and material parameter effects on the response of the guitar.

Assembly of the guitar

Components

Most of the elements of the guitar are glued and screwed, which is main a difference with the violin. The tuning machines of the guitar are screwed, while they are pegged in the violin. In addition, the bridge is glued in the guitar and sustains mainly shear and tensile stresses, whereas it is not glued and sustains a compressive stress in the violin. 

Glues

The hide glues can be used in traditional making of the guitar, but nowadays, most of the guitars are glued with water-based vinyl glues, such as Titebond ® . The reversibility of the assembly of the guitar is smaller than the violin, and the different bindings and the way they are assembled with the body are a locker for further restorations.

Movable parts

The number of removable parts of the guitar is smaller than for the violin. Only the tuning machines, the saddles and the strings can be easily changed. The height and material of the saddle of the bridge, as well as the strings, are the main "tuning" parameters of the guitar sound.

Irremovable parts

The remaining elements of the guitar are considered to be irremovable, but, if needed, can be repaired and changed. It consists generally in a strong and invasive restoration. The wear of the frets and the fingerboard is an issue and these elements are changed after years of utilization.

Varnish

The varnishes used for the guitars depend on the instrument maker and preferences of the musician. A natural varnishing method consists in shellac applied with the french-polishing method, and uses alcohol based varnish. This method is difficult to learn and its application requires a large number of layers to obtain a satisfactory result. Another method, oil-based, consists in linseed oil and colophony cooked together, and the obtained properties of such varnish are dependant of the cooking method [ Tirat 16], which is also linked with the application ease. A lot of guitar makers use polyurethane or nitro-cellulose-based lacques applied with spray guns. This method needs less layers than the french-polishing method as the quantity of lacquer applied with one layer is higher.

As detailed previously, for both the violin and the guitar, most of the components are made of wood, thus, its mechanical properties have to be carefully taken into account for the characterisation of the musical instruments.

Wood selection for violin and guitar making

The wood is used in most of the musical instruments worldwide, and is labelled as tonewood. Studies have been focused on the history and variety of the species that are used, as well as their mechanical properties. The study [Brémaud 11], lists the species used in musical instruments making, and a categorisation is proposed in [Brémaud 12b] and [Brémaud 12a]. Numerous species are used all over the world. The proposed classification sorts the different species according to their measured mechanical properties, which will, along with the geometry, have an impact on the sound produced by the instrument. These studies provide an objective characterisation, in parallel with the common ideas, partially founded, that surround the tonewood. The wood is used for the majority of the parts of an instrument. Woods used for the violin are spruce, maple and ebony. The wood used for the mounting parts may be different, but in most cases ebony, rosewood and boxwood are used. Below are described the two species that will be studied in this work, spruce and maple.

Spruce wood

The spruce tree is a softwood, evergreen coniferous used in instrument making mainly for the soundboards of musical instruments and the braces. The specie studied, (Picea abies), grows in Europe and has been used for centuries as tonewood for violins and guitars. It is sold as plates (for guitar and piano making) or quarters (for, among others, violins, violas, cellos, double basses). A selection is made by the lumberjack. This selection includes the verification of the lack of defects, the straightness of the wood grain and the homogeneity of the annual growth rings width. The spruce tree produces compression wood when undergoing stresses. Trees with this kind of wood are filtered in the selection process as this affects the mechanical properties of the wood [ Gryc 07]. Only 10% of the trees do not show compression wood. Different qualities of spruce wood are sold as tonewood, detailed below. The prices are given for the year 2018.

-2nd choice ("Worst") : the wood can present significant irregularities in the annual growth rings, some reaction wood or fungi attacks and not perfectly straight grain. The average cost per pair is 18 e.

-1.B : the previous defaults are absent but the annual rings are widely and/or irregularly spaced and the grain is not perfectly straight. The average cost per pair is 30 e.
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Contextual elements and generalities -1.A : similar as the previous but with closer rings, and a straighter grain. The average cost per pair is 45 e.

-1.S (Best) : the grain is straight and the annual rings are very close. The average cost per pair is 67 e.

-1.X (Best but rare) : the grain is extremely straight, the annual rings are very thin, but the wood is very light. The average cost per pair is 100 e.

Maple wood

The maple tree is a hardwood, the mainly used specie from the genus Acer pseudoplatanus grows in Europe. It is used for violins to make the sides, back and neck, and can be used to make the same parts for the guitars. Maple trees produce tension wood when the trunk undergoes stresses. The trees that present this kind of wood are not selected for instrument making. Some maple trees shows patterns known as flames or waves that are due to oscillations of the grain. The flamed maple wave-like grain pattern is unusual and the price of such trees is much higher than regular trees. Studies have highlighted the fact that the flames seem to have no impact on the mechanical properties of the wood [Bucur 92], but this hypothesis is in contradiction with the recent results of [ Stanciu 15]. Nevertheless, it is mostly considered that flamed maple seems to have been selected by instrument makers through centuries only for aesthetic reasons. As well as for the spruce wood, different qualities of maple are sold, sorted as :

-2nd choice ("Worst") : the wood is not straight and the flames are absent. The average cost per pair is 24 e.

-1.B : some flames are present but very light, the wood is sparsely straight. The average cost per pair is 42 e.

-1.A : the flames are present but not necessarily homogeneous. The average cost per pair is 70 e.

-1.S (Best) : The flames are very homogeneously spared on the quarter, the grain is very straight. The average cost per pair is 110 e.

-1.X (Best but rare) : the flames are perfectly symmetric or may present very unique forms. The average cost per pair is 160 e.

The species that will be studied in this work have been described in this section. The next section describes the wood from a mechanical point of view, and gives a nomenclature of the material parameters and their association with the musical instruments domain.

Generalities on the wood mechanical properties

Generalities on the wood mechanical properties

A tree shows different scales, represented in the figure 1.9 which represents wood components from the microscopic to the macroscopic scale. These different scales are associated with different industrial and study domains, given in the table 1.3. Among the different parts of a tree, the secondary xylem is the trunk part that is used in musical instruments. It is this part that is called wood. The different roles of this part inside the trees are summed up in the figure 1.10.

During its life, the wood will be subjected to different loadings that will have an impact on its physical and mechanical characteristics. These different sources lead to a variability of the properties between species, individuals and inside a tree. From a mechanical point of view, the wood has been widely characterised, in order to evaluate, among others, elastic, viscoelastic and viscoplastic, mechanical properties for numerous species, and individuals. As the main topic of this work is the vibratory behaviour of musical instruments, the properties and features that are involved in wood vibrations are studied in this work. In this sub-section, the anatomy of the wood is described, at first, from sub-microscopic to microscopic scales. From an elemental point of view, wood is composed of globally 48 % Carbone, 6 % Hydrogen, 45 % Oxygen and 3 % Nitrogen, as shown in the figure 1.11. The majority of these elements is gathered in monomers constituting the macromolecules generally sorted in to three mains families : the cellulose, lignin and hemicellulose. In addition to these polymers, the wood is also composed of minerals and extractable compounds, that can be polar (tannins) or apolar (wax and resins). All these macromolecules are ordered mainly in the cell walls, whose organisation is described below. 

Generalities on the wood mechanical properties

Submicroscopic scale

For softwoods gymnosperms group, and especially the plant order taxales, cells are called tracheids. The wall of a tracheid is made up of an assembly of layers, as schematised in the figure 1.12 (a). The different layers are : the primary wall and the secondary wall. The secondary wall is made of three sub-layers labelled S i . In these layers, the constituents of the wood are ordered apportioned differently. The relative content (in weight) of the three main constituents in the different walls and layers is given in the figure 1.12 (b). The middle lamina, M , contains mostly lignin, considered as the matrix of the wood, and no cellulose. Then, the proportion of lignin decreases, for the benefit of the cellulose. It is shown in [Panshin 70] that the S 2 sub-layer exhibits the highest relative content of cellulose, which is considered, when ordered in crystallites, as the rigid part of the cell wall.

The tracheids are longer than broad, and the wider layer is S 2 . The mean values of the tracheids are given in the table 1.4. In the S 2 layer, the cellulose is organised in micro-fibrils, whose angle, α is shown in the figure 1.12 (a). The ordering and mechanical properties of the tracheids lead to strong variations in the mechanical properties of the wood itself, at a macroscopic scale. In the next section, the elastic behaviour is firstly described. Doctoral thesis -R. Viala

Elastic behaviour of wood

The wood is generally considered as an orthotropic material, which means that its behaviour is described in three main directions. The corresponding directions are displayed in the figure 1.13. In this figure, L corresponds to the longitudinal direction, R, the radial direction and T, the tangential direction. Most of the time, the wood used for musical instruments making is rift/quarter-sawn or flat-sawn, which correspond to cut in the LR and LT planes. The linear elastic behaviour's law for such orthotropic material is from the equation of the state of a solid whom Helmhotlz free energy specific potential. It is adapted to isotherm mechanical characterisation. As described in [ Lemaitre 08], considering elastic strains this leads to elasticity equation states, which leads to the relation 1.5.

σ = H : ε , ε = S : σ , H = S -1 (1.5)
Where H is the 4 th order tensor of elastic rigidities, and " :" the Hadamard product, σ the Cauchy true stress tensor, ε the strain tensor and S the elastic compliance tensor.

                 σ 11 σ 22 σ 33 σ 23 σ 31 σ 12                  = [S] -1                  ε 11 ε 22 ε 33 2ε 23 2ε 31 2ε 12                  (1.6)
The compliance matrix [S] contains the elastic characteristic of the considered material. Based on the material symmetries, the elastic behaviour is completely defined by two (E and ν or G = E 2(1+ν) ), five ( E 1 , E 2 , G 12 , ν 22 and ν 12 ) and nine (E 1 , E 2 , E 3 , G 12 , G 23 , G 31 , ν 12 , ν 23 , ν 31 ) parameters, respectively for isotropic, transverse isotropic and orthotropic materials. The most complex case, orthotropic, is described in equation 1.7.

Generalities on the wood mechanical properties

In the following part, E i represents the Young's modulus in i direction, ν ij the Poisson's ratios for the i, j plane and G ij the shear modulus in the i, j plane. In the case of wood, the indexes i and j are replaced by either L (longitudinal), R (radial), and T (tangential). The assignation of these indexes are related to the orientation of the wood sample considered. The generalised form of the compliance matrix, for a material with three axes of symmetry, is given by :

[S] orthotropic =           1 E 1 -ν 12 E 1 -ν 13 E 1 -ν 21 E 2 1 E 2 -ν 23 E 2 0 -ν 31 E 3 -ν 32 E 3 1 E 3 1 G 23 0 1 G 31 1 G 12           (1.7)
Usually, six Poisson's ratio are defined for an orthotropic material, ν LR , ν RL , ν RT , ν T R , ν LT , ν T L . The Poisson's ratio are linked by the relation given in eq. 1.8.

ν ij E i = ν ji E j (1.8)
So, in the following, only three Poisson's ratio will be considered. The elastic behaviour has been described here, and the next section details another mechanical behaviour of the wood, the viscoelasticity.

Viscoelastic behaviour of wood

Origin of the viscoelasticity

The wood is mainly composed of polymers. A polymer is a chemical compound in a liquid or solid state at ambient temperature. It is constituted of macromolecules, which are long molecular chains, with a carbonated main chain on which many elements and molecules may be attached. One of the most common feature of a polymer is that it presents a time-delayed deformation when submitted to a stress, which is linked with a rearrangement of its macro molecules. The elastic and viscous behaviour are gathered as a viscoelastic behaviour.

The complexity of the wood viscoelastic behaviour for given thermodynamical state is associated with the ordering of its constituting polymers that depends on the considered directions. The viscoelasticity is mainly due to the lignin and the hemicelluloses, and in room conditions and frequencies between 20 and 20000 Hz, the lignin is mainly influential [Brémaud 08], and, in [Placet 06], it is shown that viscoelastic properties of a wood are associated with its monomers (paracoumaryl, sinapyl and coniferyl alcohols) fraction.

Viscoelastic models
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Contextual elements and generalities

Most of the time, the viscoelasticity is given under strong hypothesis, like homogeneity and isotropy. The elastic behaviour reflects an instantaneous and reversible response of the material, and no time dependent variables are used for the definition of the elasticity. The viscosity is assimilated to a Newtonian viscous fluid, whose shear stress γ is linked with the time dependence of the strain ε and viscosity η. The viscoelasticity is the mix of these two behaviour, and is a time dependent reversible response of the material. Considering the wide variety of responses, numerous methods are used to model the behaviour of the viscoelastic materials, each one dealing with advantages and drawbacks.

This overall work is focused on the vibratory behaviour of the musical instruments, and models in the frequency domain will be prioritised. So, in the case of harmonic loading of the polymer-based materials, the strain and stress may be expressed as complex, frequency dependent variables, given in the eq. 1.9.

ε * = ε 0 × e j(ωt+α 1 ) σ * = σ 0 × e j(ωt+α 2 ) (1.9)
In this equation, σ 0 and ε 0 correspond to the maximum stress and strain amplitude, ω corresponds to the pulsation (2×π ×f ) and α i the phases. The complex modulus, E * , is expressed as the ratio between σ * and ε * . Moreover, the complex modulus is expressed as :

E * = E 0 e jδ E * = E + iE" (1.10) with E 0 = σ 0 ε 0 , δ = α 1 -α 2
, and E and E" respectively the storage and loss moduli. An usual mechanical value is the loss factor η, defined as η = tanδ = E E" . The evolution of the complex modulus is linked with the relation of wood properties with respect to temperature and time/frequency, as it is usual for polymers. It exists a correlation between temperature and time (or frequency), and the behaviour at high temperature is equivalent to low frequency loading, and inversely.

Both of the presented mechanical behaviours are associated with the density and the moisture content of the wood, which is detailed below.

Relation between density and mechanical properties of wood

The density affects mainly the rigidity and weakly the damping properties of wood. Different densities can be considered for wood. The density ρ M C gives the macro density of the wood for a given moisture content. This is widely described in the next section. The density, ρ, is the ratio between the mass of a sample and its volume, at a macroscopic scale. It is observed in the wood local changes of density and gradients that are, at least partly, associated to the annual rings distribution. In addition, the specific gravity d is used as a dimensionless parameter, given by the density of the sample divided by the density of water.

Generalities on the wood mechanical properties

Based on experimental database, empirical laws that link the mechanical properties of wood and the density have been proposed for both hardwoods and softwoods. These empirical models for the elastic properties, from [ Guitard 87], which delt with numerous species, are described in the table 1.5. More recent models have been proposed in [ Saft 11], [ Saft 13], were less species were considered. For a specific gravity value inferior at 0.85, T=20 • C and moisture content M C (detailed below) comprised between 5 and 25 %, the value of an elastic parameter for a given density, X ρ , is given by the eq. :

X ρ = X 0 × (a 1 × ρ 2 M C + a 2 × ρ M C + a 3 ) × (b 1 × M C 2 + b 2 × M C + b 3 ) (1.11)
With X 0 the reference value of the considered elastic parameter, given the table 1.6. ρ M C gives the density for a given moisture content MC. The coefficient a i and b i are given in the table 1.6.

These laws give an estimation of the considered mechanical properties as a function of the density of the wood. The effect of the moisture content is also taken into account in these laws. This effect is detailed in the next section. The different existing models are useful for the sizing and modelling of wooden structures. As these laws are empirical and general, they are not necessarily adapted for the evaluation of the mechanical properties of the tonewood, which has also been studied specifically for decades to evaluate its mechanical properties, using different means. 

E T ν T R = E R ν RT (MPa) 2680 × ρ 0.65 1.41 2050 +5280 (ρ -0.45)) E L ν LT 0 = E T ν T L (MPa) 31200 × ρ 0.65 1.09 30800 +101000 (ρ -0.45)) E R ν RL = E L ν LR (MPa) 37300 × ρ 0.65 0.913 34200 +117000 (ρ -0.45)) GT L (MPa) 971 × ρ 0.65 1.26 745 +989 (ρ -0.45)) GLR (MPa) 1260 × ρ 0.65 1.14 861 +2080 (ρ -0.45)) GRT (MPa) 366 × ρ 0.65 1.74 83.6 +228 (ρ -0.45))
Table 1.6 -Constant for the empirical models for the elastic properties of spruce, as a function of the density and the moisture content, for a specific gravity in dried conditions equal to 0.38, from [ Saft 11], [ Saft 13]. The mechanical properties of the wood are highly sensitive to the water adsorbed on macromolecules. The relative humidity changes in the air surrounding the wood affects the moisture content in the wood, as it is a hygroscopic material. The adsorption and absorption terms, in the case of wood have to be described. The adsorption phenomenon consists in the adhesion of water molecules on the surface of the hydrophilic polymers constituting the cell walls. It is mainly linked to the hydroxyl groups of carbohydrates. In the case of the absorption phenomenon, water molecules enter a bulk part. So, from macroscopic point of view, the water is absorbed in wood, due to an adsorption phenomena at the microscopic scale. There is a fibre saturation point, below this point, only water bound in the cell walls remain and the free water has been removed. The water absorption below the fibre saturation point is related with hygrothermal conditions. In the wood, the water is firstly fixed on the hydroxyl groups of the amorphous hydrophilic parts of the polymeric constituents of the cell walls. Once these groups are saturated, the water breaks hydrogen bonds (mainly of the hemicelluloses) which decreases the wood stiffness. The moisture content, mostly used to quantify the water absorbed in the wood, M C (%), is the ratio between the mass of water inside the wood (M M C -M 0 ) and its mass in the dry state (M 0 ), as shown in the eq. 5.3.

Parameter X ref [M P a] a1 [( cm 3 g ) 2 ] a2 [( cm 3 g )] a3 [-] b1 [-] b2 [-] b3 [-] ER 680 7.
M C = M M C -M 0 M 0 (1.12)
The cell walls exhibit inhomogeneous water absorption that lead to micro scale swelling [Rafsanjani 14, Rafsanjani 13]. The sorption isotherms are used to create laws that link the moisture content and the hygrometry of the environment [Siau 84, Obataya 98].

Mathematical models have been proposed to link these two variables [ Simpson 73] ; and the evolution of the density with respect to the moisture content [Simpson 76] which is given in the figure 1.14 (a).

Locally, at equilibrium, there is no signigicant difference of moisture content between earlywood and latewood (less than 0.5 %) [Lanvermann 14b], and the moisture content in the cell wall is constant regardless of the particular growth ring 40 Doctoral thesis -R. Viala

1.2 Generalities on the wood mechanical properties position. In addition to specimens dimensions and density, the moisture content affects also the mechanical properties of the wood, with different impact as a function of the directions (L, R or T). The effect of moisture content on these different physical and mechanical properties are described below. 

Density as a function of moisture content

There is a relation between density and moisture content, given in [Hofstetter 05] for "average wood" as :

ρ M C = ρ 0 × ( 1 + M C 1 + 0.84 × ρ 0 × M C ) (1.13)
with ρ M C the density at a given M C, ρ 0 the density at 0 % M C.

The evolution of the density with respect to the moisture content is also given in [Simpson 76] and represented in the figure 1.15 (b). Generally it is considered that an increase of 1 % of MC leads to an increase of nearly 1 % of the density, between 5 and 15 %. Doctoral thesis -R. Viala 

Elastic properties as a function of moisture content

It has been shown in [Obataya 98] that the absorption of water at 20 • C led to an increase of the value of the Young's modulus in the longitudinal direction up to about 8 % of moisture content, and which decreases above this value due to the plasticisation of matrix molecules by the adsorption of water. A global decrease of E i , G ij and Derome 13]. In [ Doyle 62], it is shown that the ratio

ν ij E i is observed [
G ij E i
also decreases since G ij is supposed to decrease faster than E i . In this study, G RT , G LR and G LT are reduced by respectively 17 %, 11 % and 11 % for an increase of MC of 4.3 %. Models have been proposed to evaluate the impact of the moisture content on the elastic properties of the wood, [ Guitard 87], and given in the eq. 1.14. These values are considered regardless of softwoods and hardwoods, and dedicated values for spruce have been given in [ Palka 73] and detailed in the table 1.7.

E H L = E 12 L [1 -0.015(M C -12)] E H R = E 12 R [1 -0.03(M C -12)] E H T = E 12 T [1 -0.03(M C -12)] G H RT = G 12 RT [1 -0.03(M C -12)] G H T L = G 12 T L [1 -0.03(M C -12)] G H LR = G 12 LR [1 -0.03(M C -12)] (1.14)
This decrease has also been shown with ultra sonic waves, for M C comprised between 10 and 28 % [ Keunecke 07]. This evolution can be described by a linear regression for most of the material directions, except E L . The modal analysis and
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Generalities on the wood mechanical properties

Table 1.7 -Relative change of elastic constants with 1 % increase in moisture content, between 5 and 25 % MC , for sitka spruce, from [ Palka 73] and [ Guitard 87] for both hardwoods and softwoods.

Elastic constant [ Palka 73] (%) [ Guitard 87] (%)

ET -2.1 -3 ER -2.2 -3 EL -0.9 -1.5 GT R -1.9 -3 GT L -1.7 -3 GRL -1.5 -3 νT R 2.1 - νRT 2.4 - νT L - - νLT 2.3 - νRL - νLR -1 -
FEMU methods lead to similar trends [ Poletti 09].

The increasing damping is associated with the breaking of the hydrogen bonds and the formation of voids in the polymers ordering [ Zhan 16]. In [Brémaud 15], it is shown that transitional moisture changes affect both stiffness and damping, and fast desorption or adsorption changes both lead to changes of up to 20 % of damping in several minutes, which then stabilises at MC equilibrium. The evolution of the material properties for rapid relative humidity changes under isothermal conditions have been studied on chinese fir, a softwood. DMA method and free swelling tests in [ Peng 17], [ Zhan 16] have been used. It has been shown that during short time changes of RH, the stiffness decreases and the damping increases for Chinese fir softwood. The next section presents the evolution of the dimensions of wood with moisture content changes.

Wood hygro-expansion properties

When the moisture content of the wood drops below the fibre saturation point, (about M C = 30%) the water in the lumen has been removed and the dimensions start to vary since the cell wall dimensions change. Shrinkage occurs and the order of magnitude of the dimensional changes vary according to the direction and planes, as shown in the figure 1.16. Therefore, it is comprehensible that instrument makers use quarter sawn wood to reduce the anisotropy of the dimension changes, although rift sawn is used for several parts such as the back of the guitars and violins, which is partly due to aesthetic and availability considerations. Generally the tangential hygroexpansion is equal to two times the radial and ten times the longitudinal hygroexpansions.

Doctoral thesis -R. Viala The hygroexpansion ε he (M C) can be expressed as a function of the moisture content, as given in the equation 1.15.

Contextual elements and generalities

ε he (M C) =          β R β T β L 0 0 0          • (M C -M C ref ) (1.15)
with β R , β L and β T equal to 0.16, 0.34 and 0.008 respectively [ Saft 13], for a moisture content comprised between 5 and 25 %.

At this point the properties of the wood related to the mechanical domain have been described. Their association with musical instruments have to be detailed, which is proposed in the next section.

Physical and mechanical properties of wood in relation to its utilisation for musical instruments

The tonewood has been widely studied from a mechanical point of view, and its rigidity has often been proposed as a criterion for tonewood evaluation [ Brémaud 09], [ Launay 88], [Bucur 92]. The loss factor is also a common criterion that has been used to classify the woods used in musical instruments making [Brémaud 12b]. The damping affects the vibrations inside the instruments, and thus is alleged to have an impact on its sound. The mechanical properties of wood that will considered in musical acoustics are given in the table 1.8.

The dynamical storage and loss moduli are the components of the complex moduli, which is often used to characterise a viscoelastic material (described previously). The remaining material parameters in the table 1.8 are given from a linear elastic point of view. The specific modulus, which is the ratio between the rigidity and the density or specific gravity, gives a supplementary piece of information, since, as described before, the rigidity is linked to the density. Theoretically, specific moduli are proprotionnal to the rigidity of the cell walls. The specific moduli are used as indicators of the variability for equivalent densities. The antivibration parameter [ Yoshikawa 07] has been used to sort soundboard woods from frame-board 1.2 Generalities on the wood mechanical properties woods. The A.C.E. proposed in [ Aizawa 98] showed negative correlation between specific modulus and loss factor.

In [Brémaud 10], the material properties of almost 400 species including 100 used in musical instruments are given (among 300 species recorded in musical instriments making worldwide). These mechanical properties span a wide range of values The specific gravity is comprised between 0.2 and 1.4, and its mean value is equal to 0.7. The Young's modulus mean value is equal to 14 GPa in the longitudinal direction, and its min and max values are equal to 2 and 36 GPa respectively. Their specific moduli are comprised between 10 and 34 GP a.g -1 .cm 3 with an average value equal to 20 GP a.g -1 .cm 3 . Finally, the loss factor in longitudinal direction is comprised between 0.3 and 2 %, and the mean value is equal to 0.8 %.

The spruce wood selected as tonewood shows a high ratio between its rigidity and its specific gravity, which leads to an higher velocity of the vibrational waves in the structure, an enhanced radiation coefficient and a reduced damping. Nevertheless, it is complicated to establish a foolproof link between these mechanical features and the quality of an instrument, as perceived by the musician and the auditor. Another point of view, more pragmatic, is also to consider that the tonewood shows good regularity of the grain, and straightness of the fibre. Wood working uses chisels and gouges, that need crafting skills. This work is facilitated by this kind of straight wood. The tonewoods used for stringed instruments are mainly spruce and maple, and described below. The book [ Bucur 96] fully describes the wood used in musical acoustics, and, especially, the tonewood. It also lists the different techniques used for its mechanical characterisation. It highlights different non destructive characterisation methods, such as acoustic emission, and inverse methods based on dynamic response. 

ηij = tanδ = Q -1
Loss factor in i,j dir. (%)

ACE = E L ρ 3 η i Acoustic conversion efficiency in dir. i c ρ = E L ρ 3
Radiation ratio

E i ρ = c 2 i Specific elastic modulus in i dir. (P a.kg -1 .m 3 ) G ij ρ = c 2 ij Specific Coulomb's modulus i,j directions (P a.kg -1 .m 3 ) ci
Celerity of waves in i direction (m.s -1 )

Dynamical features and experimental methods

Among the different metrics than can be used in the virtual prototyping framework, the metrics corresponding to the dynamic behaviour of the systems will be used and are based on features that are described in this section. The full details of all the features given here are given in [ Géradin 15].

Eigenmodes

One of the most common features considered in the structural dynamics domain are the eigenmodes of a structure. The modes of a structure are the pattern of motion, at a given frequency called eigenfrequency where all the parts of the system are moving with the same frequency and with a given phase relation. Thus the 1.3 Dynamical features and experimental methods response of a system is the superposition of its eigenmodes. When the considered modes are complex, they exhibit non equal phase relations and the different parts of the system move with a delay. The modes are at the basis of different post processing steps, such as the frequency response functions based on modal superposition, the modal density and overlap factor, and the grid convergence factors.

Frequency response functions and experimental methods

The frequency response functions (FRF) are common features for the study of dynamic systems. It is a quantitative evaluation of the response of a system undergoing excitation. The frequency response functions consist in the evaluation of either the displacement, the velocity or the acceleration of elements of the structures. The different nomenclatures are given in tab. 1.9. The phase of the response system changes as a function of the parts of the response. At the resonance and anti-resonances of the system, a phase shift occurs. This phase shift, along with the amplitude of the FRF are the quantities used for the modal analysis. The modal analysis is a study applied to a system (real or virtual) to identify its eigenmodes. The eigenmodes are specific motions of the system, where all parts are in motion for a given frequency, called eigenfrequency. The eigenmodes of a system can be considered as a signature of the dynamics of the system. It has been widely used in different domains, and thus, in musical acoustics. Different experimental means can be used, and several methods and devices are listed below. -The Chladni patterns have been used for centuries and proposed by Ernst Chladni (1756-1827). The Chaldni patterns method is a qualitative evaluation of the modes of a structure. It consists in the spreading of sand-like powder on the structure. With undergoing excitation (by violin bows or most recent devices), the structure will vibrate. The powder will gather in the places where the motion is the weakest. Thus, the powder will exhibit figures, called Chladni patterns that represent the eigenmodes of the structure. The figure 1.17 shows a comparison between computed eigenmode shapes and Chladni patterns of a violin back.

Contextual elements and generalities

-Electronic Speckle Pattern Interferometry (ESPI) uses interferometry theory to measure a full-field displacement of the surface. It is a spatially continuous measurement, but this method can mainly measure the response of structures undergoing harmonic excitation.

-Accelerometry uses piezoelectric sensors that transform the acceleration motion of the structures to voltage. In this application, the sensors are called accelerometers. The accelerometers are bonded on the structure. Thus, the measurement is performed with a contact on the structure, that can induce bias in the evaluation of the dynamic response, due, as an example, to the mass of the accelerometers. The measurement is spatially limited.

-Laser vibrometry uses the Doppler effect. The velocity at the surface of the structure is measured. The number of measurement devices can vary, and 1D or 3D laser vibrometers exist. The vibrometer measures locally the velocity, but a spatial sweep can be performed on several kind of laser vibrometers. The response of a wider part of the structure is created by a post-processing of the measurement points. Every kind of excitation can be applied in association with the vibrometry. 

Excitation techniques

The dynamical response is measured when the structures is undergoing a dynamic excitation. The excitation can be applied with different methods and devices, some of these methods are listed below. The excitation can be performed with different aspects. The aspect of the excitation can be either due to the excitation device, or to an acquisition chain that will send a signal to the excitation device.
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-Shaker pots are electromagnetic shakers that apply an excitation with contact on the structures. Most of the time, a rigid rod links the structure and the shaker pot, and random or harmonic signal can be transmitted to the shaker. This excitation with contact can affect the response of the structure. A load cell can be used to measure accurately the force applied to the system.

-The acoustic speaker method, is a contact-free excitation. It consists in the application of an acoustic wave on the structure using an electro-magnetic speaker. Nevertheless, the excitation is not applied on a specific location and it is hard to evaluate the exact force applied to the structure. Thus this method leads to the creation of an operational modal basis.

-The excitation can be applied with impact devices. The most common device that is used is the impact hammer. It applies a very brief impact on the structures. This impact can excite the structure on a large bandwidth. The excited bandwidth can be evaluated by the Fourier transform of the impact force measured. The impact hammers integrate a sensor that is used as a load cell.

-The method using a violin bow is a very old mean of excitation of the structures. The violin bow is, of course, used to excite the violin strings, but it can be used to excite a structure, due to the stick-slip phenomena that it creates. The stick slip actuation is a looped excitation that depends on the response of the structure at the application point.

-The devices based on the piezoelectric effect can be used both as sensors or actuators. As an actuator, the piezo-electric device is bonded on the structure. When excited by a voltage, the material vibrates and transmits its vibrations to the structure. The piezo-electric devices possess their own dynamical behaviour, and the coupling with the structure can affect the amplitude and shape of the excitation signal.

-Electromagnetic magnets can be used. They are actuated by an electromagnetic coil that will apply an electromagnetic force on the magnet. The magnet transforms this electromagnetic force into a motion that is applied on the structure. This contact method is weakly coupled.

-The pencil lead break is particularly used in acoustic emission domain field.

It is a reproducible source of excitation that consists in the breaking of a thin lead mines on the surface of the studied part. The rupture force is applied on the surface. The rupture force depends on the diameter of the mine.

Modal damping

Modal damping is a quantitative physical value that is used to characterise the damping phenomena of a dynamic system. Modal damping is given for each mode of the structure and can be calculated by different means :

1. The -3dB method evaluation consists in the ratio between the central frequency f 0 and ∆ f the two frequency values f 1 and f 2 associated to the maximum amplitude -3dB (or divided by √ 2). The loss factor is given by Doctoral thesis -R. Viala the eq. 1.16.

η = Q -1 = 2 • ξ = f 2 -f 1 f 0 (1.16)
with Q the quality factor and ξ the modal damping.

2. The ratio between the Imaginary part and the Real part of the mode.

3. The logarithmic decrement that evaluates the damping by using the temporal response of a system when loaded by an harmonic excitation. The evolution of the amplitude x of the signal is considered for a given number n of periods.

The loss factor is deducted by the ration between the logarithmic decrement δ log (given in the eq. 1.17) and π.

δ log = 1 n • ln| x i x n+i | (1.17)
Modal damping is mainly linked to the loss factor of the material, which is linked with its viscoelastic properties, and the damping due to the radiation of vibration in a fluid such as the air. The loss factor η of the material is the main mechanical value that is at the source of the damping phenomena in most of the structures, and, when an eigenmode is only related to one material direction at a time, it can be expressed as : η = 2 × ξ. It has to be mentionned that the structural damping plays an important role in global damping of musical instruments. The structural damping can be mainly attributed to glued interfaces material damping properties and friction dissipation. Moreover, a part of the modal damping can be attributed to the dissipation in the surrounding air by acoustic conversion.

Modal density and modal overlap factor

The modal density represents the number of modes that exist in a specific bandwidth. Usually, and following the ASTM 266, the bandwidths are defined as octave bands or third octave bands. The number of modes per band is evaluated and the modal density, M d , is given by the ratio between the number of modes and the central frequency of the band. The modal overlap factor (MOF), µ, is an indicator of the overlap of the different modes of the structure. The value of the MOF is used to determine the frequency domain of the studied system. The MOF value is given by : µ = M d × F × η, where F is the value of the central frequency of the octave band and η the loss factor. Three different domains are generally proposed :

-Low-frequency domain (L.F.), (MOF < 30 %) is the lowest frequency domain.

In this domain, the modes are clearly distinct from each other and the modal theories can be used.

-Mid-frequency domain (M.F.), (30 % < MOF < 100 %), the modal overlap begins : the damping of each mode, that widens its bandwidth, creates a coupling of the modes : the damping coupling phenomena appends. The model that

Dynamical features and experimental methods

describes a system in this domain has to be particularly discretised in order to enable the visibility of each mode of the domain.

-High-frequency (H.F.) domain (MOF > 100 %) the modes are coupled by both the damping and the frequency. A mode can not be discriminated in the global response of the system and methods such as SEA or SmEdA based on the energy transfers are proposed.

Part I

Tonewood variability and hygrothermal characterization, Chapters 2 and 3
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Introduction

This chapter is dedicated to the study of the mechanical and physical properties of the wood used for the making of musical instruments, known as tonewood. Indeed, it is a common belief of musicians, instrument makers and listeners that the finely selected wood that is used in musical instruments plays a prime role on the sound quality and timbre of the instrument. Moreover, it is usually considered that the climatic changes surrounding the instrument has an impact with respect to its vibratory behaviour and so its sound. One of the main need is to quantify, through numerical models of musical instruments, the impact of the previously described effects on the vibratory behaviour of the instruments. Numerical models will be used in the next part of the manuscript. In order to implement in the model the accurate material properties for the considered species, as well as their range and variability, it is necessary to characterise them. The main objective of this part is to build empirical and stochastic models of the elastic and damping properties of the spruce tonewood. A nondestructive testing method has to be given priority, considering the value of the samples and their further use. So, in this context, and in the framework of this PhD thesis, a specific method has been developed, dealing with the 3D velocity fields in the frequency domain of the samples studied, and the finite element model updating method. This method is labelled as FEMU-3DVF and described in the next section of this part. This chapter is divided into different sections ; firstly, a state-of-the-art is developed to highlight the existing knowledge about the tonewood and its elastic and damping properties, and discusses the different sources of variability. Then, the FEMU-3DVF method is described, and the results of the study of the variability are given. Based on these data, empirical laws are proposed to quantify the variability of the spruce tonewood properties, with stochastic and deterministic points of view.

Variability of the mechanical properties of tonewood

Variability of the mechanical properties of tonewood

Instrument makers choose the wood used for musical instruments making based on different criteria that can be physical, mechanical, aesthetic, workability, availability, habits. The presented work is focusing on the specie used for the making of guitar and violin soundboards, spruce, Picea abies ; and the wood used for the making of neck, sides and back of the violin, maple, Acer pseudoplatanus. It is usually considered that these woods are mainly selected for their mechanical properties, especially spruce that exhibits specific properties that will be described below. However the selected maple for violin making often exhibits wavy patterns, as mentioned before. It seems that flamed maple is mainly selected for aesthetic reasons rather than for its mechanical properties and until recently, there was no consensus on the effect of the flame patterns on the mechanical properties. The study [Alkadri 18] has highlighted the fact that the presence of waves is linked to a decrease in the mechanical properties of maple, with respect to the angle of the flame pattern in the LT plane.

Other aesthetic considerations are also involved in the choice of the instrument makers, as a straight fibre and grain is preferred, which can be associated to workability issues. Indeed, the instrument makers mainly hand carve the wood parts, and a correct alignment eases this work. A summary of the gradings of the wood used in musical instruments making is given in the section 1.2.6.

In [Buksnowitz 07], it has been shown that the acoustical and mechanical properties of wood do not influence the instrument makers selection. Although smaller densities are observed for best ranked woods, the specific moduli, described in the previous chapter, are similar. But it has to be highlighted that the wood used for instrument making is previously selected by the specialised vendor, and this selection is based on both objective and subjective assessments, such as the wood density and wave celerity, the straightness of the grain and the regularity of the annual rings. For the latter parts, only objective and verifiable criteria of choices are considered, and the tonewood is described from uniquely physical, mechanical and anatomical points of view.

As with most biological materials, wood shows a high variability in mechanical properties between the different species, the different subspecies, the individuals and inside the same individual. For the latter, the different parameters used to quantify the variability of the properties are the elastic moduli (both specific and non specific), the loss factors and the density.

Tonewood is a selected wood, and the variability is reduced due to the sorting of the logger. Most of the time trunks showing nodes and irregular annual rings growth are rejected. The grain straightness is taken into consideration in the sorting process. The alignment of the grain of the wood has an impact on its material properties and its machinability using chisels and other hand tools. At the end of the sorting process, tonewood is graded according to a nomenclature that depends of the logger, as described previously. The material properties of the wood as a Doctoral thesis -R. Viala function of the gradings, (and thus the price of the wood) have been barely studied [ Buksnowitz 07], [ Carlier 14]. The works of [Brémaud 11] and [Bucur 92] also sort the material properties of the tonewood for numerous samples using vibratory based tests.

The specific studies, dedicated to spruce in general, have clustered a wide variety of experimental means, detailed below, and the differences observed according to the method have been studied in [Sinclair 87] (not tonewoods). In [ Launay 88], different methods, direct and indirect, are used to estimate the elastic constants of spruce and discussed. There is, most of the time, a difference between the elastic modulus estimated from dynamical and static tests, but the different studies are sometimes not concordant. Based on these results, it appears that E dynamic is equal to 1.1 times E static ([Spycher 08]) but sometimes this difference is not observed ([ Sprossmann 17]). Moreover a size effect is underlined in [Haines 96] where respectively small and large specimens exhibit differences between E dynamic and E static . This difference is equal to 3 % for small specimens and 6 % for large specimens. The further list gives the studies focusing on the mechanical properties of woods, especially spruce, and not necesarily tonewood. The studies are sorted according to the experimental means used.

-Bending tests : [ Alteyrac 06], [ Haines 96], [ Borrega 11], [Kohlhauser 12], [ Dumond 14 The different studies have led to the mean and standard deviation of spruce properties in all the direction, gathered in [ Brémaud 11], and given in the table 2.1. The usual relations between parameters, given in [ Dumond 14], ρ = 0.032 × E L , G LR = 0.057 × E L and E R = 0.066 × E L are close to the ones listed in the table
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2.1 Variability of the mechanical properties of tonewood 2.1. Moreover, spruce tonewood, compared to softwoods general properties exhibits higher E L , lower η L , and higher anisotropy [Brémaud 12b].

There is also a relation between damping and specific modulus of elasticity : an increase in the specific modulus leads to a decrease in damping following a linear relation between log(η) and log( E ρ ) [Brémaud 12b]. In [ Haines 80], it was observed that the stiffness of musical woods is generally higher than the values reported for general woods, which is associated with good quality by instrument makers. A higher specific modulus has been associated with a higher loudness of musical instruments, based on a higher ACE value, but the instruments loudness is also dependent of the geometry features of the instruments [ Nia 15], and such correlation is not systematic. The studies given before have highlighted an intra and inter individual variability. This variability can be explained by the different roles of the wood inside the trees, that are related to various functions, and consequently to different material properties. The different sources of the variability of the spruce wood, are discussed below, with a specific focus on the macroscopic and mesoscopic organisation. 

Anatomical sources of variability

The constituents of wood, and more exactly of the cell walls, are polymers. At the mesoscopic scale, the cells are ordered, and differences appear through earlywood and latewood that lead to heterogeneities in density and mechanical properties. Density variations in radial direction are also expected [ Knapic 07]. There is a high correlation between mechanical properties and anatomical and histological features [ Spycher 08]. Considering the microscopic scale, the cells ordering vary, according to the growth and history of the tree. Different scales are taken into account when considering the variability of wood, as detailed below.

Mesoscopic scale

In temperate zones, earlywood and latewood are distinguished in annual rings. The latewood and earlywood of spruce exhibit different specific gravities, close to 0.9 for the latewood and 0.3 for the earlywood. The celerity of ultrasonic waves is higher in latewood (+ 15 % in L direction, +40 % in R,T directions) [Bucur 92]. The longitudinal waves speed variation decreases with annual rings width (1 to 5 mm). An increase of the earlywood proportion in an annual rings is associated with a high decrease of density and E L , a medium decrease of the specific rigidity, and has a small impact of the loss factor [Kubojima 97]. In addition with RT plane features, the grain angle is associated with a decrease of the stiffness in a non linear way, and analytical models exist [Brémaud 11] that give the evolution of the elastic moduli as a function of the grain angle. Softwoods exhibit reaction wood (compression wood). In this type of wood, the microfibrils in cell-walls are oriented in a different way than in normal wood, and compression wood exhibits a higher content of lignin and less cellulose, nevertheless, such wood exhibits one third lower loss factor than in normal wood, which is associated with the condensed nature of lignins [ Brémaud 13].

Microscopic scale

Figure 2.1 shows microscopic views of the RT-plane at different scales of a spruce sample. In this figure, the ordering of the cells is clearly visible. The volumetric composition of softwood is close to 93 % of longitudinal tracheids, 1 % of resin canals and 6 % of wood rays (17 % for hardwoods) [ Panshin 80]. A wood ray is an aggregate of wood cells that is oriented in the radial direction. It has been shown that the density of the wood cells wall range from 1.52 and 1.53 for hardwoods and 1.50 to 1.52 for softwoods [Kellogg 69]. Both the hardness and elastic modulus of latewood cells wall are higher than earlywood cells wall [Wimmer 97]. Some multi-scale approaches are proposed to model the macroscopic mechanical properties of the wood from its mesoscopic scale, however, modelling the size and shape of the wood cells, considering isotropic cells has led to error [Gillis 72]. Indeed, the cell wall behaviour is complex and results from submicroscopic features, described below.
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Submicroscopic scale

The microfibrils angle, MFA, is considered as the main influential factor -at equivalent density-on the mechanical properties. A higher MFA has been found for earlywood areas than for the latewood areas [ Lanvermann 13], which highlights an intra-ring variation and different roles of the cells during one year. Mostly the MFA of earlywood changes [ Hori 02]. Moreover, the lignin was found to remain rather constant throughout the latewood and earlywood, which suggests a constant chemical composition. As a reminder, the specific modulus is linked to the cell walls stiffness [Ono 83], and the cell walls stiffness is linked to the MFA angle. The Young's modulus of the cellulose in the longitudinal direction is close to 130 GPa and 27 GPa in the transverse direction [Obataya 00]. The rigidity of the matrix surrounding the cellulose crystallites, made of both hemicellulose and lignin, is close to 4 GPa and its loss factor is equal to 2.5 % [ Obataya 00]. The rigidity of the cell wall is linked with the MFA and can be simplified, such as given in the eq. 2.1 :

E wall L = E cellulose × cos 4 (M F A) (2.1)
Where E cellulose represents the rigidity of the cellulose, the cristalline polymer that is the component of the microfibrils fibres. At a macroscopic scale, a small MFA leads to high specific modulus, and low loss factor in softwoods. When the MFA increases, the loss factor increases and the specific modulus in longitudinal direction decreases, and it exists a linear correlation between log( η i ρ and log( E i ρ [Ono 83]. It is also shown in this study that high grade wood exhibits high specific modulus and low loss factor. In [Norimoto 84], the same relation is observed for hardwoods but with a smaller mean value of loss factor, and more dispersion.

The MFA is considered as the first variability factor of the mechanical properties of wood at iso-density, and thus is the main factor of the vibrational properties variations, especially specific moduli in L direction [Ono 83] ; the R direction is also much influenced by anatomy (RT plane).
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Effect of chemical components on damping

It has been shown that the extractives played an important role on the damping properties of the wood, but this is particularly highlighted for tropical woods which contain more extractives, with in general 7 % and sometimes up to 30 % [ Brémaud 08]. Nevertheless, tropical woods are not the focus of this study. Usually, softwoods contains 5 to 10 % of extractives, slightly more than temperate hardwoods. Most of the extractives are in the heartwood. It has been shown that the withdrawal of the red cedar wood (Thuja plicata) extractives led to an increase of its damping. Red cedar is also used to make soundboards and is considered as tonewood. The usual damping of the red cedar is smaller than spruce due to heartwood extractives, after extraction of the methanol, the damping was increased by +15 to +37 % in heartwood and decreased by -18 to -29 % in sapwood [ Yano 94]. In a tropical wood like rosewood, up to 30 % can be extracted, doubling the damping in L and R directions (change in specific modulus in R direction, not in L direction) [Yano 95]. Adding the extractives to another wood like spruce diminishes its damping, [Matsunaga 00], especially for low and medium moisture content levels. These conclusion are effective up to 5 khz and are not systematic for all woods, and for reed, the extraction of the sugar based components lead to higher damping [Obataya 99]. The deviation of damping of woods beside the predictive curves has been correlated with the amount of extractives of tropical woods [ Brémaud 08].

Anatomical singularity : the bear-claw spruce

Some of the spruce quarters show cross-grain curl patterns in the LR plane. The spruce wood displaying these patterns is known as bear-claw spruce, (also known as hazel growth or indented rings spruce). Some instrument makers are aware of this fact, and, when carving soundboard with such type of spruce, they usually remove more material than with a regular spruce in order to reduce the stiffness of the soundboard (discussion with M. Beaufort, violin maker). Studies focusing on indented spruce are rare. From an anatomical point of view, the ordering of the cells show patterns in shape of teeth of the annual rings, that can be long as several centimetres in the longitudinal direction. The figure 2.2 shows two images of indented spruce obtained with scanning electron microscopy in [ Ohtani 87].

The indented patterns are clearly visible in the RT plane (a) and the abnormal morphology and arrangment of tracheids and rays is visible in the LR plane (b). More trabeculae are numerable than for non-indented spruce. The trabeculae are small beam that sustain the cell walls and prevent buckling. This effect can be attributed to abnormal cell divisions. The common explanation of indented rings is the presence of big resin canals under the cambium and after a duration comprised between 20 to 50 years, the rings become normal again [ Schweingruber 08]. The same study showed that the number of rays is increased by up to 50 % in the indented areas. More recently, in 2018, it has been proposed that fungal infection could be a potential explanation for the onset of annual growth rings during the juvenile phase, and that the disturbed zones originated in close proximity to leaf traces [ Račko 18]. The number of tracheids is only different in latewood, and their 2.1 Variability of the mechanical properties of tonewood tangential diameter is higher in both earlywood and latewood. It has been shown that, in relation with cambial dynamics, the number of cells and the rings width is similar to normal wood [ Nocetti 08]. Therefore, the cambial activity and the hormonal balance, is supposed to be at the origin of this phenomenon. The scratching of the bark of Pinus halepensis, lead systematically to indented rings for longitudinal scratches, the xylem formed exhibits distorted tracheids, more rays, narrow tracheids, but normal sized resin duct, produced two years after [Lev-Yadun 91].More recently, in From a mesoscopic and macroscopic point of view, the density of indented spruce has been studied but the results of the different studies differ. In [Romagnoli 03], it is concluded that the presence of indented rings induces an increase in density (+12.5 %), and that the effect is higher in earlywood (+14 %) than in latewood (+3 %). It has been shown in [Racko 06] that the wood density was lower but very close, and that the maximum strength was lower for indented wood than for normal wood (67 and 76 MPa, respectively). In addition, the modulus of elasticity in longitudinal direction was much lower (8200 and 11900 MPa), and the results are evaluated to be statistically significant. In contrast, [ Racko 14] showed that the density did not change significantly and the shear strength of indented spruce was higher. Another study, [Buksnowitz 12], showed that the modulus of elasticity and maximum strength increases when indented rings are present. Moreover, the anisotropy of the maximum stress and modulus of elasticity decreased with indented rings. The figure 2 One of the constraints related to the focused application field is to monitor the mechanical behaviour of the material from the raw material to the instrument. The traditional destructive methods are incompatible with this objective. In the following section, the variability of the mechanical properties of the tonewood will be studied using a non-destructive method, FEMU-3DVF that enables the measurement of several material properties in different directions at once, where most of the time the usual tests evaluate one parameter at a time, and need calibrated specimens.

Quantification of the variability of the mechanical properties

of tonewood using the FEMU-3DVF method 2.2 Quantification of the variability of the mechanical properties of tonewood using the FEMU-3DVF method

Introduction to the FEMU-3DVF method

The method proposed is fully adapted for the study of complex shapes and particularly valuable musical instruments. The motivations for the development and utilisation of the FEMU-3DVF are various. The wood samples used for instrument making are generally plate or quarter shaped. The traditional mechanical tests usually need to cut specimens in the raw material, that sometimes prevents its future utilisation in structures. The rarity and the price of the sample may also be arguments for the utilisation of a non destructive method. The value of the musical instruments (both old and new) is also an obstacle for their mechanical studies that is alleviated by the proposed method.

Effectively, the material characterisation involves generally both direct and indirect methods. Direct methods estimate the material properties from experimental data and fundamental mechanics theories. The second ones, also called inverse methods, are based both on experiments and models and a minimisation procedure for the identification of the parameters. Each method has its advantages and drawbacks and some are not necessarily adapted to complex shapes and complex constitutive behaviours.

The direct methods are generally destructive or at least with contact and have been traditionally used to measure the properties of a wide variety of materials. They are still considered as reference methods for the study of new materials and can be used to evaluate material properties even when they exhibit a complex behaviour, such as composites [ Bruno 08]. The growing need for contact free methods for material characterisation has led to the use of powerful experimental techniques, such as full-field measurements [Geymonat 02, Avril 08, Hild 06, Dahmen 10] and resonant and non-resonant ultra-sonic methods [ François 09], [Longo 12], which nevertheless needs a contact of the sensors and actuators. Some studies have successfully compared the results collected with ultra-sonci techniques to the ones obtained with standard static tests [ Gonçalves 11] and emphasised their capability and efficiency.

The inverse methods based on both dynamic experimental data and Finite Element Model Updating (FEMU) can also be considered as a powerful method. The fitting of a numerical simulation with experiments using minimisation methods, for example [ Mottershead 11], enables the determination of the properties of materials exhibiting a complex behaviour. This type of method is non-invasive, fast and easy to set-up. It requires a reduced preparation of the samples, compared to other traditional methods that require calibrated specimens. Moreover, dynamical responses, for example vibratory modes, are more representative of the global behaviour of the material when compared to static properties that are generally driven by local phenomena. These benefits have led to the development of numerically based identification methods over the last thirty years [ Friswell 13], [ Sol 86], Doctoral thesis -R. Viala

Empirical models for tonewood with stochastic properties as well as analytically based methods, to estimate both anisotropic loss factors and rigidities of composite plates [ McIntyre 88].

The efficiency of the FEMU method in the case of standard metal [Lauwagie 03] and non-standard specimen shapes has been assessed studying layered materials, and the impact of the grain angle on the material properties [ Lauwagie 04], [ Lauwagie 05]. Sandwich structures have also been characterised using this validated method [ Rébillat 11] [Schwaar 12] [ Matter 11]. Many studies were focused on other types of structures or materials, like wooden beams [Ohlsson 93], printed electric circuit material [ Huang 14], polymers [Corn 09] and tonewood plates undergoing moisture content changes [ Pérez 11]. In 1984, [ Molin 84] proposed to use the first three modes of spruce plates to identify their material properties and evaluated the impact of material parameters and dimensions changes toward the frequencies of the first modes. Only few studies concern more complex shapes [ Cunha 00]. More recently, in 2016, a review paper [Tam 16] made a list of the numerous works about the identification of material properties using vibrational approaches. This paper highlights the fact that, despite its potential, this method has mostly been applied to flat plate specimens and not complex shape parts. These parts are generally made of materials whose mechanical properties depend on the manufacturing process.

The indirect methods deal with uncertainties, and stochastic methods for model updating have been proposed in [Mehrez 12] to quantify the sources of uncertainties due to the method. Nevertheless, stochastic methods need a large amount of experimental data and computations. As a conclusion of these different works, one remaining need is to use and validate FEMU method for 3D complex shaped parts which is the main purpose of this section. This method developed within the PhD thesis and based on softwares previously developed in the laboratory is also fully described and published in the journal Composites : part A [ Viala 18] and applied to a violin soundboard made of composite. The FEMU-3DVF method deals with a finite element model and an experimental set-up constituted of an acoustic exciter (speaker) and a Doppler effect laser 3D vibrometer. This allows the determination, through the measurement of velocities at the surface of the specimen in the three material directions, of the dynamical response (operational modes) of the parts. The experimental data obtained are rich and detailed. The diversity of the resulting displacement fields of the specimen activate in a single experiment different material properties. The identification process requires an efficient method. This consists of the minimisation of the discrepancies of the frequencies of the matched test-analysis modes. A preliminary sensitivity analysis is performed to determine which components of the compliance matrix of the constitutive law can be identified reliably, based on their influence on the computed modal basis. The method is suitable for any given part with a complex 3D shape. In the following, the materials and methods used are fully described. The elastic and damping properties determined using FEMU-3DVF in the vibratory domain are compared to data available in literature.
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2.2 Quantification of the variability of the mechanical properties of tonewood using the FEMU-3DVF method

Studied materials

The tonewood species studied are spruce Picea abies especially, and maple, Acer pseudoplatanus. The samples have been provided by a sawmill specialising in tonewood, Le bois de lutherie and are plates and quarters. The plates are used for guitar making and are flat, and the quarters are bulk pieces with trapezoidal sides. The quarters are used for the back and the top of the violin and carved to create an arch. The dimensions of the quarters vary, and the figure 2.4 (a) gives average values. For all the quarters, the dimensions are measured with a rule and a calliper. The precision of the length measured with the rule is ±0.5 mm and the precision of the trapezoidal shape, measured with a calliper is ±0.1 mm. The samples are weighed with a KERN ® weighing machine whose precision is ±0.1 g. The average relative error on the evaluation of the mass is equal to ±0.02 %. The volume is evaluated from the dimensions of the parts, as the hygroscopicity of the material prevents the use of Archimedes principle that leads to sorption processes. The relative error on the estimation of the volume is estimated to ±1.4 %. The specific gravity is evaluated with the ratio between the mass and the volume. The relative error on the evaluation of the specific gravity of the quarters is close to 1.5 %. Ten spruce quarters and six maple quarters have been studied. The spruce quarters are labelled ia with i varying from 1 to 10, and the maple quarters are labelled iM a, with i varying between 1 and 7. The Table 2.2 gives the label of the quarter, their references, their harvest year their specific gravity and their "grade of quality" as sold by the sawmill. Some spruce quarters exhibit indented rings patters, described above, and several maple quarters exhibit flames. The density of the plates and quarters spruce samples is given as a function of the grading in the figure 2.5. It is shown that high grade spruce is lighter than the other grades, and its dispersion is much smaller, as expected [ Buksnowitz 07], but it has to be pointed out that the number of high grade samples was lower, and were only plates. The dispersion of the other grade is similar and more sample are considered for each grade above the first one. Nevertheless, the number of samples is very small for the first grading and this has to be tempered.

The wood used for guitar soundboards is sold as plates. The figure 2.4 (b) shows a plate and its dimensions. The dimensions of the plates vary, and the figure gives
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2.2 Quantification of the variability of the mechanical properties of tonewood using the FEMU-3DVF method only an average value. For all the plates, the dimensions are measured with the same apparatus as the quarters, and a thickness calliper is used to evaluate their thickness, with a precision of ±0.05 mm. The relative error on the estimation of the volume of the plates is estimated to ±1.55 %. The specific gravity is evaluated with the ratio between the mass and the volume. The relative error on the evaluation of the specific gravity of the quarters is close to 1.6 %. Twenty spruce plates have been studied. The spruce plates are labelled in Roman numerals, from I to XX. The table 2.3 gives the label of the plates, their references, their specific gravity and their grading. The year of logging is given with the two first numbers of the reference. All the specimens are studied in a non-destructive way with the FEMU-3DVF method, that is described in the next section. In this section, the method developed and used in the framework of this PhD thesis, that is sketched in the figure 2.6, is detailed, especially the two main parts : the experimental set-up and the numerical model. In the identification process, computed eigenmodes of the structures are compared to experimentally measured operational modes. Measured velocity fields post-processing yields to the experimental modal bases. The method also deals with minimisation algorithms and sensitivity analyses that are described below. 

Empirical models for tonewood with stochastic properties

Computed modal basis

Model-based test design

Sensitivity analysis

Identifiable elastic parameters

Determined loss factor

Modal damping

Convergence criterion reached

Identified elastic parameters

Yes

No Determinable loss factor

Experimental set-up used in the FEMU-3DVF method

The experimental set-up is shown in the figure 2.7. Measurements are made using a PSV-500 scanning laser 3D vibrometer from POLYTEC ® , with a minimum resolution of 10 nm per second per square root of frequency, and the diameter of the measurement dot is close to 100 µm. The vibrometer performs local measurements on each predefined point and the fields are built by post-processing the relative velocities along each measured direction in the three main directions. A sweep sine excitation is performed between 10 and 2000 Hz for plates and 100 to 5000 Hz for quartes. The frequency resolution is equal to 0.5 Hz. The samples are suspended by nylon threads, thus the boundary conditions are free-free. The number and location of the measurement points correspond to the elements nodes of the mesh at the surface of the part of the numerical model detailed in 2.2.3.6. The number of measurement points is equal to 270 for the quarters and 290 for the plates. The laser scan time lasts approximately thirty minutes according to the number of points measured and the precision of the sampling. The excitation, contact-free, is applied by a MONACOR ® loudspeaker on a specific location of the studied structure, as indicated in [ Matter 09]. The experimental configuration is designed and optimised using the model described in 2.2.3.6 and F.E. simulations.
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Quantification of the variability of the mechanical properties of tonewood using the FEMU-3DVF method

Figure 2.7 -Experimental setup of the FEMU-3DVF method applied to wooden plates.

Polytec Laser 3D Vibrometer

Suspended sample (plate) Excitation Speaker

A model-based test design is computed using numerical models with initial material parameters deducted by Guitard's laws [ Guitard 87] and measured density. The measurement points are defined using the computed modal basis and are evaluated by the observability and distinguishability of the mode of interest that will have to be measured. The excitation point is also evaluated using the computed modal basis and will be defined using excitability criterion of the different eigenmodes of the part excited at this driving point. The model-based test design method, reviewed in [Franceschini 08] is particularly useful when considering structures for which the eigenmodes can not be determined analytically and for which the measured response of the structures is hard to anticipate. In the case of plates and quarters, this lead to an excitation on a corner of the specimen, in the direction which is normal to its main surface. The distance between the part and the loudspeaker is 10 mm. An excitation tension of 1 V is applied at the output generator. The loudspeaker is amplified and the gain value is tuned to satisfy the coherence criterion, which is described below.

The transfer function estimator that is used, H 1 , corresponds to the ratio between the interspectra output and the autospectra input. The autospectra corresponds to the Fourier transformation of the autocorrelation function. The interspectra is given by the Fourier transformation of the inter-correlation function. The coherence function ensures that the measured signal is in balance with the excitation. This indicator, ranging between 0 and 1 decreases with the noise level of the measured signal. The 3D velocity fields are used to estimate the modal basis. An in-house numerical tool developed using MATLAB ® , MODAN, is used for the identification of the eigenmodes, based on the least square complex frequency Doctoral thesis -R. Viala (LSCF) method, with a phase shift criterion. The damping ratio of specific modes is used to evaluate the loss factor of the material in the different directions. The loss factor can be calculated using the damping ratio in the case of a homogeneous structure and material, with the hypothesis that only one material direction is loaded. The 3D laser vibrometry also enables the evaluation of the full strain field tensor in the specimen for each measured mode. The sensitivity of the device allows the measurement of nano-strains. Throughout the study, the acoustic excitation on the sample lead to 150 n and 200 n rad .

Loss factor determination

The modal damping ζ corresponding to each mode is calculated as a ratio between the imaginary and real parts of each eigenfrequency evaluated by least square complex frequency method. The loss factor η is determined using eq. 2.2 [ Carfagni 98].

η = 2 × ζ (2.2)
The results of the sensitivity analysis (see 2.3.2) are used to select the modes which are dominated mainly by the properties in a given material direction, such as pure torsion of bending modes. Thus, the loss factors η L , η R and η LR are determined using the modal damping of the modes 2, 4 and 1 respectively (see figure 2.8). The same method is used for quarter woods, and the modes 2, 1 and 4 (see figure 2.10) are used. The modal damping value is given with an error of ±0.001 , thus, the loss factors are given with an error of ±0.002.

Material constitutive law

The material is modelled using macroscopic considerations with a continuum mechanics formulation. For some of these materials, hypotheses are formulated, even if wood material is clearly heterogeneous and sometimes discontinuous at a microscopic level, at the macroscopic scale it is considered as continuous and homogeneous. The quality of wood which is selected ensures that the material is free of macroscopic defects, shows a good regularity at microscopic scale and a straight grain all along the sample. For this study of the vibratory behaviour, small strains and a linear elastic behaviour of the materials are considered.

Given the small level of strains applied, the hypothesis of small perturbations is assumed. Previous numerical simulations made with COMSOL ® showed that for a damping capacity that is generally lower than 2.5 %, the damping does not significantly influences the values of the eigenfrequencies. The relative variation of eigenfrequency values between damped and undamped simulations is less than 0.05 % for frequencies ranging between 100 and 2000 Hz. For this reason, the damping capacity was neglected in the model.

Of course, the damping influences the amplitude of resonance peaks, but only the frequency is considered in the minimisation process. Moreover, the computation of a modal basis is less time-consuming than a direct analysis that takes into The experimental set-up is modelled as an undamped elastodynamic system model described under free-free boundary conditions. The forced response of the system is expressed by :

[M ] {ẍ(t)} + [K] {x(t)} = {f (t)} (2.
3)

[M] represents the mass matrix, and [K] the stiffness matrix. ẍ(t) and x(t) are respectively the time dependent vectors of acceleration and displacement, and f (t) the time dependent force vector. In the frequency domain, the equation of motion becomes :

-ω 2 [M ] + [K] {X(ω)} = {F (ω)} (2.4)
where ω represents the angular frequency, {X (ω)} the frequency dependent displacement vector, and {F (ω)} the force vector in frequency domain. The associated homogeneous equation under free vibrations is :

[K] [Φ] = [M ] [Φ] [Λ] (2.5) 
in this equation, [Λ] corresponds to the diagonal eigenvalue matrix and [Φ] is the eigenvector matrix whose each column corresponds to the eigenvectors {Φ j } of each j mode, linked to the corresponding eigenvalue of j row and j column.

Analytical and numerical modelling

Analytical models

For the plate geometries, some of the elastic constants can be identified from the observation of resonant frequencies and mode shapes. Analytical solutions were proposed for example for homogeneous plates with free edges for complex material microstructure, including orthotropy. An analytical model for anisotropic plate is described in [ McIntyre 88] and applied to the plate samples. This method has proven useful for many studies of composite or wood plates [Lai 93] [ Mclntyre 86], [ Ono 96], [Moussu 93] but are limited to simple shapes.

For the analytical approach, the first torsion mode of the plate and its first longitudinal and transverse flexure modes are considered. Using the eigenfrequencies of these three modes, knowing the geometry and density of the plates, one can identify longitudinal and transverse modulus of the material, as well as its in-plane shear modulus. For more complex geometries, finite element modelling is necessary to simulate the modal behaviour of the object. The analytical models are only used to compare the results of the model updating method, for the latter, only FEMU-3DVF method is used.

Doctoral thesis -R. Viala

Finite element model

The geometry of the quarter/plate is built using the computer-aided design software SOLIDWORKS ® . The geometry is exported in the parasolid format to the finite element software MSC-PATRAN ® . This pre-processor generates the FE mesh and defines the material properties. Tetrahedral elements with quadratic interpolation (TET10) are used to mesh the quarters and hexahedrons elements with quadratic interpolation (HEX20) for the plates. The mesh size is adapted to balance computation time and mesh convergence. The standard mesh convergence criterion is used and leads to a mesh density of at least six quadratic elements per wavelength. The number of degrees of freedom is approximatively 30000 for quarters and 24000 for plates. A personal computer with a quad-core CPU and 8 Go of RAM is used in this study. The overall CPU time to compute one modal basis is approximatively three minutes. The solver software used is MSC-NASTRAN ® , and the eigenvalue extraction method used is block Lanczos. These steps lead to the computation of eigenmodes of the undamped modal solution of the system, with eigenfrequencies and eigenvectors as the outputs.

Sensitivity analysis

A sensitivity analysis was performed with both the Morris method [Morris 91] and finite differences sensitivity method, detailed in the chapter IV, to rank the parameter sensitivities and determine the different material properties that can be identified for the considered specimen shape. The output features of interest are the matched eigenfrequencies. At the end of the finite difference sensitivity analysis, the cartography of each parameter effect on the matched eigenfrequencies and eigenvectors of each mode is obtained, arranged in a sensitivity matrix, giving material parameters as a function of the mode number. This method evaluates the sensitivity of each parameter by applying a relative variation on its value of 1 %. This method is not sufficient to explore the complete parameter space, and so the Morris method is used. Four different levels and twenty trajectories are defined to explore the material parameter space. Nominal values are taken from the law detailed in [ Guitard 87], as well as their range. The objective function of the sensitivity analysis defined is the sum of the errors of all matched eigenfrequencies between model and experimental data. The experimental points are paired with the nodes of the numerical models using a geometric criterion : the closest nodes and points are paired. The mode matching is based on Modal Assurance Criterion [ Allemang 82] which leads to a matrix whose components values are normalised between 0 and 1, with 1 indicating the test-analysis modes are affine and 0 indicating they are orthogonal. The modes are considered matched when the MAC value is above 0.7. Once the influential material parameters are identified, the remaining non influential parameters are fixed at their nominal values and the model updating procedure is applied uniquely on the influential ones.

Parameters identification

The model updating approach used in this study is iterative in nature and is fully described in [ Mottershead 11]. A test-analysis metric based on the discrepancy between a set of matched measured and simulated eigenfrequencies is constructed 2.2 Quantification of the variability of the mechanical properties of tonewood using the FEMU-3DVF method by expressing this difference as a product of the first-order sensitivity matrix of each eigenfrequency, calculated with respect to the parameters to be identified, and the corresponding parameter variations. This approach assumes that the experimental eigenmodes can be systematically and uniquely matched to the homologous analysis modes at each iteration. Convergence is obtained when the least-squared eigenfrequency error stabilises over several successive iterations. The cost function is defined by the sum of all the matched eigenfrequencies errors (M.E.E.). Numerous convergence criteria are used, either defined by the relative cost variation convergence criteria (0.01 in our case), the relative cost variation divergence criteria (0.3) or the absolute parameter variation convergence criteria (0.001).

Error quantification

Three sources of error are considered. The first one is the error made on the specific gravity evaluation. The relative error on the specific gravity evaluation of 1.5 %, which is also linked with the second main source of error, the measurement of the dimensions, and especially the thickness. The absolute error of the thickness is 0.05 mm, which leads to a relative error close to 1.5 % for plates. The values of thickness and density corresponding to the lower and upper bounds of the physical parameters measured are implemented in the numerical model. The propagation of these errors is evaluated with the shift of the predicted frequencies and the changes in the identified values for each cases separately.

Finally, an error quantification method is used to evaluate the error that is due to the minimisation method. For this purpose, and to assess the uniqueness of the solution, a factorial calculation with a mapping output of the cost function for three different variables is performed. It provides a check on the convergence of the method with a complete sweeping of the variables. This method, illustrated in [ Alfano 07] is very powerful since it provides a cartography of the comparison of the structure between model and experiments. The main issue is that it is time consuming to completely explore the variables domain. This method is used for wooden quarters to assess that it exists only one solution for a given homogenised material.

The modal behaviour of plates is well known, and analytical models are sufficient to compare the results. At the end of the procedure, a set of material parameters is obtained, when the algorithm convergence is reached. The design space is divided into eleven samples for each parameter, which correspond to a design space discretised into 1331 design points. The cost function is defined as the sum of the matched eigenfrequencies error. It is calculated for each point in the design space. In total, 1300 computations are performed. The minimum value of the cost function is represented by a 3D contour. The evaluation of the error on the identified values of the algorithm is based on the evaluation of the minimum and maximum values of each parameter, gathered in sets of equivalent values of the cost function.
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Probabilistic distributions identification

The distribution of the data are processed using the software EASYFIT ® which sorts the distribution according to Kolmogorov-Smirnov, Anderson-Darling and chi-Squared criteria. Up to 50 distribution laws can be identified. The laws that are considered for the distribution identification, and provide the best fit between analytical model and experimental data are : normal and Wakeby type distributions. These distribution are detailed below :

Normal probability density function [Houghton 78]

f (x) = exp(1 -1 2 ( x-µ σ ) 2 σ √ 2π (2.6) 
With : µ the continuous location parameter and σ the continuous location parameter.

Wakeby distribution

x(F ) = ζ + α β (1 -(1 -F ) β - γ δ (1 -(1 -F ) -δ (2.7) 
With : α, β, δ, γ, ζ, continuous parameters of the distribution.

Results and discussion

Results and discussion

The FEMU-3DVF method has been applied to thirty spruce and seven maple samples, divided in twenty plates and seventeen quarters. The experimental and numerical modal bases of each sample have been compared. The vibrational data of plates and quarters are given in the next section. The preliminary results of plates and quarters are firstly shown, as the sensitivity analysis results. Then, the identified material properties are given for spruce (plates and quarters) and maple (quarters) separately (maple results are given in Appendix A.2). The post processing of the data has led to empirical probabilistic distributions laws, which are given at the end of the results section.

Vibrational data

The vibrational data are given for plates at first. The figure 2.8 shows the animation of the first three interesting modes. Such modes and their respective sensitivities, given below, are in adequation with [Molin 86] that proposed these modes to be useful for elastic properties identification and evaluation of the damping ratio. The eigenfrequencies of each sample vary widely, and the utilisation of these eigenfrequencies for the identification process, without taking into account the geometrical differences between the samples, is not possible. Indeed, the eigenmodes are not ordered in the same manner when the elastic properties vary. For the latter, the matched modes, correlated using the MAC criteria are considered. 

Sensitivity analysis

The results of the finite difference sensitivity analysis of the quarters for the first sixteen modes are given in the figure 2.9. This figure shows that the following five material properties have an influence on the first sixteen modes of the quarters, E L , E R , G LR , G RT and G T L . The results of the Morris sensitivity analysis for the first twelve modes of each sample shape are given below. The ranking of the material parameters are facing the corresponding shapes. The results of the screening analysis for the quarters are given in the figure 2.10 and 2.11, M isc. corresponds to the remaining parameters, gathered for better clarity. In this figure, it is shown that the influence of the parameters depends on the shapes of the mode. Pure bending or torsion modes tend to load only one material direction at a time (and thus the respective elastic constants E L , E R and G LR ). Moreover, it is visible that the out of plane shear moduli, G RT and G T L are also influential in coupled modes, therefore it seems that the shear moduli in these directions might be identifiable, but not the loss factor, as the modal basis do not show modes that are uniquely influenced by these shear stresses.

The results of the screening analysis for the plates are given in the figure 2.12 and 2.13. This figure shows that the plate modes frequencies are mostly related to three rigidities, E L , E R and G LR , as it was previously shown by many analytical models [ Mclntyre 86]. Moreover, the loss factors are also evaluable in these respective directions. Thus, in the case of plates and quarters, three loss factors can be determined (η L , η R , η LR ) if the corresponding modes are measured. Doctoral thesis -R. Viala

Results and discussion

Empirical models for tonewood with stochastic properties Doctoral thesis -R. Viala The figure 2.15 gives the ranking of all the parameters, which sum up the previous results. For the latter, the material parameters considered as influential ; E L , E R and G LR for the plates and E L , E R , G LR , G RT and G T L for the quarters ; are modified during the identification procedure. The remaining parameters, E T , ν LR , ν RT and ν T L are locked at their initial value, that is evaluated with the density of the samples and the Guitard's laws [ Guitard 87]. 2% 
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Results of the minimisation process for plates

For the identification of the material properties from the plate specimens, 20 modes are considered, with frequencies generally comprised between 40 and 800 Hz. The table 2.4 gives the matched eigenfrequencies error (M.E.E.) and modal assurance criterion (MAC) values before and after calibration. The corresponding MAC matrices, that compare the experimental and numerical modal bases are shown in the figure 2.16 for the spruce plate Ia, IVa and VIIa that come from three different gradings, respectively 1.A, 1.B and 2 nd choice. A high number of modes are matched between numerical (ordinate) and experimental (abscissa) database. After the minimisation process, the averaged error of the matched eigenfrequencies is close to 1 % and the MAC value is higher than 0.9 for at least 10 modes, and generally higher than 80 for most of the modes. This Empirical models for tonewood with stochastic properties indicates a very good correlation between numerical and experimental database, and thus ensures a good reliability of the identified values. 

Identified materials properties for spruce quarters and plates

At first, the average values of the identified properties on the spruce wood are given in the table 2.5. The application of the method to maple quarter specimens is detailed in A.2. Detailed results for spruce quarter and for plate specimens respectively are given in the tables 2.6, 2.7, 2.8 and 2.9. The global results are in adequation with the standard values of spruce available in litterature ([ Brémaud 11]). The standard deviation of each parameter is high, even for a selected material such as spruce tonewood. In general the identified longitudinal elastic modulus E L is higher than the one predicted by models based on wood density [ Guitard 87], and E R , G LR are lower. Generally, spruce tonewood is more rigid in longitudinal direc-
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tion and more anisotropic than standard softwoods. The shear modulus, G RT is much lower than the one predicted by the same laws, and in accordance with the one usually measured for spruce woods. The figure 2.17 gives the dispersion of the elastic and damping values for all the gradings and specimen type mixed.

The followings tables, 2.6 and 2.8, give the results for the plates and quarters separately. In addition, the table 2.7 gives the specific properties. The grading of the samples is indicated as it will be used for the analysis of the identified values. Generally, the values are in accordance with the ones given in [ Brémaud 11]. Nevertheless, the loss factor η R and η LR are lower than the one usually obtained. This error can be attributed to the different means used to determine the loss factor. Usually, DMA and dynamic methods can be used, and each one deals with different frequency ranges and underlying assumptions. In the case of dynamically based methods, the different excitation means can lead to a wide range a strain levels which can lead to discrepancie sin the identified values. 

Empirical models for tonewood with stochastic properties

Spruce plate specimens results

Based on the results of the table 2.6, the longitudinal modulus of spruce plate specimens range between 8.7 and 17.6 GPa, for respective specific gravities of 0.4 and 0.5 which is in accordance with what was expected based on Guitard's models [ Guitard 87]. Nevertheless, these relations are not systematically verified. The loss factor in the L direction ranges from 0.6 to 1.0 %, and in the radial direction from 1.4 to 2.2 %. It has to be highlighted that high η L is often correlated with low η R , which can be explained by MFA orientation. The specific rigidities and loss factors are considered (table 2.7) to screen the effects of the density. It is shown that the specific rigidity in L direction covers a broad range, from 20 to 35 GP a.g -1 .cm 3 . In the radial direction, the values of the specific elastic modulus range a wide span
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and are almost doubled, from 1.46 to 2.78 GP a.g -1 .cm 3 between the minimal and maximal values. In the LR plane, the values of the specific shear modulus range from 1.48 to 2.44 GP a.g -1 .cm 3 .

Table 2.6 -Identifed mechanical properties for spruce plate samples.

Sample Grading Reference Specific gravity Empirical models for tonewood with stochastic properties 

E L (GPa) E R (GPa) G LR (GPa) η L (GPa) η R (GPa) η LR (GPa) I 1.A 13C100 0

Sample Grading

Ref.

Specific gravity The identified properties of the quarters are given in the tables2.8 and 2.9. The specific gravity mean value is equal to 0.46. The averaged values of the Young's moduli in L and R directions are equal to 13.8 and 1.2 GPa, respectively. The loss factors in the same directions are equal to 0.75 and 1.75 %, respectively. In the LR plane the average value of the shear modulus is equal to 0.8 GPa, and the loss factor in this plane is equal to 1.3 %. The averaged values of the shear moduli in the RT and TL planes are equal to 47 MPa and 0.85 GPa, respectively. As a reminder, the usual values are given in the table 2.5. The corresponding specific parameters are given in the table 2.9. The averaged values of the specific Young's moduli in L and R directions are equal to 29.4 and 2.8 GPa, respectively. In the LR plane the specific shear modulus averaged value is equal to 1.8 GPa. The usual values of the specific parameters are also given in the table 2.5. It is observed that the density of the plate specimens is slightly smaller than the one of the quarter specimens, as well as the specific moduli in L and R directions. The specific rigidity in LR plane of the wood identified from spruce plate specimens is nevertheless higher. It is observed that there is a difference in the specific mechanical properties between spruce woods for guitars (plates) and violins (quarters). First of all, the error attributable to the identification method is eliminated. The method has been validated on numerous samples shapes and results with different geometries were successfully compared [ Viala 18]. So, in the following, the bias in selection of spruce trees for plate and quarter specimens is discussed.

E L /d (GPa) E R /d (GPa) G LR /d (GPa) I 1.A 13C100 0

Results and discussion

(GPa) E R (GPa) G LR (GPa) η L (%) η R (%) η LR (%) G RT (MPa) G T L (GPa) 1a 1.A 10Z120 0.
One of the first explanation for such differences, especially in the radial direction is that only the quarters exhibited indented rings patterns, which, as it will be showed later are assumed to change the radial rigidity. Furthermore, in [Holz 84], it was observed that the annual ring width of the wood varied according to the musical instrument families they were intended to be used for, which can lead to different mechanical properties. According to the tonewood seller, Bernard Michaud, from "Le bois de lutherie", his criteria for sorting wood differ in regard to their utilisation in the instruments. The wood used for guitars (plates) has to exhibit a grain that is as straight as possible in a much larger and longer way than Doctoral thesis -R. Viala for violins (quarters). Moreover, he proposes that guitar makers are slighlty more sensitive to the R direction and LR plane mechanical properties than the violin makers that usually consider mainly the longitudinal direction. Althought, it is for the moment hard to estimate in which way the instrument makers are more sensitive to such properties, and a work has been recently performed to correlate instrument makers choices and mechanical properties [ Carlier 14].

Regular and indented spruce comparison

In order to evaluate the impact of the indented rings patterns on the mechanical properties, the comparison of the material properties between regular and indented spruce are given in the table 2.10. First of all, the number of specimens is small (10) and these results are a starting point for further analysis that would consider more samples to provide statistically significant trends. The specific gravity of the regular spruce specimens (0.47) is higher than the one of the indented specimens (0.45), which is in accordance with [Racko 06] but not with [Romagnoli 03]. For this comparison, only the specific parameters are considered, to skip the relation between the mechanical properties and the density. The most important variation concerns the specfifc modulus in the R direction, which is higher for indented specimens (3.2 GPa) than for regular ones (2.4 GPa), which was expected according to [Buksnowitz 12]. In this paper, the indented rings were associated with a decrease of the anisotropy of spruce. The specific Young's modulus in L direction is higher for regular specimens (31.4 GPa) than for the indented ones (27.4 GPa), which is in accordance with [ Racko 06]. The Shear modulus in LR, TL and RT planes are smaller for regular specimens (respectively 1.6 and 1.7 and 0.1 GPa) than for indented ones (1.95, 195 and 0.11 GPa, respectively). The specimens presenting indented rings show E R d values that are systematically higher than the average value. One of the sample shows a a specific radial modulus that is 60 % higher than the usual values. Therefore, it is shown that the indented patterns lead to a wooden material with increased stiffness 90 Doctoral thesis -R. Viala
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in radial direction and LR plane, without necessarily any impact in the longitudinal direction. This observation can be correlated either with an higher amount of rays (mesoscopic scale) or higher MFA (microscopic scale) in indented patterns wood. Moreover, the grain deviation in these area can be a contribution of longitudinal stiffness into the radial one. However, the number of specimens is small and the MFA and amount of rays have not been quantified, and, for now, no strong explanation for these difference can be reliably proposed.

Sorting of mechanical parameters according to sample "quality"

This section is dedicated to the study of the mechanical properties according to the grading of the samples. The figure 2.18 shows the material properties as a function of the grading. In order to evaluate the correlation between instrument makers choices (or selling quality) and mechanical properties, the specific elastic and damping properties are gathered in box and whiskers plots, given in the figure 2.18.
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η LR (%)
It is shown that the loss factor in the longitudinal direction increases when the grading decreases, which is not observed in the other material directions. Moreover, in the radial direction, the loss factor tends to decrease when the grading decreases. In the LR plane, the loss factor increases when the grading decreases, but surprisingly is very low for worst quality. In the case of the elastic moduli, there is no clear effect of the grading on the longitudinal stiffness contrary to what was expected. Nevertheless, there is a trend in the radial direction : E R increases when the grading decreases, which is also observed for G LR . It is shown
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that, according to the grading, the rigidities and loss factors in L and R directions and LR plane vary. In addition, the figure 2.19 gives the specific mechanical properties.

Figure 2.19 -Specific rigidities as a function of the grading (smaller is better). In the case of the specific mechanical parameters, one can see trends for specific moduli in each direction. The specific longitudinal modulus decreases when the grading decreases (from best to worst). The contrary is observed for E R and G LR . These observations tend to question what is commonly proposed for instrument makers choices, it seems that choosing the best wood Doctoral thesis -R. Viala

Empirical models for tonewood with stochastic properties for instrument making implies a lower specific rigidity in R and LR directions.

Quantification of identification error

Both direct and indirect methods deal with uncertainties in the determination (direct methods) or identification (indirect methods) of the parameter values. This section aims at evaluating the error in the values identified using the FEMU-3DVF method. A comparison is proposed between this indirect method and the quasi-static methods generally used. The error of the FEMU-3DVF method can be related to the error made on the evaluation of the density, on the measurement of the dimensions (especially the thickness) and also related to the minimisation algorithm (which can involve compensation effects or local minima). The evaluation of the cost function values in three dimensions, corresponding to the three parameters E L , E R , and G LR has been performed and given in the figure 2.20. 

G L R (MPa) E L (MPa) E R (MPa)
The tables 2.11 and 2.12 give the values of the error related to each source of uncertainty (density and thickness evaluations and algorithm uncertainty) for each identified parameters on the quarters and plates.

The error related to the determination of the density is evaluated to be equal to 1.5 % for spruce plates and 0.5 % for quarters. This error leads to an error in
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Similarly, the error in the identified values from quarters using the minimisation process is equal to ± 0.7 % for E L , ± 0.7 % for E R and ± 0.5 % for G LR , this has been evaluated by evaluation the boundaries of the cost function for a given minimum value (for quarters, this value is equal to 0.17, as shown in the figure 2.20).

The error in the measurements of the dimensions (± 2.5 %) leads to relative errors in the eigenfrequencies of ± 3 %. This error drives to an error in the identified values of ± 2 % for E L , E R and G LR . The error related to the minimisation algorithm leads to a relative error for E L , E R and G LR equal to ± 0.5 % for plates and ± 1.5 % for quarters.

These different sources of error lead to a total error that varies according to the different material parameters and samples shapes. The global error proposed for the identified material parameters using the FEMU-3DVF method corresponds to the worst case, where the errors taken separately are at their maximum. For these samples, it is estimated at ± 4 % for both quarters and plates. It is shown that the main error comes from the dimensions and minimisation errors. If one consider the worst case, the error can reach up to 5 %, which is twice the usual error of the static tests.

As a comparison, the error in the measured loss modulus of the next section, due to the accuracy of the load cell, the motion sensor and the sliding calliper, is close to 2.5 %, which is globally three times lower than the error on the identified rigidities using the FEMU-3DVF method. The loss factor evaluation is performed on the modal basis, and the determination algorithm leads to an absolute error of ± 0.05 %. Moreover, the determination is based on non normalized FRF, measured with an excitation provided by a speaker. Comparisons have been performed with automatic impact hammer that show a discrepancy in the determined loss factors equal to 0.1 %, which highlights the fact that the detemrination is sensitive to the method.
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Empirical laws for elastic and damping properties as a function of the density

The rigidities as a function of the density are given in the figure 2.21. The post processing of the data shown in this figure lead to an update of Guitard's laws for spruce tonewood. The new laws are given in the eq. 2.8. The evolution of the loss factor as function of the density is also given in the eq. 2.8, which can be useful for models that take into account the anisotropic damping of the spruce. 

E Lρ = 13000 + 45000 × (ρ -0.45) E Rρ = 1000 + 5500 × (ρ -0.45) G LRρ = 840 + 1320 × (ρ -0.45) G RTρ = 48 + 180 × (ρ -0.45) G T Lρ = 840 + 1930 × (ρ -0.45) η Lρ = 0.72 -0.5 × (ρ -0.45) η Rρ = 1.7 + 1.5 × (ρ -0.45) η LRρ = 1.2 + 4.2 × (ρ -0.45) (2.8)
R 2 = 0.07 R 2 = 0.19 R = 0.08 96 
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It is shown that the correlation coefficient is low for many directions, which indicates a poor correlation between elastic parameters and rigidity. The spruce tonewood is a specific wood 2.3.8 Distribution laws proposal for tonewood elastic and damping properties

The exploitation of the data has enabled the identification of the best distribution laws of mechanical properties of interest for spruce tonewood. The number of samples of maple ( 7) is too small to use the maple data to identify distribution laws. Most of the data can be modelled with five parameter Wakeby type distributions, that is particularly adapted to model non-normal distributions. For each type of distributions, the tables 2.14 and 2.13 list the parameters identified for the 100 Doctoral thesis -R. Viala
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Wakeby and normal type distribution laws, respectively.

Nevertheless, the number of samples remains small and these statistical models would be refined considering more samples, or more specific distribution types. 

Conclusion

The main objective of this work was to build empirical stochastic models for the elastic and damping properties of the spruce tonewood. For this purpose, plate and quarter specimens made of spruce and maple were tested using the FEMU-3DVF method. Results showed that at least three rigidities, E L , E R and G LR as well as the damping properties in these corresponding directions can be determined successfully. The identified parameters were compared to the properties determined on the same species by numerous previous studies. Two types of conclusion are proposed, corresponding to the two main outputs of this chapter.

FEMU-3DVF method

The FEMU-3DVF appears to be a powerful non-destructive method. The results obtained are particularly encouraging for different sectors, such as the composite sector, where the material properties are dependent on the manufacturing and/or the forming processes. For this purpose, a dedicated study has been performed on complex shaped flax-fibres composites [Viala 18]. This method proves useful to estimate several material parameters simultaneously, where traditional measurement methods are most of the time destructive and estimate one parameter at a time. This method is relevant in the case of unassembled structures, and heterogenous materials have not yet been studied. Numerous perspectives can be discussed, such as the evaluation of the dependence of the identified constitutive properties on the frequency and strain levels, as described in [ Moreau 07]. As the measurement protocol is contact-free, it can be performed through the glass panel of a climatic chamber to characterise the influence of the environment (relative humidity, temperature, ageing) on the constitutive material properties of thermohygroscopic materials (mostly originated from the biomass). This application is detailed in the section 3.2.2.1. Moreover, the very small disturbances applied to the material (nanostrains) can be an asset for the refinement of the behaviour laws of non-linear materials whose response features are dependent of the stress level they undergo. Another application proposed is the design of unusually shaped parts to identify material properties that are usually hard to identify by traditional methods, which is detailed in A.7. This method focuses on the eigenmodes identified but one can also estimate material parameters using the minimisation of the error between computed frequency response function and experimental frequency response function, in the case of an identification of modal damping for viscoelastic material definition. This method, detailed in [ Yuan 15] is constrained by the measure of the input dynamic force applied to the structure, which is skirted using modal basis. Boundary conditions used, free-free conditions, alleviate the error than can be observed when studying clamped structures, and the inherent uncertainties (pre stresses due to housing and modelling of clamping). In addition, two long term perspectives are proposed :

• Currently, the time or frequency and spatial dependence of the material is ne-
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glected, although the spatial are indeed measured by the 3D vibrometry which gives rich data. As a later development, this dependence can be implemented in the identification process to obtain richer results, such as the heterogeneity of the material properties and their frequency dependence, using an identification by frequency bands.

• Measuring temporal response of the structure for transitory events (impact, acoustic emission) is useful for the study of the material response for brief events, and a tool for very low damage levels evaluation.

Material properties results

In this chapter the materials used in musical instruments making have been studied. The results obtained are coherent with the literature and give supplementary information. The results have shown that indented rings had an impact on the material properties of spruce, especially in the radial direction, for an equivalent density. In addition, it was shown that only the material properties in the longitudinal direction increase when the quality (according to the wood seller and instrument makers) of the wood sample increases. Also, the anisotropy decreased with grade decrease. These studies have led to the development of non-physical deterministic or stochastic models. The distribution laws will be used to perform deterministic and stochastic simulations by mean of numerical models of musical instruments.

For the latter, in the next chapter, the thermo-hygroscopic behaviour of spruce will be studied to determine the effects of the relative humidity and the temperature on the material properties and thus on the vibratory behaviour of the musical instruments.
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Highlights

• Evaluation of the relation between elastic and damping properties of tonewood with temperature and relative humidity changes around room conditions. • Non-destructive in-situ evaluation of the elastic and damping properties evolution under climatic changes using FEMU-3DVF method.

The material variability has been studied in the previous chapter, this present chapter aims at combining different characterisation means to evaluate the dependence of the previously detailed material properties in regard with the climatic conditions. In this chapter, contrary to the previous Doctoral thesis -R. Viala
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This chapter is dedicated to the study of the dependence of the viscoelastic and physical properties of the spruce wood on climatic room conditions and their variations. It is usually considered that the climatic changes surrounding the instrument may have an impact with respect to its vibratory behaviour and so its sound. It is hypothesised in this study that the in-situ glass transition of the hemicelluloses, whose temperature is usually around room conditions may have a strong impact on the viscoelastic properties of spruce wood. In order to evaluate the dependence of the material properties on the wood moisture content, in particular their dependence against the temperature and the relative humidity, an usual testing method (DMA) is used and the results obtained are compared to the one obtained with FEMU-3DVF with controlled environment. This chapter firstly proposes a state of the art to highlight the existing knowledge about the variations of the viscoelastic properties of spruce wood in varying room conditions. Then, the different methods used are described and the results obtained with each method are compared.

State of the art on the viscoelastic properties of spruce wood

Musical instruments may be subject to significant changes during their usual utilisation and live performances where measurements performed inside a violin have shown that the relative humidity and temperature can vary quickly [Le conte 07]. It has been proposed that these rapid climatic changes affect the properties of the wood components of the violin, especially their damping and lead to timbre changes during transitional phases. Finally, it is shown in [Goli 17] that the musician's impact is negligible in regard with the relative humidity and temperature inside the violin, where the wood is not varnished, and so more subject to water adsorption processes.

As it is commonly accepted that the sound of an instrument is linked with the material properties of its constituents, it is therefore highly probable that its timbre may also be sensitive to the evolution of its mechanical properties. This evolution is due to water sorption processes and their effect on mechanical properties, as well as the evolution of the polymers properties in link with the temperature. The impact of water sorption, temperature and frequency is discussed in this section. A monitoring has been performed in a temperate zone and air-conditioned (only in temperature) room during one year, given in the appendix A.4. It is showed that the relative humidity was comprised between 25 and 75 %, with a main part comprised between 35 and 50 % RH. In the air-conditioned room, the temperature was comprised between 15 and 26 • C. In this domain, the moisture content is generally 3.1 State of the art on the viscoelastic properties of spruce wood comprised between 5 and 15 %, which is also assessed by the results given in the appendix A.5.1. So, the moisture content variations in these climatic conditions are equal to one third of the hygroscopic range, and the evolution of the viscoelastic properties may be significant since the in-situ glass transition temperature of the hemicelluloses is comprised in the room conditions, and is associated, at a macroscopic scale with wood softening.

Effect of water absorption on mechanical properties 3.1.1.1 Effect of water absorption on elastic properties

Literature describes the relative evolution of E L as a function of the moisture content for spruce (figure 3.1, [Sulzberger 53]) for different temperatures. In this part dedicated to a review of the literature, the focus will be put on a restricted hygrothermal window. This focus corresponds to the ranges of temperatures and relative humidity that can be faced in the focused application. In each figure, the blue squares represent the temperature/relative humidity area of interest. It is shown that the effect of the moisture content is relatively small in regard with the longitudinal stiffness, and between 10 and 40 • C, the temperature increase leads to a decrease of E L . It has been shown that for MC comprised between 5 % and 15 %, the elasticity is much more dependent to the MFA than MC [ Derome 13]. Nevertheless, in the case of tonewood, the range of MFA is smaller thant the one of regular woods. For higher temperatures (from 40 to 60 • C), the effect of the moisture content is much more important on E L and leads to a decrease of up to 25 %. The figure 3.2 also gives the evolution of both E L and E R as a function of the MC. It shows an almost linear behaviour between 5 and 15 % MC for both E L and E R . In [Obataya 01], it is observed that E L /d decreases from 27 to 24 GP a.g -1 .cm 3 from 25 to 75 % RH [Obataya 01]. The shear modulus evolution, shown in the figure 3.3 decreases of nearly 30 % for 10 % of MC increase. The moisture content also affects the damping of the wood, and an increase of η i is observed for wood for a MC comprised between 5 and 15 % [ Obataya 98]. In this moisture content range, η L increases from 0.65 to 0.9 %. Doctoral thesis -R. Viala The temperature affects the wood in different ways. Between -100 and 150 • C, the most important impact of the temperature is its effects on the viscoelastic properties of the polymers. The second impact of the temperature is its effect on the moisture content of the wood, which has an impact on the mechanical properties, as seen above. Above 150 • C, depending on the humidity and duration, the thermal degradation of the wood constituents occur.

In room conditions, the increase of the temperature is associated with a decrease of the moisture content, as seen in the figure 1.14 (a), associated to the impact of the temperature on the hygroscopic potential. The effect of the temperature is small in comparison with the one of the relative humidity.

The study [ Kelley 87] has performed temperature sweeps for different moisture content, represented in the figure 3.4 for spruce. It is shown that the maximum value of the storage modulus is obtained for 10 % MC (figure 3.4 (a)), as expected. For this moisture content, the evolution of the storage modulus is weak in the temperature range between 0 and 50 • C. The figure 3.4 shows that the loss factor can be doubled for MC comprised between 5 and 20 % and the α 2 peak varies between several decades (10 to 75 • C).

In the figure 3 In addition, the effect of the temperature has been studied for spruce and maple in [ Kelley 87], whose results are given in the figure 3.5. The figure 3.5 (b) shows non monotonic relation between the loss factor and the temperature, associated with the different transitions. Between 0 and 50 • C, at 10 % of MC, there is a peak for the value of the loss factor for spruce. In parallel, there is a constant decrease of the Doctoral thesis -R. Viala conditions on the viscoelastic properties of tonewood storage modulus in the same temperature range, which is much more important than for maple. The main effect of the temperature on these material properties is explained by glass transitions, and especially the in situ glass transition of the lignin [ Salmén 84]. The glass transition temperature depends on the moisture content of the wood, and the increase of the moisture content induces a decrease in the in-situ glass transition temperature, and thus in the softening temperature of the wood, as shown in the figure 3.6. 

Hemicelluloses Lignin

In [Olsson 92], it was shown that the hardwoods had lower softening tempera-

State of the art on the viscoelastic properties of spruce wood

tures apparent activation energy than softwoods, which was explained by an increased cross-linking of the lignin for softwoods. These results are in contradiction with the ones given in the figure 3.5 by [ Kelley 87]. For spruce wood in water-saturated conditions, the storage modulus in the radial direction strongly evolves between 5 and 45 • C, which leads to a global decrease of -25 % [ Placet 07]. The effect of the temperature on the storage modulus in L direction is much smaller, from 0.5 to 1 % between 20 to 40 • C.

In order to evaluate the effects on mechanical properties of the temperature, dedicated studies have been performed for decades [Carrington 22], and thirty years ago studies have gathered these data to evaluate the impact of the temperature on the material properties of both hardwoods and softwoods indifferently, for different moisture content, as shown in the figure 3.7, from [ Gerhards 82]. The trends of E L and E R as a function of the temperature are similar, and it is shown that the wood is more sensitive to temperature changes in the radial direction than in the longitudinal direction. The results for spruce wood are given in the table 3.1 [ Palka 73]. More dedicated studies have been performed for the spruce wood, and the results are given in the figure 3.8. Finally, in [Jiang 10], it was observed on Chinese fir a decrease of only 2.5 % of the longitudinal stiffness between 25 and 40 • C , which remained constant for frequencies comprised between 0.1 and 100Hz. Similarly, no trend was observed for the loss factor in longitudinal direction in this temperature range, which will be compared with the presented result.

Deterministic characterisation of the influence of climatic room conditions on the viscoelastic properties of tonewood

From all these literature results, it turns out that a temperature increase is generally with a decrease of stiffness. The same effect on the loss factors is not well-known, especially in temperatures in room conditions, where the loss factors trends may differ according to the moisture content levels.
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Relation between frequency and elastic properties

Models have been proposed to describe the tendancy experimentally observed, [Ouis 02], and it was observed that between 1 and 10000 Hz, the Young's modulus in L direction was increased by 8 % (10 GPa to 10.8 GPa). But this has to be tempered since it is also shown in [Pritz 98] that the storage modulus in longitudinal direction is almost flat up to 5000 Hz, and strongly increases above [Olsson 92]. It is also shown in [ Yano 96], that the Young's modulus in both longitudinal and radial directions decreases when the frequency increases, especially above 1 kHz.

The intensity of correlation between the frequency and elastic properties is associated with the relative humidity [ Zhan 16]. On the storage modulus, the ratio between the modulus at 1 and 20 Hz increases with increasing RH before equilibrium state. When the wood is at its moisture equilibrium state, this ratio decreases, especially for RH below 90 • C, which tends to highlight transitional absorption effects on the frequency shift.

The effects of time are much more important above 140 • C on E' and 120 • C on η [ Jiang 09], but in the considered temperature and relative humidity, this effect is much weaker. For low frequencies, [Zhang 12] observed a monotonic increase of E L from 5 to 245 Hz, which is also observed for chinese fir in [Jiang 10] between 0.1 and 100 Hz, independently of the test temperature.

Relation between frequency and damping

Generally, the storage modulus is increased for increasing frequencies, but this effect is small on the reduced range between 0.5 and 5 Hz [ Placet 08], which is an usual range for DMA tests. A main rise in damping with frequency for both L and R directions from 10000 to 15000 Hz is observed in [ Haines 80], and η R is almost constant from 100 to 4000 Hz, and increases above 5000 Hz (+20 %). η L rises constantly from 750 to 10000 Hz and its values is almost tripled (and doubled between 750 and 5000 Hz). The study [Ouis 02] has shown an increase of the loss factor η L from 0.2 % to 2.8 % between 1 and 10000 Hz, which is in adequation with [ Haines 80].

In addition, for low frequencies, [Zhang 12] observed a decrease of η L by nano DMA from 5 to 245 Hz, and the value of η L remained quite high in comparison with dynamic resonant methods (3 % for DMA and usually 0.6 % for the last method). Generally, higher values of the loss factor are obtained with DMA than resonant method ; as an example, the value of the loss factor in the radial direction at ambient temperature is equal to 4.5 % when determined with DMA [ Placet 07], and close to 2 % when measured with dynamic methods. This effect may be, at least partially, explained by the different frequencies of solicitation between DMA and dynamic methods. In [ Golpayegani 11], it was observed a linear relation between the loss factor in longitudinal direction and the logarithm of the frequency for white Mulberry (Morus alba). For a frequency ranging between 0.1 and 300 Doctoral thesis -R. Viala Hz, the loss factor decreases from 2.75 to 0.8 %. In [Jiang 10], it is observed for temperature comprised between 20 and 45 • C a non monotonic evolution of the loss factor in longitudinal direction. The loss factor decreases between 0.1 and 10 Hz and increases above this value.

Given these studies, no clear conclusion can be drawn considering the evolution of the loss factor in the longitudinal direction for frequencies ranging between 0.1 and 5000 Hz.

Conclusion

As the musical instruments undergo brief and abrupt climatic changes, the impact of such transitional changes will be investigated for the later. As shown, studies often consider a wide temperature range, and results that show a very high effect of the temperature are given for temperatures ranging from -150 to +250 • C. Under usual utilisation, the musical instruments are undergoing much more narrow temperature changes, usually from 15 to 35 • C and the material properties of spruce in L and R directions will be studied in this restricted area. The results will be obtained with dynamical mechanical analysis and FEMU-3DVF and compared.

Data from the literature show that, in the considered hygrothermal conditions and frequency domains (15 to 45 • C, 25 to 75 % RH and 20 to 5000 Hz), the spruce wood has been mostly studied in the longitudinal direction. Most of the methods have been applied for specific frequencies, and discrepancies remain between results collected with DMA and dynamic resonant methods.

The aim of this chapter is to create empirical laws for the evolution of the viscoelastic properties of spruce in different directions, as a function of the frequency, temperature and relative humidity on the considered ranges. For this purpose, two methods are used, DMA in climatic enclosure and FEMU-3DVF method applied through climatic chamber window. Each method is described firstly, then results and discussions are given.
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Material and methods

The viscoelasticity of the spruce tonewood is studied through different methods that are detailed in this section. The material considered is also described below.

Studied samples

The spruce plate XIb, described in the previous chapter, is studied in this chapter. It corresponds to the highest quality of tonewood, 1.S. The plate is sanded and machined to obtain the desired dimensions, being L=500 mm, b = 200 mm, h = 3.2 mm. The plate is represented in the figure 3.9. In this plate, different samples for DMA tests have been cut in both radial (two samples) and longitudinal (five samples) directions. The beam dimensions are 70, 4.8 and 3.2 mm, for respectively L, b and h. At last, for the sorption isotherms studies, spruce chips are extracted from this plate XIb. This plate is also used for FEMU-3DVF method, and the blue square represents the observed area through the climatic chamber window (as described later). 

FEMU-3DVF method applied under controlled climatic conditions

The FEMU-3DVF method, detailed in the previous chapter is applied on the plate in the same way. In addition, the measurement is performed through the window of a climatic chamber CLIMATS ® in which the plate is stored and conditioned. The experimental set-up is represented in the figure 3.10. The measurements last 10 minutes for 140 measurements points, and the points measured on the plate conditions on the viscoelastic properties of tonewood are inside the blue rectangle represented in the figure 3.9 as the window is smaller than the sample. 

Climatic chamber Polytec PSV 3D vibrometer

In the climatic chamber, the temperature and relative humidity are modified as shown in the figure 3.11 which shows the variation of RH (blue) and temperature (red) as a function of the time. This protocol is labelled P I . The black dots represent the measurement times. The sample undergoes different levels of relative humidity (33, 50, 75 %) and temperature (15, 20, 25, 30, 35, 40, 45 • C). The stabilisation time between each temperature is of one hour and between RH steps is equal to 24 hours. The time between each relative humidity stabilisation is equal to 24 hours to stabilise mositure content state, as detailed in the appendix A.5.3. Nevertheless, the equilibrium can not be considered, as only 90 % of th emass change has been reached.

Dynamical Mechanical Analysis

Quasi-static tests and Dynamic Mechanical Analysis (DMA) were performed on an electro-dynamical device BOSE electroforce ® 3230. The experimental set-up for dynamical mechanical analysis is shown in the figure 3.12. Two type of tests are performed, for which the RH and T changes follow different protocols. The three-point flexure method is used to avoid crushing between clamps. the ration between the length and the thickness is equal to 22, which indicates shear effects on longitudinal strains. Nevertheless, a relative study is performed rather than absolute values measurements.

For the relative humidity sweep of 2.5 %, the RH is held during 30 min steps, for 116 Doctoral thesis -R. Viala The capacity of the load cell is 22 N for tests done on both L i and R i specimens. For these specimens, the load differs :
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• For L i samples, the dynamical amplitude of the force is equal to 1 N. The dynamic amplitude of the maximum stress applied on the beam is equal to 1.8 MPa, with a mean amplitude of -2 MPa, which leads to a dynamical amplitude of the maximum strain equal to 0.017 %, and a mean amplitude equal to -0.025 %.

• For R i samples tests, the dynamical amplitude of the force is equal to 0.25 N, with a mean amplitude equal to -0.2 N. The dynamical amplitude of the maximum stress applied on the beam is equal to 0.75 MPa, with a mean amplitude equal to -2 MPa, which leads to a dynamical amplitude of the maximum strain equal to 0.05 %, with a mean amplitude equal to -0.06 %. For both cases, the feedback is performed on the load cell.

The solicitation frequencies are equal to 0.1, 0.3, 1 and 3 Hz and 30 periods are used for the determination of the viscoelastic properties for temperature sweep. For RH sweep, the frequency is equal to 1 Hz and the same number of periods is used. The post-processing of the results is made using MATLAB ® algorithms. The dynamical mechanical analysis of the sample yields to a measure of the longitudinal and radial storage and loss moduli E L,R and E" L,R , and loss factors η L,R as a function of the time, which is associated to variation of temperature or different exposure times to relative humidity levels. The specimen dimensions change in these transitional relative humidity steps are taken into account, based on the measurements given in the appendix A.5.2.

In the DMA tests with P III protocol, the wood undergoes moisture content variations. The evolution of the storage and loss moduli will be considered for these moisture content levels. The evolution of width (b) and thickness (h) is equal to respectively +0.3 %/%MC and 0.38 %/%MC. The evolution of the beam section during the RH step is evaluated to be +0.06 % and +0.063 % for respectively b

Results and discussion

and h at the end of the step. This correction is applied on the dimensions of the beam for the evaluation of the storage and loss modulus.

Results and discussion

Dynamical Mechanical Analysis results for wooden beam specimens

The Dynamical Mechanical Analysis (DMA) of spruce beams has led to the measurements of the storage and loss moduli and loss factors in both longitudinal and radial directions. The DMA enables the quantification of the influence of the temperature, the relative humidity and the frequency on these material properties. It has to be emphasised that DMA tests are mainly used to evaluate relative changes. Indeed, absolute measurements are generally prior to errors due to underlying hypotheses. In addition, the strain field is not homogeneous along the width, and there is an indentation under the support areas.

Firstly, the results are given for the specimens in the longitudinal direction. The figure 3.14 shows the evolution of the storage and loss moduli as well as the loss factor of the beam specimen L 1 as a function of the temperature.

First of all, the frequency rise within the decade [0.1 ; 1] Hz is associated with an increase in the storage modulus, and a decrease in the loss factor. In the considered temperature range [25-42 • C], the temperature effect depends on the relative humidity value. Generally, a temperature increase is associated with a decrease of the storage modulus, but this effect is not systematically observed depending on RH (see 30 % RH). In the same way, the loss factor evolutions differ according to the relative humidity conditions. The dependence of the storage modulus and the loss factor to the temperature is modelled using the eq. 3.2 and 3.1. The equation parameters are given for a frequency equal to 1 Hz. It has to be emphasised that these models are based on only one test sample, and thus the aim is to build deterministic empirical models.

20%RH :

E L T = E L 25 × [1 -0.003 × (T -25)] , R 2 = 0.9 30%RH : - 50%RH : E L T = E L 25 × [1 -0.001 × (T -25)] , R 2 = 0.48 60%RH : E L T = E L 25 × [1 -0.0033 × (T -25)] , R 2 = 0.92 (3.1) 20%RH : η L T = η L 25 × [1 -0.0046 × (T -25)] , R 2 = 0.7 30%RH : η L T = η L 25 × [1 -0.0046 × (T -25)] , R 2 = 0.72 50%RH : - 60%RH : η L T = η L 25 × [1 -0.006 × (T -25)] , R 2 = 0.8 (3.2) Doctoral thesis -R. Viala
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The effects of the temperature on the mechanical properties are not consistently identical, and for several values of RH, there is no clear relation. Moreover, the variations are small, and close to the sensitivity of the device. It has been shown in [Kelley 87] that for the values of the moisture content close to 10 %, the evolution of the storage modulus is almost null (figure 3.4, short dashed line). The evolution of the loss factor depends on the relative humidity. For RH below 50 %, the loss factor decreases when the temperature increases and increases at 60 % RH when the temperature increases.

At 50% RH, the loss factor decreases with temperature increasing from 15 • C to 32 • C and increases above this value. These different trends tend to highlight the fact that in this temperature range, the loss factor depends on the glass transition of the hemicelluloses, α 2 , as shown in the figure 3.4, from [ Kelley 87]. In this figure, it is shown that the α 2 peak of the spruce is shifted to lower temperature when the moisture content increases. In the considered temperature range, the loss factor absolute variations in the worst case are equal to 0.5 %. At equivalent temperatures and frequencies, the relative humidity increase is associated with a decrease in the storage modulus, as shown in the table 3.2. These results lead to a relation between the storage modulus and the relative humidity, when moisture content has reached 90 % of its final value. This relation is given in the eq. 3.3 for T=27 and 38 • C.

RH (%) E L (MPa) (T=27 • C) E L (MPa) (T=38 • C) ηL (T=27 • C) ηL (T=38
T = 27 • C, E L RH = E L 50 × [1 -0.0025 × (RH -50)] , R 2 = 0.82 T = 38 • C, E L RH = E L 50 × [1 -0.0028 × (RH -50)] , R 2 = 0.99 (3.3)
The dependence of the storage modulus in regard with the relative humidity varies for different temperature cases. For a relative humidity comprised between 20 and 60 %, the storage modulus values decrease of more than 1.2 GPa. Considering the protocol P II , the relative humidity changes are brief and the MC equilibrium is not reached, and this protocol is closer to reality when considering the relative changes that a musical instrument undergoes. The evolution of the storage and loss moduli, as well as the loss factor are given in the figure 3.15.

It is shown that the storage modulus evolution is small for transitional RH changes, and an unexpected small increase is observed for all the specimens L 2 , L 3 and L 5 . In contrary, the loss modulus and the loss factor strongly increase, in the same way for all the specimens. When compared with the relative humidity Doctoral thesis -R. Viala Deterministic characterisation of the influence of climatic room conditions on the viscoelastic properties of tonewood equal to 45 %, the loss factor in L direction can be expressed, when the specimen is undergoing moisture content changes, as :

η L RH = η L 45 × [1 + 0.009 × (RH -45)] , R 2 = 0.97 (3.4)
Therefore, it is shown that η L is strongly subjected to increase when undergoing transitional RH changes, as expected considering the results of [ Brémaud 15]. The absolute value of η L obtained with DMA is much higher than the one usually obtained with dynamic resonant test (respectively 5 % and 0.6 % at 50 % RH). This difference can be, at least partly, explained by the fact that the solicitation frequency is different between DMA and in-situ FEMU-3DVF tests. When the frequency increases, generally, the loss factors in both L and R directions decrease. This effect was observed in [ Golpayegani 11] where it was underlined a linear relation between the loss factor in longitudinal direction and the logarithm of the frequency for white Mulberry (Morus alba). For a frequency ranging between and 0.1 and 300 Hz, the loss factor decreases from 2.75 to 0.8 %. In this presented study, the loss factor decreases from 5 % at 0.1 Hz to 0.6 % at 60 Hz, which is a much more important effect. So the explanation based on the frequency seems to be insufficient considering the difference of a decade. Moreover, the dissipation due to the friction under the support points and the compliance of the assembly is also a source of dissipation that can be proposed.
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The figure 3.16 gives the temperature and relative humidity dependence of the storage and loss moduli as well as the loss factor of the beam specimen R 1 , corresponding to the radial direction.

The temperature changes ranging between 10 to 65 • C at isohume (50 %) and the relative humidity changes (from 15 to 75 %) in isotherm (32 • C) condition are associated with a decrease of the storage modulus, and an increase of the loss factor in radial direction. When the frequency increases, this lead to an increase of the storage modulus and a decrease of the loss modulus and loss factor, with similar trends. Between 10 and 60 • C, the decrease of the storage modulus and the increase of the loss factor are almost linear, in isohume conditions. The relation between the storage modulus and the temperature at 50 % RH is given for different frequency in the following equation :

0.1Hz : E R T = E R 25 × [1 -0.005 × (T -25)] , R 2 = 0.87 0.3Hz : E R T = E R 25 × [1 -0.0054 × (T -25)] , R 2 = 0.87 1Hz : E R T = E R 25 × [1 -0.0055 × (T -25)] , R 2 = 0.87 3.1Hz : E R T = E R 25 × [1 -0.0057 × (T -25)] , R 2 = 0.85 (3.5)
In the same way, the loss factor in the radial direction is given in the eq. 3.6 :

0.1Hz : η R T = η R 25 × [1 + 0.0056 × (T -25)] , R 2 = 0.82 0.3Hz : η R T = η R 25 × [1 + 0.0046 × (T -25)] , R 2 = 0.9 1Hz : η R T = η R 25 × [1 + 0.0051 × (T -25)] R 2 = 0.94 3.1Hz : η R T = η R 25 × [1 + 0.0077 × (T -25)] , R 2 = 0.94 (3.6)
The dependence of the radial mechanical parameters in regards with transitional changes of the RH is given in the right part of the figure 3.16. At 1 Hz and 32 • C, the relative humidity short term rising is associated with an increase of the loss factor between 15 and 75 % RH, almost linearly. The storage modulus increases up to 50% RH and then remains constant, and the storage modulus decreases almost linearly between 15 and 75 %. The temperature effect on the storage modulus and the loss factor are expressed as :

E R RH = E R 50 × [1 -0.0028 × (RH -50)] , R 2 = 0.95 η R RH = η R 50 × [1 + 0.008 × (RH -50)] , R 2 = 0.97 (3.7)
These results were given for DMA tests, and the dependence of the properties to T and RH will be compared with the ones obtained with FEMU-3DVF method, whose results are given below.

FEMU-3DVF and climatic chamber measurements results

The properties identified using the FEMU-3DVF and the in-situ velocity fields measurements with the protocol P I (similar to the protocol P III ) are given in the table 3.3 which shows the identified material properties for different cases of temperature and relative humidity. First of all, an increase of the specific gravity is Doctoral thesis -R. Viala Deterministic characterisation of the influence of climatic room conditions on the viscoelastic properties of tonewood observed with the increase of the relative humidity, as expected. The loss factors generally increase with the increasing (from 33 to 75 %) of the relative humidity and the Young's moduli and shear modulus decrease ; the same trend is observed for temperature changes, where the elastic moduli decrease and the loss factors increase when the temperature increases (from 15 to 45 • C). When undergoing changes from 33 to 75 % RH, E L decreases of more than 1 GPa at 25 • C, as observed with the DMA test ; E R and G LR decreases of nearly 200 and 160 MPa, respectively. The loss factor η L , η R and η LR increase of 0.3, 1.7 and 1.5 %, respectively. The loss factors η R and η LR are almost doubled in the RH range. For isohume conditions, between 20 and 45 • C, the E L and E R decrease depends on the RH level, and is detailed below. The evolution of the mechanical properties are more sensitive to the RH than to the temperature in the considered climatic domain. The effect of the temperature on G LR is very small, and an increase of the temperature is associated with a decrease of G LR at 75 % RH and no clear correlation is observed for 33 and 50 % RH. The figure 3.17 represents the evolution of three rigidities and three loss factors for these different cases of climatic conditions.
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η LR (%)
With these results, the following empirical laws given in the eq. 3.8 and 3.9 are proposed to model the evolution of the elastic and damping properties as a function of temperature and relative humidity changes. The effects attributed to temperature vary according to the relative humidity value ; and in the following equation, a depends of the RH value.

E L T = E L 25 × [1 + a × (T -25)] , R 2 = 0.94 η L T = η L 25 × [1 + a × (T -25)] , R 2 = 0.36 E R T = E R 25 × [1 + a × (T -25)] , R 2 = 0.91 η R T = η R 25 × [1 + a × (T -25)] , R 2 = 0.86 G LR T = G LR 25 × [1 + a × (T -25)] , R 2 = 0.29 η LR T = η LR 25 × [1 + a × (T -25)] , R 2 = 0.6 (3.8)
The corresponding values of the coefficient a are given in the table 3.4. For the relative humidity dependence, as the effect of the temperature is small, the results are given for T=25 • C.

E L RH = E L 50 × [1 -0.0015 × (RH -50)] , R 2 = 0.99 η L RH = η L 50 × [1 + 0.013 × (RH -50)] , R 2 = 0.8 E R RH = E R 50 × [1 -0.005 × (RH -50)] , R 2 = 0.85 η R RH = η R 50 × [1 + 0.023 × (RH -50)] , R 2 = 0.8 G LR RH = G LR 50 × [1 -0.007 × (RH -50)] , R 2 = 0.95 η LR RH = η LR 50 × [1 + 0.013 × (RH -50)] , R 2 = 0.65 (3.9)
For the latter, the relative changes given above for both DMA tests and FEMU-3DVF results are compared.

Doctoral thesis -R. Viala

Deterministic characterisation of the influence of climatic room conditions on the viscoelastic properties of tonewood The comparison between the two methods is given in the table 3.5. This table shows that similar trends are observed between the two methods, such as the evolution of E L and η R . In general, the order of magnitude is similar. It has to be emphasised that the DMA method performs local measurements which are more sensitive to local variations than the FEMU-3DVF method, that consider the global behaviour of the plate. Moreover, the FEMU-3DVF enables the measurement of all the parameters at once, where DMA analysis need coupon and give the results in only one material direction. 

Empirical laws proposal

Finally, the data obtained with both method have led to the creation of empirical laws for rigidities and loss factors in L, R and LR directions expressed as a function of the relative humidity and temperature. The dependence of these properties are given in regard of the temperature (table 3.6). The model for the dependence of the relative humidity is given in the table 3.7. The effect of the moisture content, considering 1 % MC is equivalent to 5 % RH, is also given in the table 3.7. The relative changes of the loss factor per % RH or % MC displayed in the table 3.7 are higher than the ones usually obtained, which can be attributed to short term changes at an out-of-equilibrium state, as proposed in [ Brémaud 15].
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Conclusion

In this chapter, the measurement in controlled climatic conditions has enabled the determination of the effect of the relative humidity and temperature on a plate of spruce of grade 1.S., which has been compared with DMA tests. The processing of the identified material properties has led to the creation of empirical laws giving the relative humidity and temperature dependence of three rigidities (E L ,E R ,G LR ) and three loss factors (η L , η R η LR ).

When moisture content reached 90 % of its final value, it was showed that the loss factors increased in all directions when the relative humidity and the temperature increased. For the same changes, the elastic modulus in L and R directions decreased and the shear modulus in LR was almost constant. Fast changes of relative humidity, from 25 to 75 % for a given temperature, have shown that the elastic modulus in L direction was unchanged (in this case the moisture content equilibrium level is not reached). The loss factor in the same direction was doubled which highlights the effect of mechano-sorptive effect on the damping properties of wood. Thus, in the musical instruments, it is proposed that such changes of damping properties for climatic conditions that musical instrument usually undergo may affect their dynamical features. Moreover, it has to be poitned out that in the case of 1 day step of RH change, the sample is in a unstable state, which leads to higher loss factor than usual, which is not the case for DMA tests, where the unstable state was not reached yet.

In this chapter, the number of specimen tested is very small, and further investigations including more samples, are proposed to increase the accuracy of the proposed laws and their reliability. The material properties have been studied and evaluated in the chapter II and III, they will be implemented in numerical models based on the finite element method. The next chapter describes the different physical models that are used in this work. In addition, it aims at proposing verification and validation tools that can be a starting point of model-based numerical tools for instrument makers.

Part II

Numerical models of musical instruments, Chapters 4 to 7 Doctoral thesis -R. Viala 131

Introduction

This chapter is dedicated to the application of the verification and validation methods to numerical models of musical instruments. The aim is to evaluate the capacity of these methods to represent the dynamical behaviour of assembled wooden structures with complex geometrical shapes. Indeed, in the framework of the utilisation of numerical models for the musical instrument making, the reliability of the models have to be at first time assessed and quantified.

The verification and validation process and its elements are firstly described in 4.1. This aims at giving the basic concepts of this process, as a starting point for its application to musical instruments.

Secondly, applications are proposed on physics-based models of musical instrument. The first application is the verification and validation performed on a numerical model of Spanish guitar soundboard. The validation is performed through the uncertainty quantification lean. The uncertainties associated with the guitar making are linked with the variability of the material, the geometry and the assemblies. In this section, only the material variability is taken into account, and the uncertainty models used are taken from the results and exploitation of the chapters II and III.

Thirdly, the second application, a screening analysis is performed on a numerical model of unmounted violin, based on a sensitivity analysis method. This aims at ranking, among all the material parameters, which ones are particularly influential on the vibratory behaviour of the instruments. This step is a critical prerequisite for further sensitivity analyses, as the computation time of such analyses is highly dependent of the number of parameters.

Overview of the V&V process

Overview of the V&V process

Historically used as a posteriori, models are nowadays more and more used for the prediction of complex structures. Physics-based modelling is more and more used to predict the behaviour of complex virtual systems in the first steps of prototyping, and to quantify the variability of its behaviour, submitted to numerous unavoidable sources of uncertainties. Faster and cheaper, the modelling is therefore taking a more and more prominent place in the industrial domain, for the prototyping of structures, and their certification. As the utilisation of the models concern more and more sophisticated structures, the models are still often unable to predict correctly their behaviour.

Thus, in order to avoid more or less problematic issues, the V&V process has been developed to assess the viability of a model, and its framework is detailed in [ASME 98] and the book [ Oberkampf 10] is considered as a reference. The constant increase of the computing power offers the possibility to perform an increasing number of complex simulations. Indeed, the V&V method needs a large number of simulations to predict as much cases as possible, that are parts of the uncertainty domains. The V&V process is generic and applicable to all fields where physics-based models are employed. In this work, its application focuses on the vibratory behaviour of structures, which has been an application field in [ In this figure, it is shown that assessment activities are performed, e.g. verification (code and calculation) and validation that are described below. Firstly, the two main components of the V&V, experimental data and models, are described. Doctoral thesis -R. Viala 

Experimental data description

The guide for verification and validation in computational mechanics, [ASME 06], described the experimental data as"raw or processed observations (measurements) obtained from performing an experiment". It is the gather of the data produced in a particular context, the experiment. These data are linked to a test method (which deals with devices, softwares and samples). One of the main point of the experimental data is their repeatability, which is at the basis of the scientific method. The experimental data lead to experimental outcomes, that are "features of interest extracted from experimental data that will be used, along with estimates of the uncertainty, for validation comparisons" [ASME 06]. In the case of structural dynamics, specific features are generally used, which are described in the section 1.3. All these elements are gathered in the reality of interest of the model, which is "the physical system and its associated environment to which the computational model will be applied " [ASME 06].

Physics-based numerical models description

According to [ASME 06], a model is "the conceptual, mathematical, and numerical representations of the physical phenomena needed to represent specific real-world conditions and scenarios. Thus, the model includes the geometrical representation, governing equations, boundary conditions, loadings, constitutive models and related material parameters, spatial and temporal approximations, and numerical solution algorithms." This definition clusters a wide spectrum of elements that are needed to 136 Doctoral thesis -R. Viala
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describe the conceptual model. In mechanical engineering, nowadays, most of the considered models are numerical physics-based models, for which the computing power enables the study of increasingly complex systems.

Models can be mathematical, such as "the mathematical equations, boundary values, initial conditions, and modelling data needed to describe the conceptual model " [ASME 06]. A conceptual model is "the collection of assumptions and descriptions of physical processes representing the solid mechanics behaviour of the reality of interest from which the mathematical model and validation experiments can be constructed " [ ASME 06]. A model is developped for an intended use, which is "the specific purpose for which the computational model is to be used " [ ASME 06]. If the model fits the conditions that are presupposed for its acceptance, it fits the condition of adequacy. Besides accuracy requirement, different conditions, such as the cost, maintenance and ease of use may be needed. The model proposes predictions, which are "the output from a model that calculate the response of a physical system before experimental data are available to user " [ASME 06]. Thus, this particular use of the models is emphasised in the overall presented work, and models are used as a basis to the virtual prototyping of numerical instrument. The following section aims at summing up the different steps required to assess the reliability of the models.

Model verification description

The model verification is the objective insurance that a model (in this case a numerical model) solves the equation correctly. In [ASME 06], the verification is defined as the domain of the software quality assurance used by software developers. The verification is a step that precedes validation.

Code verification

A code is "the computer implementation of algorithms developed to facilitate the formulation and approximate solution of a class of problems" [ASME 06]. The code verification is "the process of determining that the numerical algorithms are correctly implemented in the computer code and of identifying errors in the software" [ASME 06]. Most of the verification is performed by the developers, as users, most of the time, do not have access to the source of the code. It remains that users share the responsibility of the code verification, by giving the developers a feedback of the encountered issues to the developers. As an example and anecdote, within the framework of this thesis, an error has been spotted in the software PATRAN ® and notified to the developers. The error (whose lifetime is unknown) consisted in a wrong value of one of the extra-diagonal term of the rigidity matrix, after the inversion of the compliance matrix. This error has been spotted when comparing the values obtained analytically and the ones used for the solving step, which is still the traditional method for the code verification : comparing the code solution and the analytical solution.

Calculation verification

The calculation verification is "the process of determining the solution accuracy of a particular calculation" [ASME 06]. This is the other part of the verification process along with the code verification. It is the determination of the errors in the computed solution due to the discretisation processed by, for example, the finite element method.

The computation verification is the second step of the verification protocol. It usually compares the results obtained with an analytical model (when available) and the ones obtained for different discretisation levels. During a verification procedure, the discrepancy between analytical and numerical results should decrease for a finer level of discretisation. The level of discretisation is then defined as a balance between closeness of the solution and computation time. Thus, the responsibility for the calculation verification belongs to the users of the software and not to the developers. The mesh-refinement is a common step in structure modelling, and is considered as an easy way to verify a model. The study of the mesh-refinement of a model is therefore a part of the computation verification. This step aims to assess that the discretisation level of the model is high enough to reduce its impact on the solution. Generally, the observed order of accuracy (convergence) is used as an indicator for the model verification. It is "the empirically determined rate of convergence of the solution to a set of discrete equations as the spatial and temporal discretisations approach zero. This rate can be obtained by comparing multiple computational solution results that use different levels of discretisation" [ASME 06].

Model validation description

After the verification process, the validation process aims at ensuring the reliability of the model when predicting the behaviour of a system. It assesses the predictive capability of a model through the comparison of model results with experiments. The predictions of the model (that can consist of numerous features) are compared to experimental data. The model is validated when the closeness between numerical and experimental results is below a tolerance level. Ideally, the experiments performed expressly for the validation purpose, as a physical realisation of the model, should be designed, driven and analyzed for this purpose [ Oberkampf 04]. Thus, different characteristics of the experiments have to be as close to the model as possible (boundary conditions, materials, dimensions, ...). The model reliability decreases when the experiments are not intended expressly for the validation, and present some discrepancies between what is modelled and the reality. The experiments make perfect sense when the material used for experiments exhibits a high variability. The wood, as it has been observed in the previous chapter shows a high variability. Therefore, a higher number of experiments leads to an enhancement of the model reliability, through the validation criterion. Validation metrics are needed, whose nature and quantity vary widely. In this work, the discrepancy between the eigenfrequencies and the modal autocorrelation of matched modes is mainly used. At the end of the validation process, 4.1 Overview of the V&V process a model calibration can be performed to update the model and enhance its liability.

Model calibration method

The model calibration consists in the updating of the model. The model is updated with modification (for example by changing geometries or material parameters). This calibration leads to a new version of the model that exhibits a behaviour closer to the one observed experimentally. Thus it enhances its reliability. The classical approach for the reliability is based on the fidelity of the model in regard with the experimental database, which is applied in [Mottershead 93]. The databases can be compared with different indicators called metrics. The metrics used may depend on the amount of experimental and numerical data and the number of features used for their construction.

Both deterministic and probabilistic (e.g. Euclidian and Mahalanobis) metrics exist. The Euclidian metrics compare the discrepancy between points, the Mahalanobis [Mahalanobis 36] or Bhattacharrya [Bhattacharyya 46] metrics compare the discrepancy between two populations or distributions. The last metrics are much more computer time consuming to establish, as the distributions gather a high number of points. The fidelity of the numerical model and the robustness of the model against uncertainties are two different criteria. The model calibration can not improve the fidelity and the robustness of the model at the same time. Moreover these two ideas are adversarial, as detailed in [Ben-Haim 12]. As a reminder, the model calibration performed to match the highest fidelity is a mean for the identification of material parameters, as detailed in the previous chapter. As always, phenomena of compensation appear. As an example, different compensatory sets of parameter can lead to the same fidelity of the model. Compensations phenomena can be diminished by a higher number of features or feature components, which means, finally, by an higher knowledge of the studied structure.

Uncertainty quantification

The uncertainties, with which the V&V deal can be sorted in different families. The uncertainties have to be sorted and schematised, to be taken into account when studying a system. The implementation of an uncertainty model may be subjective and differs between different domains and models. Uncertainties are discussed in different studies [ Oberkampf 02], [ Klir 04], and the terms used and classifications may differ depending on the studies. Mainly, two type of uncertainties are described. The next paragraphs use the nomenclature from [ Kiureghian 09].

Aleatory uncertainties

An irreducible uncertainty is defined as the"inherent variation associated with the physical system being modelled. Also called aleatory uncertainty." [ASME 06]. The aleatory uncertainties are linked with the variability of the studied system and the environment of its utilisation domain and have been widely used for decades to Doctoral thesis -R. Viala
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formalise the uncertainties into implementable entities [ Oberkampf 02]. Aleatory uncertainties gather, among others :

-The variability of the material properties. In the case of wooden parts of musical instruments, the variability of such material is very high and inevitable. Thus, this aleatory uncertainty has to be taken into account with different probabilistic models, as the ones given in the chapter II. Material properties are taken into account as an uncertainty when it is considered that they have an impact on the behaviour of the system, thus sensitivity analysis have to be performed to evaluate their influence.

-The utilisations of the structure and its surroundings. For example, a musical instrument undergoes climatic conditions variations that will have an impact on its mechanical properties, as shown in the chapter III. The climatic conditions are considered as a source of uncertainty that can be modelled with probabilistic approaches, as given in the appendix A.4.

Epistemic uncertainties

The epistemic uncertainties are uncertainties that can be reduced by a better knowledge. This may concern the behaviour's law of the materials, an enhanced definition of the analytical problem taking into account more phenomena, or discretisation errors. In addition, epistemic uncertainties have to be considered for the lack of knowledge of the assemblies phenomena, which require complex modelling means. Glue assemblies in guitar and violins are considered as a a source of epistemic uncertainties, but are not studied in the framework of this PhD thesis. For high levels of uncertainties and critical decision making, some theories have been developed, such as info-gap decision theory [Ben- Haim 06].

Probabilistic approach

The probabilistic, or stochastic, approach uses the probabilities theory to model uncertainties, and is the most used method [Schuëller 97, Schuëller 01]. Such laws have been proposed in the chapter II, where material properties where defined as probability density functions. The proposed laws were based on experiments and built a posteriori. The reliability of such probabilistic models for the uncertainties is dependent of the knowledge and amount of data corresponding to, for example parameters values. As an example, the wood used in musical instruments exhibits high variability that can be modelled through probabilistic approach. Nevertheless, these laws have to be built with a high number of samples and experiments to increase their accuracy.

The implementation in numerical models is carried out by random number generators. These methods are called Monte-Carlo methods as a reference to the game of chance played in Monte-Carlo [Metropolis 49]. The sampling may be performed using Monte-Carlo method, whom convergence is proportional to the inverse of the square root of the number of random number generation. The Latin Hypercube

Overview of the V&V process

Algorithm is often used for Monte-Carlo integration [McKay 79] and is used in this work for the implementation of the probability. The variability can be implemented indifferently to all the elements of a numerical model at the same time or differently applied to each element [Ghanem 91]. Another method, based on Bayesian inference is more subjective and model probabilities with an a priori point of view [ Schuëller 06].

The stochastic methods are appropriate for the description of the aleatory uncertainties, and will be used for the next parts as a definition of the variability of the wood properties (rigidities and density) and, for two cases, the variability of the geometry values.

Effects screening and sensitivity analysis

Sensitivity analyses are used to study, in models, the impact of the variability of inputs of the model toward given outputs, that will be called metrics. This aims at determining the inputs responsible for the variability of the outputs. It provides a quantified sensitivity for each parameter that is defined in the model/system. This allows the reduction of the input domain to a smaller one that is responsible of the greatest part of the outputs behaviour. The input variables are thus sorted. Different methods to perform sensitivity analysis exist, and several are detailed below.

-The strain energy method divides the system into sub domains, and their strain energy defines their influence. In the case of a mechanical system, this method can not distinguish effects of either rigidities or density, for example.

-The FAST method [Cukier 73] is based on the development of Fourier series of the function giving the outputs of the system, it enables a decomposition of the variance of each parameter. Nevertheless, in the study case that is presented, the parameters are changed between their definition and implementation in the model : the compliance matrix is inverted. Thus the Fourier series decomposition can not be created.

-The principal component analysis [Pearson 01] converts sets of correlated variables into sets of uncorrelated parameters called principal components. The first principal component has the largest possible variance. The PCA requires a number of computations that is linked to the number of variables. The study of the unmounted violin deals with 91 parameters, thus the method will not be retained.

These methods are either not sufficient to establish effects of material properties (strain energies) or too time consuming (FAST, MC). In this study, the aim is to perform a screening analysis, and for this purpose the two following methods will be used, since they provide screening results for reasonable computation time. Nevertheless, these methods are not sufficient to perform a full sensitivity analysis.

Finite difference sensitivity analysis

Doctoral thesis -R. Viala

The finite difference sensitivity analysis method is a local method. It evaluates the sensitivity of a given output of a system in relation to each parameter. during the process, one parameter X i undergoes a small modification δX i and the others remain constant. In the following equation, Y (X i ) designates an output. The sensitivity indicator φ i is given by the eq. 4.1 [Hamby 94] :

φ i = Y (X 1 ,...,X i +∆X i ,...,Xn)-Y (X 1 ,...,X i ,...,Xn) Y (X 1 ,...,X i ,...,Xn) ∆X i X i (4.1)
Generally, the relative variation is close 1 Ğ. This method is relatively low cost (the number of computation is equal to the number of inputs) and enables a first look at the influence of each input. Nevertheless, it explores a very small part of the input domain, changing inputs around the values that correspond to the nominal model. This method can not evaluate the coupling effects between parameters, and more powerful methods are needed, especially when dealing with dynamical behaviour where, as an example, the material properties can exhibit coupling and compensations.

Morris design sensitivity analysis

The Morris method [Morris 91] explores the input domain in such a way that it provides more information on the sensitivity of the model outputs in regards to the inputs. The linear and coupling effects of the input parameters is observed. For a number of n p parameters X i in a n p dimensions domain Ω, the domain is sampled in p levels. The values of the domain Ω are defined in order to depict all the values that the parameters can attain. The elementary effect of a parameter X i in a sample X j of the space is given by :

E j i = f (X j ± e i ) -f (X j ) ±∆ (4.2)
With e i a unit vector and ∆ a value taken in

1 p-1 , ..., 1 -1 p-1 .
The n t trajectories will define the number of computations given by (n t + 1) × i + 1. An example of three trajectories for three parameters are shown in figure 4.2. Figure 4.3 shows three sets of results. The set "a" represents the parameter with a small mean influence and small coupling. The set "b" shows parameters with high mean influence but small coupling. The last set "c" represents the parameter with significant mean sensitivity and coupling.
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Doctoral thesis -R. Viala The sensitivity evaluations on each parameter X i are the mean µ i = M ean(E j) i and the standard deviation σ i = StD((E j i ) of the n t indices E j i . The sensitivity is the value µ i . An high value of µ i means a high influence of the input parameter X i (and vice versa). If µ i is high and σ i is small, the parameter has an important effect, but is weakly coupled with the other parameters. If both µ i and σ i are high, the parameter has an important effect and behaves non-linearly or either is coupled with other parameters. The Morris method is used for the screening analyses, as it gives a sensitivity indicator by exploring a wide domain of variability of the material, due to the bonds at each i step.

This state of the art has presented the main elements of the V&V process. The remaining parts of the chapter will present application on musical instruments of some of the presented methods.

-The first application is focused on the model verification, uncertainty quantification and partial model validation of a Spanish guitar soundboard.

-The second application is dedicated to the screening analyses of all the elastic material properties according to their effect on the dynamics of an unmounted violin to quantify their impact, then to reduce the number of parameters that Doctoral thesis -R. Viala 4.2 Application N°1 : V&V applied to the soundboard of a Spanish guitar

Application N°1 : V&V applied to the soundboard of a Spanish guitar

In this section, a model validation of a musical instrument part is proposed. The structure studied is a soundboard of Spanish guitar. This study has been carried out in partnership with Marco A. P ÉREZ, Associate Professor at the Universitat Ramon Llull, in the Department of Industrial Engineering in Barcelona and the guitarmaker Antonio Manjón. They have performed the experiments on five similar soundboards at 15 different steps [Pérez 16a], [Pérez 17b]. The different making steps correspond mainly to wood removals and bars gluing to create a structure that exhibits a desired vibratory behaviour, as this part of the guitar is considered as the most important one [ Skrodzka 11]. Usually these steps performed by instrument makers are led by empiricism and traditions, and barely quantified to highlight objective assessments.

One of the most common characterisation mean is the modal analysis, which contains both time and space related informations. Among the different steps studied by Pérez & Manjón, the model developed corresponds to the last making step, when the soundboard is finished, but unvarnished. The vibratory behaviour is measured and computed in free-conditions. The eigenfrequencies measured are compared to the computed ones, and matched for similar mode shapes. The probability density functions of each eigenfrequencies are computed using the uncertainty models identified in the previous chapter. A Complex Frequency Domain Assurance Correlation (CFDAC) [Pérez 17b] is performed between real soundboard and models to observe the discrepancies in the behaviour of the musical instruments. The uncertainty of the climatic conditions is also implemented as a probability density function of the temperature and the relative humidity. This, in addition with the phenomenological laws identified in the previous chapters, is used to create numerical models of musical instruments that exhibit an as much as possible realistic variability.

Modal analysis of Spanish guitar soundboard

The modal analysis of the guitar soundboard has been carried out by Marco P ÉREZ, and detailed in [Pérez 17b], the material and methods is taken from the cited paper. The tested soundboards are labelled Sb 01 , Sb 02 , Sb 03 , Sb 04 , Sb 05 , and their masses are equal to 164, 166, 154, 178 and 170 g, respectively. Only the out-ofplane motion of the soundboard has been considered. The guitar soundboards have been suspended to mimic free boundary conditions. An 1D accelerometer (B&K 4518-003) has been used and glued near the bridge location and an impact hammer (B&K 8204) has been used to excite the structure on 99 points. The test frequency ranges between 0 and 800 Hz, and the corresponding resolution is equal to 0.25 Hz. A modal analysis of the accelerances is performed to evaluate the modal basis of each soundboard. The tests have been performed for the 15 successive steps. In this study, only the last step is considered among the ones that are described in the table 4.1, from [Pérez 16b].
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Numerical model of Spanish guitar soundboard

The numerical model of the soundboard for the construction stage № 15 given in the table 4.1 has been developed by me in the framework of this PhD thesis using the finite element method based on a Computer Aided Design (CAD) provided by Marco P ÉREZ. The software used for the pre-processing is PATRAN ® and the solver is NASTRAN ® . The CAD software used is SOLIDWORKS ® . The figure 4.4 represents the CAD of the soundboard and the figure 4.5 (a) the finite element model and the global coordinate frame. The CAD is meshed using tetrahedral elements with quadratic interpolation. The interfaces between the soundboard and the different parts are considered as perfect and are modelled with coincident nodes and equivalent faces. The finite ele-Doctoral thesis -R. Viala ment model contains 65000 elements and 132000 nodes. Free conditions are applied. The material used is spruce for all the braces, bars, patches and the soundboard. The material properties are taken from the results of the chapter II. The values are given in the table 4.2.

Application N°1 : V&V applied to the soundboard of a Spanish guitar

The implementation procedure is detailed in the figure 4.6. The Morris analysis post processing requires independent parameters as input. For this purpose, the elastic parameters variability at nominal density is sampled. The density d 0 is also sampled according to variations evaluated in the chapter II. The temperature and relative humidity are also sampled according to the variability observed in the appendix A.4. As a second step, the moisture content is calculated from the RH and T values sampled, according to [ Simpson 73]. The density d M C is calculated from the value of MC according to [Simpson 76]. The dependence of the elastic parameters with density is taken from the results of the chapter II and [ Guitard 87]. Finally, the evolution of the elastic properties as a function of the moisture content (or RH and T) is implemented from the chapter III. The relative humidity and temperature uncertainty is implemented as probability density functions given in the chapter III. Two sets of material parameters are considered : one is dedicated to the soundboard, the second one to the other spruce parts. The material used for the soundboard is implemented to match the orientation of the wood in the reality. The wood samples (bars and soundboard) are quarter-sawn and the dimensions are small enough to consider an orthotropic definition. Considering the coordinate frame represented in the figure 4.5 (a), X corresponds to the radial direction (R), Y to the longitudinal direction (L), Z to the tangential direction (T). The material properties of the soundboard and of the parts are changed separately. A modal basis is computed with the nominal values given in the table 4.2. With these values, the mass of the model is estimated to 186 g. The computation lasts five minutes on a computer with a quad core CPU and 8Gb RAM. The bandwidth for the modes extraction ranges between 1 and 3000 Hz. The frequency response functions in acceleration (accelerances or inertances), are computed on 99 degrees of freedom, all in the out-of-plane (Z) direction. The driving force value is equal to 1 N, applied in the Z direction on the point labelled 69 in the figure 4.5 (b). This figure shows the location of all the points measured. The computation of FRF is made on the nodes close to each points. The material behaviour's laws are linear elastic. Thus the damping is applied a posteriori as a modal damping whose value (0.6 %) is defined as constant on all the bandwidth. This value corresponds to the mean modal damping measured in guitar soundboards in the considered bandwidth (see appendix A.8). The modal damping of musical instruments is rooted in different phenomena that involve the material, the interfaces, the varnish (not in this case of unvarnished soundboard) and the radiation and coupling with the air [Schelleng 68]. The modal overlap factor is calculated for third octaves band whom central values range from 125 to 2500. A modal damping of 0.6 % is used for the calculation of the modal overlap factor.

Application N°1 : V&V applied to the soundboard of a Spanish guitar

The uncertainty quantification is performed using Monte-Carlo method. The uncertainties are introduced using uncertainty models for E L , E R , G LR , RH, T, and ρ. Changes in the relative humidity and the temperature affect both density and the rigidities. The change in the material parameters is applied through the change of the moisture content value, using the phenomenological laws that come from the previous chapter. For this uncertainty quantification, 3000 modal bases have been computed. The comparison of the eigenmodes between experimental and numerical data is visual. More efficient means will be used, like the Modal Assurance Criterion (MAC) proposed in [ Allemang 82] and CFDAC [Pérez 17b].
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Model verification of Spanish guitar soundboard

The method used in this work is taken from an example given in [Van Buren 17], which was inspired by [Hemez 08]. In this study, different criteria are proposed, and the Ansatz error model is given such as in eq. 4.3

ε (∆ x ) =| sol exact -sol (∆ x ) |= β × (∆ x ) p + O (∆ x ) p+1 (4.3)
In this equation, ε(∆ x ) gives the error between a solution sol(∆ x ) given for grid size ∆ x and an exact solution sol exact . β is a regression coefficient that may be identified, as well as p, the rate of convergence of the truncation error and O(∆ x ) p+1 all the higher order terms, in the case of a non linear evolution of ε(∆ x ). It has to be pointed out that sol exact is hardly available for complex simulations, as an analytical solution cannot be defined. An other solution, labelled sol ref erence , is proposed using an extrapolation of the solution for a theoretical resolution of the mesh equal to zero. In [Van Buren 17], the Richardson extrapolation is used, which is predicted using three different mesh size. In this case, ∆x coarse , ∆x medium , ∆x f ine denote the coarse, medium and fine grid resolution, respectively. A condition needed is a constant ratio R between each case, given in the eq. 4.4

R = ∆x coarse ∆x medium = ∆x medium ∆x f ine (4.4)
Moreover, two supplementary variables are needed, ξ, the ratio of solution differences, given in eq. 4.5 and p, the rate of convergence of the solution, given in eq. 4.6.

ξ = sol (∆x medium ) -sol (∆x coarse ) sol (∆x f ine ) -sol (∆x medium ) (4.5) p = log(ξ) log(R) (4.6)
The extrapolated solution sol ref erence is given in eq. 4.7.

sol ref erence = sol (∆x f ine ) + sol (∆x f ine ) -sol (∆x medium ) R p -1 = sol (∆x medium ) + sol (∆x medium ) -sol (∆x coarse ) R p -1 (4.7)
Finally, another solution is proposed :sol projection . It consists in the projection to a mesh resolution equal to zero of the solution. This is achieved by a curve fitting of many solutions computed for different mesh resolutions. The identified analytical definition of the convergence is projected to zero.

The features taken into account for the grid convergence index are the first ten computed eigenmodes. The average frequency of these modes and their respective deformed shapes are given in the figure 4.7. Modes involving either torsion or bending motion are represented, as well as coupled ones. The mesh refinement study 4.2 Application N°1 : V&V applied to the soundboard of a Spanish guitar ensures that the governing equations of the mesh resolution converge. The criterion used is that the eigenfrequencies are estimated with an error inferior to 3 % when compared to the projected or reference solution, sol projection and sol ref erence , respectively. These computed modes, in free-free conditions will display eigenfrequency values that will change within different mesh size, as given in the table 4.3. The application of the eq. 4.4, 4.6, 4.3, 4.3 leads to the evaluation of the grid convergence index of the numerical model. The values obtained with these equations are given in table 4.4. The error for three different mesh size, 5, 10, and 20 mm are given in the figure 4.8 ; in this case, R = 2. The convergence for each mode is calculated using the linear regression of the curves displayed in the figure 4.8. The average value of the convergence is equal to 2.8. The convergence value for each mode is given in table 4.5. This table also displays the error value for each mode and case mesh size case. In the table 4.5, it is shown that the convergence criterion is not provided for each mode. It is indeed a limit of this method when considering a complex shaped structure. As long as a regular mesh, often called "isomesh", is not compatible with a complex geometry, the size of the elements will not be homogeneous. Especially in the case of the guitar and its braces, the average size of the elements is given but the size of all the elements is not constant. Thus, the eigenfrequencies computed 4.2 Application N°1 : V&V applied to the soundboard of a Spanish guitar do not evolve monotonically and the method used for the calculation of the convergence criterion does not work. Nevertheless this method may work for different modes of the structure, and is an indicator of the rate of convergence of the mesh. 

Experimental and numerical modal basis

The measures on the five soundboards at the 15 th stage has led to five experimental modal basis. The values of the 4 first eigenfrequencies and modal dampings are given in the table 4.6. This table shows the measured and computed deformed shapes for the first four modes. The first four modes measured and computed show the same deformed shapes. The numerical frequencies are close to the experimental ones, and the modal damping is higher than the on implemented. For the latter, the FDAC is computed with this nominal modal basis. Doctoral thesis -R. Viala 

Frequency Domain Assurance Criterion of numerical and experimental guitar soundboard

The figure 4.9 shows the frequency domain assurance criterion from 0 to 800 Hz for each case. The measured and computed FRFs are compared for each specimen (Sb 01 to Sb 05 , 107, 108, 110, 132, 134 in [Pérez 16b]). Up to 400 Hz, the FDACs show a good correlation between experimental and numerical databases, which corresponds to the domain of low-frequencies. This domain is defined here using the modal overlap factor criterion as presented below. It is common that a numerical model can hardly describe finely the dynamical behaviour of a system in the mid-frequencies domain (and even more in high-frequencies domain). For these two domains, numerous method have been developed, based on statistical energies such as SEA [Lyon 95] and Smeda [ Hwang 06].

The numerical model appears to be stiffer and/or heavier than the real soundboard. It is clearly visible in the FDACs : the same amount of modes is present between 0 and 700 Hz for the numerical than between 0 and 800 Hz for the experimental soundboards. Thus, the diagonal is leaning closer to the abscissa axis. In the case of a perfect matching, the diagonal is at centre of the figure. It is proposed that the relative humidity and specific gravity difference conduct this effect. Further investigations with correct relative humidity values have to be done. Another proposition for the stiffening of the model is that the interfaces between parts and the soundboard are considered as perfectly rigid. In the reality, the glue layers tend to create an interface which is less stiff. Moreover, the discretisation always imply a stiffening, compared to analytical model.
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Model validation results

The model validation is performed by comparing the experimental eigenfrequencies with the probability density function of the eigenfrequencies that are computed with the numerical model. The figure 4.10 shows the probability density functions of the four first eigenfrequencies of the numerical model for two different mean Doctoral thesis -R. Viala values of the relative humidity. The squares represent the measured eigenfrequencies. The measured values are included in the first quartile, which confirms that the dynamical behaviour of the soundboards can be predicted for a given level of confidence by the numerical model.

In addition, the stochastic simulation has been performed with RH centred on 45 and 55 % RH, which leads to different frequency PDF centring, as shown in the table 4.7. The predictability of the model is better at 55 % RH, which was the climatic condition during the experimental measurements. In addition, it is observed that the standard deviation is slightly reduced when the relative humidity is higher.

The modal overlap factors by third octave bands are given in the table 4.8. Two domains can be considered : the low-frequencies and mid-frequencies domain. The low-frequencies domain spread from 0 Hz to 600 HZ. The mid-frequencies domain spreads above 600 Hz, which is the domain where the numerical predictability of the model is reduced. The test-model comparison is performed between 0 and 800 Hz, which is mainly inside the low frequencies domain. The figure 4.11 shows the Fuzzy-FRF evaluated with the database used for the uncertainty quantification at a relative humidity mean value of 55 %. This curve gives a display of the variability of the studied structures when undergoing material and climatic variations. The total number of FRF considered is 3000. The Doctoral thesis -R. Viala fuzzy-FRF is constructed with the method displayed in the section 4.3.4. The Fuzzy-FRFs shows the dispersion of the model response for a fixed design. Thus, a guitar soundboard built with the same geometry and the same wood species will exhibit a dynamical behaviour that is included in the Fuzz-FRFs prediction. This post-processing of the FRFs in the case of an uncertainty quantification can be a useful tool for the decision-support in musical instruments making. The chapter VI will show, in the case of a guitar soundboard, how the design choices of the bars have an influence on the Fuzzy-FRF shapes, and illustrates the importance of the design choices over the material variability. The application of the model validation on a Spanish guitar soundboard has illustrated the application of some of the V&V procedure components toward musical instruments. Post-processing methods have been proposed as future decisionsupport tools for makers, conservators and researchers in musical acoustics. 

Application N°2 : Screening analysis of the material parameters of an unmounted violin

When studying complex structures, one of the problematic for the simulation and post-processing steps is the plentiful of material parameters that can be used as inputs for these analyses. This is due to the numerous parts of the structures (up to 29 solids in this case). For the example presented in this section, a generic model will be used to rank the influence of each material parameter towards the dynamical behaviour of the system. For this purpose the material properties will be changed following a design space and the effects of these changes will be compared to a reference modal basis, computed with initial material properties. Historically, the physics underlying the behaviour of musical instruments have been studied primarily using analytical or experimental methods. While these approaches have proven useful in understanding global tendencies, they are not well adapted to the detailed study of the impact of design and material modifications on the dynamic behaviour of the instrument. Virtual prototyping based on physics-based numerical models has proven to be an effective tool in industry for supporting design decisions through effects screening analysis, design optimisation, and uncertainty quantification for complex dynamical systems. For fields typically relying on more traditional and experience-based approaches, virtual prototyping may provide a useful tool for attaining a better understanding of the phenomena in play. The models developed for this purpose are based on the finite element method, which is a numerical method used to simulate the behaviour of complex systems, where analytical models are limited. The finite element method, whose early theories have been developed in the middle of the XIX th century has been developed in a numerical way since the middle of the XX th century, within the development of the digital devices [Hrennikoff 41], [Courant 43].

At the time as the development and popularisation of the finite element method in the research field, numerical models of musical instruments have been created since the middle of 1970's [Schwab 75]. In 1978, the finite element software NASTRAN ® has been used to compute the modal basis of a violin which has been compared to the experimental modal basis acquired from a holographic fringe pattern technique [ Knott 87]. Numerous models have since been created and often compared with experiments to study either parts of instruments, such as bars [Bretos 99], or complete instruments, such as the detailed vibroacoustic study of a famous violin [ Pyrkosz 13], where the aim was to create a model as close as possible to a real instrument.

Many works have studied musical instruments through modal analysis, which is the common way to study the vibratory behaviour of structures. The devices that can be used for a modal analysis of instruments are numerous. Most of the time non-destructive method are used, one can understand this fact while considering the value of some old instruments. The numerical models developed in this work aim to exhibit, instead of the closest dynamical behaviour, trends. Even if the models developed are not perfectly accurate, can a modification in the reality be anticipated by the model ? A model is by definition false, since it can not take Doctoral thesis -R. Viala into account the full physics underlying the dynamical response of an instrument, especially when it is made of an heterogeneous material like wood. Yet, this does not delete its relevancy and usefulness when it is used correctly, for what it is made.

The knowledge of the limitations of a model is a clue in the assessment of the validity of a model. The vibratory behaviour of musical instruments is studied for different domains, and particularly the sound synthesis. As an example the frequency response functions (FRF) of the instruments are important features. It consists in the response (displacement, velocity, acceleration) of points as a function of the frequency. Nevertheless, it is very complex to correlate the evolution of the FRF shape (amplitudes and frequency of peaks for example) with physical parameters of the instrument, such as its geometry and its material properties. Thus, the virtual prototyping can be a tool to alleviate these difficulties, with the creation of finely detailed models that approach the reality. This study adresses the vibratory behaviour of the unmounted violin (i.e. the acoustics of the violin, as the modal behaviour is linked to the acoustical radiation and timbre of the instrument).

Finite element model of an unmounted violin

The studied instrument is an unmounted violin which means that it does not possess strings, bridge, chinrest, tailpiece, tuning pegs, soundpost that rely most of the time on the appreciation of violin makers and musicians and can be easily changed. These objects are displayed in the figure 1.7. The study is thus focused on the modal behaviour of the irremovable parts of the instrument. Even if those above-mentioned presets have undoubtedly effects on the vibratory behaviour, playability and aesthetic of the violin, they have to accommodate with the instrument they are set up on. From an organological point of view, an instrument is defined mainly by its irremovable parts. Studying unmounted violins puts a finger on the variety of ways to build violins, in terms of selection of woods, dimensions, crafting and assembly. The varnish and neck reversing are not taken into account in this study. The computer aided design (CAD) of the model has been built using SOLIDWORKS ® software and exported to the pre processing software PATRAN ® as a parasolid file.

The model contains nine different parts, represented in the figure 4.12. This model, that has been created in the early times of the PhD thesis work, does not take into account the orientation of the ribs and linings that are bended. The further models, presented in chapter V will display these lacking elements, and study the impact of this level of detail of the model on the dynamical behaviour. The bindings are not represented in this model. The pre-stresses appearing in the violin (mostly due to the bass bar enforcement) are not taken into account for the modal basis computation. The finite element mesh is composed of quadratic tetrahedrals elements to avoid overestimation of the stiffness.

The mesh is created in the same time for all the parts, to create coincident nodes on the different interfaces, shared by elements on both sides of those interfaces. Those interfaces are defined as rigid connections between parts. In real violins, the different solids are glued with hide glue, meaning that in this model, the stiffness of the interfaces is overestimated. The mesh that is obtained is shown in figure 4.12.

Material implementation

The properties are implemented as described in the figure 4.6. Both hardwoods and softwoods are used for all the parts of the violin :

-Maple (Acer pseudoplatanus) is used for the neck, sides and bridge -Ebony (Diospyros spp.) used for the fingerboard -Spruce (Picea abies) is used for the soundboard, bass bar, corners, top and bottom end blocks and ribs

The woods are defined as homogeneous, orthotropic, linear elastic and hygroscopic materials. The issue of non-homogeneous density and stiffness will not be taken into account in this study. Basically, wood can be described as an extruded honeycombs created by cell walls, whose alveoli are in the RT plane. The orthotropic definition of wood is convenient for the implementation of the parameters in the FEM code, defined in Cartesian system of coordinates, the different directions L, R and T, (respectively longitudinal, radial and tangential) reflect the different Doctoral thesis -R. Viala directions of anisotropy of wood. In the violin, pieces of wood are oriented in different ways. The material properties are defined for local reference frame for each solid. For clarity issues, orientation of wood for each part will be described in this work relatively to the trunk direction. The figure 4.13 shows the orientation of each component of the unmounted violin. For the carved parts like the soundboard and the back, the material properties are oriented collinearly with the global coordinate frame, so the grain orientation is not affected by the arch shape, like in real carved instruments. The comparison between carved and bent top and back is given in the appendix A.6.3.

Mechanical wood properties are partly related to its density, i.e. the proportion of cell wall in the sample. In 1987, Daniel Guitard defined empirical laws that give the variation of the stiffness parameters of wood according to its density for both hardwoods and softwoods [ Guitard 87]. Those laws are a common way to get the order of magnitude of the compliance matrix parameters when studying wood where density is the only known parameter. Those components are given according to the density in table 1. Reference specific gravities for hardwoods and softwoods are respectively 0.65 and 0.45. As this study was performed prior to the fine characterisation of the tonewood, the laws detailed in [ Guitard 87] were used. Nevertheless, for spruce tonewood, these laws might not be fully appropriate since this type of spruce wood does not exhibit clear trends between rigidity and density, as it can be both light and rigid, as shown in the chapter II. The nominal values, for a given density and moisture content equal to 12 are given in the table 4.9.

Gathering previous results, models have been proposed to evaluate the impact of the moisture content on the mechanical properties of the wood, [ Guitard 87], and given in the eq. 4.8 : The density of the studied wood varies between -20 % and +10 % around the reference value for both hardwoods and softwoods, it corresponds to the densities measured for samples of spruce and maple used in the chapter II and Appendix. As mechanical properties are linked to density, these modifications of density affects the stiffness parameters. Their own variations depend of the material considered and given in the table 4.9 ; this corresponds to the variability at given density (and more generally the variability of the specifc moduli.

E H L = E 12 L [1 -0.015(M C -12)] E H R = E 12 R [1 -0.03(M C -12)] E H T = E 12 T [1 -0.03(M C -12)] G H RT = G 12 RT [1 -0.03(M C -12)] G H T L = G 12 T L [1 -0.03(M C -12)] G H LR = G 12 LR [1 -0.03(M C -12)]
The hygroscopicity of wood has to be taken into account, since the variations of the relative humidity (RH) of the air surrounding the instrument lead to variation of the moisture content (MC) of the wood constituents. The variability of the moisture content is given by sorption isotherm curves of tonewood. Between 25 % and 75 % of relative humidity at 21 • C, the moisture content at equilibrium varies between 5 % and 13 % [ Simpson 99]. As the water is absorbed by the wood, its density, dimensions, and the components of the compliance matrix change according to the empirical relations proposed in [ Guitard 87]. As this study focuses on the material properties and not on the geometric variations of the structure, the effects of the MC on the geometrical properties of wood are not taken into account.
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Methods

A modal study has been computed from 1 Hz to avoid rigid body modes to 2000 Hz and solved by NASTRAN ® . The reference modal basis has been compared to modal basis with parameter modifications using a modal autocorrelation criterion (MAC) given by [ Allemang 82]. The MAC is used to correlate two modal basis by a number between 0 (no correlation of eigenvectors) to 1 (complete correlation of eigenvectors means same shape of modes). Even if frequencies switch occurs when parameters vary, the MAC insures that the matched modes frequencies are compared. The comparisons have been performed using different criteria, such as eigenfrequencies, eigenvectors, modal density (number of modes per third octave bands) and modal overlap factor (overlap of modes per third octave bands) at given averaged damping ratio (1 %) which is the usual value for the modal damping measured on real violins. Morris sensitivity analysis has been used to drive the parameters modifications consisting on relative bounds of values around reference. 91 parameters have been implemented, corresponding to 10 parameters per part, 9 parts, and the moisture content parameter that is applied the same way on all the parts. The number of calculations is given by N = numberof trajectories × (numberof parameters + 1) which in this case leads to 920 computations, each run taking nearly 10 minutes for solving and post processing.

Features

Matched eigenfrequencies and eigenvectors comparison

The modal basis are generally compared using a Modal Assurance Criterion, this criterion, proposed in [ Allemang 82] is a quantitative comparison of the modal basis. The MAC value of an eigenvector is given by the eq. 4.9

M AC i,j = | T y 1 i • y 2 j | 2 y 1 i 2 • y 2 j 2 (4.9)
With y k j an eigenvector j of a k set of mode. The MAC indicator is used to correlate two modal bases and yields a value between 0 (no correlation of eigenvectors : orthogonal eigenvectors) to 1 (complete correlation of eigenvectors e.g. same shape of modes : affine eigenvectors). A mode matching algorithm is implemented so that even if frequencies switch occurs when parameters vary, the MAC values remain physically meaningful. Once the eigenvectors are matched, with a minimum value that is at the judgement of the operator, the eigenfrequencies of each paired modes can be compared. The matched eigenfrequencies errors can be quantified, and used as an indicator of the accuracy of the model.

Frequency domain assurance criterion A frequency domain assurance criterion is used, based on the experimental and 164
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CF DAC f g = N i=1 N j=1 h ij (ω f )h d ij (ω g ) 2 N i=1 N j=1 h ij (ω f )h ij (ω f ) N i=1 N j=1 h d ij (ω g )h d ij (ω g ) (4.10)
In this equation, i and j correspond to the excitation and measure FRF, h ij refers to pristine state FRFs, h d ij refers to altered FRFs. f and g refer to each pair of spectral lines compared from the two sets of mobility functions. N is the number of sampled points in the specimen. CFDAC results in a complex two-dimensional array of dimension Nf×Nf. Real and imaginary parts of the CFDAC are absolutevalued even when used for numeric computations.

Fuzzy-FRF

The Fuzzy frequency response function (FUZZY-FRF) is computed using the 3000 FRF that are computed at the same time of the modal basis calculations. For each case, a FRF in displacement (admittance, compliance or receptance) is computed like the FRF that is computed for the FDAC. The FRF used is co-located at the center of the bridge. The 3000 FRF are gathered in the same plot, and space of the plot is discretised in 5000×5000 subspaces. In each subspace, the number of lines passing through the subspace is evaluated. A color scale is applied to represent the amount of lines per subspace. This method is taken from [ Moens 07], [De Munck 09].

Screening analysis of the unmounted violin results

Out of a total of 91 parameters, the screening analysis gives both the linear effects and coupling effects of parameters according to the vibratory behaviour of the violin. Firstly, the results are detailed for given modes, then the screening is performed on the overall vibration modes. Between 1 and 2000 Hz, the unmounted violin exhibits 36 modes. Among all these modes, the numbers 1, 4, 5, 11, 14 and 30 are detailed, since these modes solicit different material directions. Some modes are local (such as the mode 1, a fingerboard bending mode) and the higher number modes are global, such as the 30 th mode, that solicits both the top, back and sides in a complex way. The abbreviations used are detailed in the table 4.10 Doctoral thesis -R. Viala The modes and their respective screening analysis results are shown in the figure 4.14 and 4.15. 

Application N°2 : Screening analysis of the material parameters of an unmounted violin

E L F b 21% M C 19% ρ F b 8% G T L F b 7% ρ N 4% E R N 4% M isc. 37% Mode 1, 165 Hz M C 20% E L N 12% ρ N 10% G LR N 8% ρ Sb 8% G RT N 5% G T L N 5% M isc. 32% Mode 2, 220 Hz M C 22% E R Sb 10% E L Sb 9% ρ Sb 8% E L B 8% G LR Sb 6% G T R Sb 4% E R B 4% E R Bar 3% M isc.

Application N°2 : Screening analysis of the material parameters of an unmounted violin

The linear effects on the different features are given below. First of all, the results corresponding to all the eigenfrequencies and all the parameters are ranked in the figure 4.16.

Those results show a preponderant effect of the moisture content, which is applied with the same way on all the other parameters, its effect is very important since it implies variations from 88 % to 103 % on the elastic parameters E R , E T , G LR , G RT , G T L and from 94 % to 101.5 % for the elastic parameter E L . Effects of the density variations are significant since they imply variations of mass in the structure, but also by the changes on the elastic parameters according to the previous laws. Both stiffness and mass variations are implied. Nevertheless, this must be tempered since the relation between rigidity and density for tonewood are not as strong as the ones given in [ Guitard 87] (see chapter II). The properties are gathered in the figure 4.17 to highlight the part of each group of parameters, physical, mechanical and climatic on the eigenfrequencies of the unmounted violin. 

M C 19% GLR Sb 10% ρ Sb 7% ρN 5% ER B 5% EL Sb 5% EL N 5% ρB 5% ER Sb 4% ER N 5% GLR N 3% EL B 3% EL F b 2% M isc.

22%

Doctoral thesis -R. Viala Checking the effects of material parameter variations at constant density and constant moisture content gives a screening effects of the nine stiffness parameters of each part, which means a ranking of the most important parameters that have to be taken into account when modelling and making instruments when knowing the density of woods used and working at a quite stable relative humidity. Those results are given in the figure 4.18. The ranking of the densities of the materials is given in the figure 4.19. 

G LR Sb 16% E R B 9% E L Sb 8% E L N 8% E R Sb 7% E R N 7% G LR N 5% E L B 5% E L F b 4% G LR F b 4% G T L B 3% G LR B 3% M isc.
ρ Sb 33% ρ N 25% ρ B 21% ρ S 10% ρ F b 4% ρ C 4% M isc.

3%

The shear modulus of the soundboard in the LR plane seems to have the main effect when studying the eigenfrequencies of the violin. According to some instruments makers, when building soundboards, they check the stiffness of the soundboard by applying a torsion effort, which means by loading the shear modulus in LR plane, at a given geometry. On the low frequencies, neck and fingerboard modes are mainly present, but less interesting acoustically than the soundboard modes, which is considered as the most important part of the violin for the sound emission. The eigenvectors are indicators of the shapes of the modes, the ranking of the parameters on the eigenvectors is given in the figure 4.20. 

E L Sb 13% G LR Sb 8% G LR F b 8% E R Sb 7% ρ F b 7% ρ Sb 7% ρ Sb 7% E R B 5% ρ B 5% G RT Sb 4% ρ N 4% E L N 3% E L F b 3% E L B 3% M isc.

16%
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Conclusion of the materials screening analysis applied to the unmounted violin

A parametrable model of violin has been constructed using both CAD/FEM softwares and a post treatment software to program the screening effects analysis. It has been performed to identify the material properties having the highest impact on the vibratory behaviour. Among 91 parameters we have pointed out 20 parameters that drive up to 90 % of the modal behaviour. Moisture content seems preponderant, recent studies have quantified the impact of playing on the relative humidity and the moisture content, by measuring the mass gained and lost during sorption cycle in standard utilisation [Goli 12]. The final goal of this work is to emphasise the most important factors that has to be taken into account when studying the modal response of musical instruments.

Conclusion

Conclusion

This chapter has given two examples of application of the verification and validation methodology on musical instrument models of guitar and violin. The first part of this chapter, V&V applied to the soundboard of a Spanish guitar, has highlighted the potential of this method to assess the reliability of numerical models of musical instruments, with correlation with measurements. This part has proposed new ways for the characterisation of musical instruments : the uncertainty quantification for a given geometry, the CFDAC between model and real instruments and the Fuzzy-FRF for the post processing of the study of the uncertainties effects on the dynamical behaviour of musical instruments. The second part has used a common screening analysis method, Morris sensitivity analysis, to highlight which material and physical parameters are particularly influential on the violin vibrations. The results given in this section have enabled the reduction of the complexity of the studies focusing on violins. Thus, the further analysis will be based on the results of this chapter.

The following study aims at performing a screening effects analysis by changing both geometry of the instrument and the identified parameters of this study and evaluate the impacts of those modifications on different outputs : eigenfrequencies, eigenvectors, modal overlap factor, and observed tendencies such as the bridge hill effect. This last effect will need the modelling of the full instrument, as the bridge, strings, tuning pegs, soundpost and tailpiece are necessary to compute this effect. The changes in geometry will have to be made automatically on the CAD file, and the finite elements method preprocessing part automated. The model developed for this study might also be used to compute the stress field inside the violin when the strings apply their tension on the bridge or when the violin is submitted to relative humidity variations, for the sustainability of old instruments. 

Analysis of the sensitivity of the vibratory behaviour of the violin to geometrical and material properties

Introduction

This chapter is dedicated to the use of the numerical models toward the study of different phenomena in musical acoustics. As a first example, an usual criterion used in the experimental and analytical characterisation of the violins, the bridge admittance, is studied with a numerical model based point of view. The aim of this study is to determine the impact of the design and of the material variability and hygroscopicity dependence (detailed in the chapters II and III) on the vibrational behaviour of the violin. As the violin is a highly coupled mechanical system, numerical models are hypothesised to prove useful to study the impact of the different design and material parameters. The purpose of this section is to propose parametrised models to perform, along with a fine description of the most influential components of the material, specific studies to highlight the most important parameters involved in the dynamic response of the violin and the importance of the design choices of the maker. The numerical models are used to estimate the effect of the geometrical and material parameters on the eigenfrequencies of canon structural modes well known by the violin makers since the early 1980's and the works of Carleen Hutchins and gathered in the plate tuning domain. Moreover, a well-known feature response of the violin called the bridge hill is studied through the utilisation of numerical models. Firstly, this chapter lists the numerous works, experimental, numerical and analytical addressed to the acoustics and dynamics of the violin. Secondly, the model used is detailed, as well as the different studies that have been performed to ensure correct modelling. Finally, the results are given and detailed for each objective.

State of the art in understanding violin dynamics

State of the art in understanding violin dynamics

Numerous musical acoustics studies have focused on the violin. This instrument is still fascinating musicians, researchers, and listeners. From a dynamic point of view, the violin exhibits different complex features. The actuation is applied through a non-linear phenomenon of stick slip by the bow. The motion of the strings is coupled with the dynamic behaviour of the violin body which is made of numerous parts. Among all the solids assembled together, many are carved or bended to complex shapes, that can not all be studied by traditional analytical tools. Moreover, the material used to make these solids is the wood, that exhibits a complex behaviour, as detailed in the chapters II and III. The experimental modal analysis, that has grown in popularity in the last decades has been widely applied to the violins.

Even though this method may provide a complete characterisation of the dynamical behaviour of the instrument, it can barely be used to determine the impact of the modification of the design and/or the material properties that form the violin. Almost forty years separate the "Acoustics of stringed instruments" by McIntyre and Woodhouse [McIntyre 78] and "The acoustics of the violin : a review" [ Woodhouse 14]. In this time interval, most of the elements proposed by the first reference have been finely studied, and finer models of, among others, bowed strings, violin radiations, and violin vibratory response have been developed. The development of the numerical models of musical instruments has grown along with the computation capacities. However, it remains some methodological gaps for the study of the complex phenomena, and the interactions between all the components of the violin.

The shape of the violin has evolved since the production of the first instruments close to violins in the 16 th century, by the Amati family. The study [Chitwood 14] has highlighted the fact that the shapes of violins are correlated with an historical era. This study proposes different clusters for the violin shapes, related to Amati, Stradivari and Stainer, and the impact of the family members is important, as familial origins are significant explanations of the shapes of the violins. This can be explained by the fact that the violin making learning is based on apprenticeship, often taught from one generation to the next one.

Beyond the global shape of the violin, numerous inner and more specific designs have evolved through centuries, such as the reversal of the neck, the type of strings, and the bass bar design. The overall response of the violin is not only linked to its acoustical modes, that are related to the acoustic behaviour of its cavity [ Woodhouse 98], [Bissinger 03b] but also by the radiated sound of its structural components, whose soundboard is considered as the most important. The radiation of the instruments has been studied widely and usual traditional method, non destructive are reported in [Chaigne 99]. Almost fifty years ago, quantitative measurements have been performed on a violin, and the structural mode shapes at different frequencies have been described [ Luke 71].

Since these pioneers's works, the understanding and knowledge of the structural dynamics of the violin have constantly risen, leading to new methods for the violin making, such as plate tuning proposed by Carleen Hutchins (1911Hutchins ( -2009) ) more than thirty years ago [Hutchins 81], [Hutchins 93]. The structural dynamics of the violin plates are thus considered as one of the most important parameter, and have mostly been studied in free conditions. Along these experimental means, the finite element method has been used to calculate modal frequencies on free violin plates after removal of wood on the bridge [Rodgers 90], and the influential material properties on violin plate frequencies [Rodgers 88] which was a starting point to predict the impact of instrument maker crafting on the eigenfrequencies of the plates. Using a finite element model, in free conditions, the link between the ratio of the frequencies and the material properties has been established in [ Davis 13], which has also been studied for clamped conditions in [Gough 13b] that studied the evolution of the mode shapes, from free to fixed conditions. Another perspective proposed early during the development of the finite element method was the capability of the such methods to evaluate the material properties of the wooden quarters used for violin making, in parallel with the modal analysis of these parts [ Molin 86].

In [Bissinger 96], G. Bissinger has given a list of the perspectives of modal analysis and future works in musical acoustics which is given below. Except the structural dynamics of the violin, numerous features have been proposed, such as the the radiativity of the violon that has been proposed in [Weinreich 85], which defines the ratio between radiated sound field and the force applied on the bridge by the string, which is in the continuity of [Weinreich 80]. This method used optical sensors, and the development of measurement means have led to finer description of the violin mode shapes. It is considered that the acoustic 5.1 State of the art in understanding violin dynamics modes of the violin are particularly important on the projected sound below 1 kHz, as the violin behaves in this frequency range as a monopole [ Mclennan 08].

The laser speckle interferometry has been used for decades to observe the vibration modes of the components of the violin, especially its top and back shells [ Jansson 73] and the bodies [Reinicke 70]. Spectroscopy, using acoustical sensors, has been performed, and a comparison between accelerometer and microphones sensors is proposed in [Arnold 82] and broad generalisations for violin exhibiting similar shapes are described, known as "helmholtz motion" of the acoustic cavity ; and structural modes such as the "breathing motion", where the top and the back flex in phase opposition, the "sloshing motion" where the top and the back flex in phase accordance, and the "bending motion" of both the head and the neck and fingerboard. One can cite numerous experimental studies that have identified vibroacoustic modes of the violin [Bissinger 03a], [Bissinger 03b] [Bissinger 03c],[ Weinreich 00], [Le Conte 12], [Fabre 12]. These different methods have been used for the characteriation of specific features of the stringed instruments, such as the cello wolf [Firth 71] and the study of the vibratos [Fletcher 66]. Coupled mechanical and optical investigations of the dynamic behaviour at modal frequencies of the back and soundboard have been proposed by [Skrodzka 09]. More recently, the impact of the f-hole shape has been targeted [ Coffey 13]. In [ Nia 10] and [ Nia 15], Nia has highlighted the impact of the shape of the f-hole toward the acoustic radiation of the violin and legitimated the evolution of this shape from the ancestors of the violin to the Guarnerius family era. The frequency spectrum and directivity of the sound the violin, which is a step beyond the acoustical and structural modes has also been studied [Vos 03]. Recently, auralizations (modelling of acoustic from computed data) of the violin held/played in a reverberant auditorium revealed that holding the violin greatly diminishes its low frequency response, an effect only weakly compensated by the auditorium reverberation [ Bissinger 15].

Considering the structural dynamics of the violin, which benefits from the technological means evolution, have recently yielded to the study of famous violins with 3D laser vibrometry [Bissinger 07]. This method measures the response of the instrument in three directions, and provides the complex geometry of the violins arching shape, which has been lost for most of the older studies, and that was a warning formulated by Schelleng in 1968, cited in [Bissinger 07] :

"Traditionally with tap tones, more recently with electronic excitation, the frequencies and character of resonances have been used for . . . (guidance during violin construction). It seems likely that, through neglect of their geometric properties, we have allowed a source of information to go to waste".

Several decades later, this issue is alleviated by the evolution of the measurement means, especially the laser 3D vibrometry. In a more mixed analysis means, and toward a concrete application for violin makers, some parts of the response have been both experimentally and analytically linked to modifications of the vio-Doctoral thesis -R. Viala to geometrical and material properties lin components, such as the position of the soundpost, whose effect is given in [ Jansson 10], and simulated using a finite elements model of violin in [Gough 13b]. This last study has also used the finite element models to determine the impact of the shape of the f-holes of the violin. During the last decade, more and more studies have combined both experimental, analytical and numerical means to study the musical instruments, to compare different shapes of musical instrument [ Gough 07]. A study has used reverse engineering methods, experimental devices and numerical models of complete violin [Pyrkosz 13] to create an accurate vibro-acoustic model of the violin the "Titian" made in 1715 by Antonio Stradivari. This domain that correlates design, material and sound in a fine way is now in constant expansion. One of the shape compared is the Savart's model, also studied in [Duerinck 14], it is a triangular shape of violin proposed by the french physicist Félix Savart (1791-1841), detailed in [ Savart 84] and studied in [ Duerinck 14].

For more than 30 years modal analysis has given a nomenclature to different deformed shapes, and extended to all the stringed instruments. Specific mode shapes of the violin have been identified. These modes have been at the basis of the transfer of research results and had a favourable echo from the instrument makers, known as the plate-tuning method. A full detailed list of these modes and their indication for instrument making are given in [ Hutchins 62], [Hutchins 81]. The table 5.1 gives the nomenclature of the modes and their definition. Numerous studies have highlighted a correlation between the frequency of these cannonical modes and the sound and preference of violin [ Woodhouse 98]. In this table, the B0 mode is considered as a non radiating mode and so its impact on the radiated sound is considered to be less important than modes involving the soundboard. Though, it may be interesting to consider the feeling of the musician : a vibrating neck mode correlated with a given frequency note can be perceived as a good point for the musician. This table shows modes in the low frequencies domain. This domain enables the clear identification of these modes. At higher frequencies, the observation of single modes is more complicated by coupling phenomena (due to the frequencies and/or the damping), which is locker for the

State of the art in understanding violin dynamics

study of the violin behaviour with modal analysis.

For higher frequency domains, other features have been proposed, such as the "bridge hill" effect. The first studies focusing on the violin bridge vibrational properties have been performed several decades ago [ Woodhouse 86], [ Reinicke 73]. The bridge of the violin exhibits modes in the frequency bandwidth of interest of the violin. Thus, the bridge, by its own dynamics acts as an equaliser of the motion of the string. Along the different measures of the bridge admittance, this feature has been more and more considered as a signature of the violins, as the bridge admittance exhibits the dynamics of the bridge, but also of the soundboard it is attached on, e.g., the violin body. The study of high value violin bridge admittance [Jansson 97] has shown a peak of response between 2000 and 3000 Hz. This feature has been called the "bridge hill" effect. The bridge admittance exhibiting bridge hill is shown in the figure 5.1. The figure 5.3 displays a schematic animation of the movement of the soundboard for different positions of the soundpost. The link between the preference of a violin and its bridge admittance has been studied in [Saitis 12] and no link between bridge mobilities and preferences has yet been established. The bridge admittance can be measured by different means, without contact, such as the vibrometry [ Elie 13], or using sensors patches [ Gidion 13]. Active control techniques have been applied to the bridge, to modify the sound produced by the instrument [ Boutin 08]. Physical model of violin has been made for sound synthesis purpose [ Demoucron 08] and led to concrete application, such as "FingerFiddle" [ Demoucron 17]. Finally, in [Rodgers 90], numerical models was already used to predict the impact of the crafting of the instrument maker on the dynamics of the bridge. Nowadays, the computation capacity has enabled the study of the full violin, and these previous method that dealt with instrument makers choices and parts dynamics can be extended to the whole instrument. 

State of the art in understanding violin dynamics

Numerical models evaluations and starting point

The complete numerical models proposed in this study aim at displaying full and complex dynamical response of the violin and especially the bridge hill trends. For computation time, methodology problematics, and impact of the acoustics of the violin in frequencies above 1 kHz (which is below the frequency of appearance of the bridge hill effect), the fluid is not implemented. The bridge admittance is studied in the mid-frequencies domain, while the fluid has mostly an impact on the low-frequencies of the violin [ Fernholz 96], [Weinreich 97]. It is generally considered that the bridge hill effect results of the coupling between bridge eigenmodes, shown in the figure 5.34, and the structure. Some modes of the bridge associated with the soundboard are given in the figure 5.36. This qualitative evaluation shows the shift in the frequencies of the different modes due to the coupling with the structure.

-A characterisation of the bridge hill effect, and the importance of both geometrical and material parameters toward this phenomenon is proposed in this section.

-The low frequency domain is investigated, through the sensitivity analysis of the structural modes below 600 Hz, labelled B i .

The aim of this study is to highlight which material or geometrical parameters are mainly important on complex responses of the violin. For this purpose, a detailed and parametrised numerical model is created and the methods presented in the chapter III are used. The numerical model is detailed below, from the CAD to the computation of the eigenmodes.

In order to prepare as accurate a model as possible, the following preparations are required :

-The observations of the effect of the prestresses of the strings on the dynamics of the violin, using both experimental data and finite element model, in order to evaluate if their implementation will be necessary.

-The evaluation of the impact of the correct alignment of the bended parts on the dynamics of the violin.

-The simulation of the acoustics of the violin in order to assess that the volume inside the instrument is correctly modelled.

-The comparison of the computed eigenmodes in regard with their usual experimental frequencies.

-The evaluation of the frequency domains considered, in order to determine limits of the eigenfrequencies that can be considered by the model.

-The comparison of bridge admittance computed, in regard with the ones usually measured.

These different parts will be described in greater details in the following section.

Doctoral thesis -R. Viala to geometrical and material properties

Experimental methods

3D laser Doppler vibrometry applied on antique instruments

The measurements are performed on two violins, labelled V1 and V2.

-The violin V1 is a german violin of the early 20 th century. It is varnished with a yellowish coating. The violin is mounted with ebony tailpiece, button, fingerboard and tuning pegs. The strings of the violin V1 are synthetic core strings (Thomastik dominant ® ) rounded with aluminium thread for the G string and silver for D and A strings. The E string is made of plain steel.

-The violin V2 is a german violin from the 18 th century. It is mounted with boxwood tailpiece, button, and tuning pegs. The fingerboard is made with ebony. This violin exhibits numerous restorations, such as soundpost crack repairs on both the back and top, neck inlet, and soundboard inside lining. Moreover the violin shows multiple crack repairs and cleats. The violin V2 is mounted with gut strings, PIRASTRO EUDOXA ® threaded with aluminium for the G string and silver for the D and A string, the E string made with plain core (D'addario Kaplan ® ).

The figure 5.4 (a) and (b) shows the two violins V1 and V2. As an example of the measurement set-up, the figure 5.4 (c) shows the violin V1 and the points measured. The violins are hanged on their scrolls and excited on the middle of their back with a speaker. The strings are damped by foams to avoid their vibrations for the evaluation of the modal basis of the structure. On one case the strings are stretched and the violin is tuned. A 3D vibrometry scan is performed and the 3D motion of the violin is measured. In the second case, the strings are loosened (but not completely to avoid a collapse of the bridge). The 3D motion is measured in the same way and the eigenfrequencies are evaluated by processing of the motion data, as detailed in the chapter II. For the violin V1, only the body is studied, and measurements are performed in three directions for 352 points. The violin is studied in the [0-5000 Hz] bandwidth and the measurement resolution is 0.8 Hz, the measures are performed on 440 points. The violin V2 is studied in the [0-2500 Hz] bandwidth, the measurement resolution is 0.8 Hz. The complete violin is studied, including the neck, fingerboard and tuning pegs. The modal basis are used to perform a qualitative comparison with computed modes and quantitative evaluation of the modal damping and effects of the string prestresses toward the eigenfrequencies.

Strings characterisation

Strings characterisation

The scheme of the model of the string is given in the figure 5.5.

184 Doctoral thesis -R. Viala The strings have been studied to evaluate their diameter, linear mass, rigidity and tuning force. The tension that has to be applied on a string to vibrate at a frequency f is given by the eq. 5.1 : The strings are pulled, and the frequency is measured with a spectrometer, the string is pinched and the spectrometer evaluates its fundamental frequency. The rigidity of the strings has been measured using an electrodynamical device, BOSE ELECTROFORCE ® , with a load capacity equal to 450 N. The strain ε is measured with a laser extensometer whose calibration is equal to 2mm/10 V at a distance of 381 mm of the strings, and two reflecting stripes are pasted on each side of the string. The strings are clamped on each side, as displayed in the figure 5.7. The Young's modulus is calculated with the Hooke's law given by the eq. 5.2 :

Experimental methods

T = 4.f 2 .L 2 .µ (5.
σ = E × ε (5.2)
In this equation, σ corresponds to the tensile stress (MPa), E the Young's modulus (MPa) of the string, and ε the strain. σ is calculated as the ration between the force applied F (N) and the section (mm 2 ) of the strings. Once the tuning tensions and stiffnesses of the strings are evaluated, they are implemented in the numerical model to evaluate the CTE value that will be used for the stress/strain static analysis used for the modal basis computation, as shown in the figure 5.20.

Physics-based numerical models and methods

Computer Aided Design

The model described is an improvement in comparison with the one presented in the chapter IV. This model is a fully mounted violin, and includes the tailpiece, bridge, chinrest and tuning pegs as new pieces. The computer aided design of the model is based on real wooden moulds and jigs of an instrument maker of the earliest XX th century, Maurice Fauconnier. The moulds and jigs used for the drawing of the model are shown in the figure 5.8. The mould and inner jig is used to draw the shape of the four corners and two heels of the violin, and the shape of the sides, as shown in the figure 5.9 (b). The outer shape drawn using the jigs is used to evaluate the curvature of the different curves, as shown in the figure 5.9 (a). These curves are lately used to draw splines, in a similar manner that is used by the violin drawing software tool "The digital Amati Project" [ Mairson 17]. The archings of the top and back plates are stemmed from the respective arching jigs, displayed in the figure 5.8. Generally, the purflings of the violin are made of a laminated wood with pieces of different colors (maple and ebony) and glued in inlays inside the soundboard and the back. Purflings are used for both aesthetic and sustainability considerations and their shape is the same as the edges of the top or back plate their are glued in.

Physics-based numerical models and methods

On the soundboard, the bass bar is glued in its longitudinal direction with a curvature equal or slightly lower, according to the instrument maker. The soundpost is a small cylinder made of spruce that is carved to link the top and back plates inside the body. The neck of the violin is drawn with the neck jig, and the scroll is not detailed in the model. The scroll is represented by a coarse material removing and its aesthetic is not close to the one of real violins, nevertheless, the scroll usually acts as a mass added at the end of the neck, and the fine vibrational behaviour of the head of the violin is not the scope of this work.

The fingerboard is drawn according to usual dimensions. The fingerboard sides are coincident with the ones of the neck. The fingerboard exceeds the neck heel toward the soundboard, and is attached as a cantilever beam.

The bridge of the violin is the piece of wood that is placed between the soundboard and the strings. The upper side of the bridge is generally shaped by the violin maker following playability considerations. The areas of the bridge are cut according to aesthetic and traditional considerations, such as the arm, olive and heart. The different remaining parts (tuning pegs, tailpiece and chinrest) are generally not carved by the violin maker and sold by manufacturers. The shape and wood used for these parts generally vary, for this model, a "french" tailpiece, "german" tuning pegs and "Guarneri" chinrest are drawn. ' All the different solids used for the making of the violin are detailed in the figure 1.7. Finally, the remaining objects, strings are not drawn but modelled using 1D elements in the numerical models. The eigenmodes of the strings are not the scope of this study, and only the effect of the strings toward the prestresses inside the violin is considered. A non-structural volume is drawn corresponding to the air cavity inside the violin, this cavity takes into account the presence of the soundpost and the bass-bar. The average volume of the air cavity is close to 1.9 dm 3 , which is in adequation with the values observed in instruments made since the middle of the 17 th century [ Nia 10], [ Nia 15] and [Bissinger 03b]. The rendered parametric computer aided design (CAD) of the violin is shown in the figure 5.10 (a). The 5.10 (b) displays the same model in a non-rendered view. The splines used for the making of the model are clearly legible on the soundboard and sides. Once the CAD of the violin has been made, different parts have been parametrised, which are described in the next section. The global coordinate frame used for the making of the model is displayed in the figure 5.10. In electronic version, the figure 5.11 displays a handleable CAD of the violin used for this study. See electronic version of the thesis to interact with the model. 

Physics-based numerical models and methods

Parametrised geometry

Two different kinds of geometrical parameters are taken into account in this study, and tunable. First, there are the parameters that can not be easily changed once the violin is built (e.g., the thickness of the soundboard, the properties of the bass bar and the shape of the f-holes). Secondly, there are the parameters that are considered as presets and adjustable by the instrument maker, such as the position of the soundpost and the shape of the bridge. This set of geometrical modifications is not exhaustive but constitutes a starting point, as the effects of these parameters have long been a source of intrigue for instrument makers. In the next figures, the different parametrised shapes are displayed with red arrows. The figure 5.12 shows a cut view of the violin in the XZ plane. to geometrical and material properties The geometry is parametrised using a SOLIDWORKS ® feature called family tree. During the making of the CAD, some dimensions are selected to be dependent on the values gathered in an EXCEL sheet. The cells of this document are then modified during the study by Matlab. After changes in the cells of the EXCEL table linked with SOLIDWORKS ® , the model is opened and reconstructs automatically, taking into account the modifications. A script, written in Python 2.7 is executed to send instructions to SOLIDWORKS ® . This method uses Pywin32 which is a python extension for Windows API, that uses component object model (COM) method. This step aims to export the updated model to a CAD format, parasolid (.x t) that will be imported in the software MSC-PATRAN ® , the preprocessor used for the application of the finite element method.

Once the CAD is prepared, parametrised, updated and exported, a detailed numerical model is constructed using the finite elements method based on the commercially available software MSC-PATRAN ® . The mesh is created using quadratic tetrahedral elements of 5 mm as global edge length, and orthotropic material parameters are defined based on the results of earlier studies. All of the violin parts are assumed here to be made of wood, mainly spruce and maple for the body and the neck, and ebony for the fingerboard, chinrest, tailpiece and tuning pegs. It should be noted that wood naturally exhibits both viscoelastic and hygroscopic behaviours that should ultimately be taken into account in the simulation.

The large number of material parameters associated with the different parts of the violin are implemented in the model and a screening analysis has been performed in an earlier study (chapter IV) to determine the most influential material parameters. Out of a total of more than 100 material parameters, a set of 8 parameters has been retained for the sensitivity analysis (Soundboard and back E L , E R , G LR and specific gravity). These parameters include the longitudinal and radial (L and R) Young's moduli, the LR shear modulus and density for the soundboard, the back, the neck and the fingerboard. The moisture content, which is driven by the relative humidity, is related to the water absorbed by the wood. It is one of the most influential material parameters as it affects stiffness, density, geometric dimensions and damping. The remaining parameters displaying a relatively weak impact have been fixed and taken from [ Guitard 87]. The subset of influential parameters have been identified from 40 wood samples using a numerical-experimental inverse method discussed in the chapter II and III.

The response features of interest for the sensitivity analysis are based on a modal analysis of the model in the frequency range from 1 to 5000 Hz, which results in approximately 250 modes. They include the matched eigenfrequencies and eigenvector errors as well as the bridge admittance errors between the baseline and modified models. The latter has been experimentally measured in numerous studies and consists in the ratio between the in plane displacement at the treble side of the bridge and the input force applied at its bass side, as described in the figure 5.21. The frequency response function is computed using the modal superposition method with an assumed modal damping of 0.8 %, which corresponds to the average value modal damping identified experimentally. 

Orthotropic material behaviour laws and properties

The table 5.3 gives the initial material properties for all the elements of the violin in their respective local coordinate frame. These parameters are taken from [ Guitard 87] and the results of the chapter II. For tropical woods, those values are extrapolated from [ Guitard 87] and can be refined using the ones proposed in [ Sprossmann 17]. Numerous different orientations are implemented, and the violin is generally made of solid in five different orientations and three wood species. The orientation has to be finely taken into account, since the anisotropy ratio of the wood is high and can reach 20. Thus, an incorrect orientation of the elements may lead to wrong stiffness evaluation that lead to different modal basis exhibiting wrong eigenfrequencies and unrealistic eigenvectors.
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Physics-based numerical models and methods

Material variability implementation

The variations of the spruce and maple properties are taken from the results of the chapter II. The variability is modelled with an equi-probabilistic definition of the density, the Young's moduli in longitudinal and radial direction and the shear modulus in LR plane. The values are truncated to avoid non physical values. The nominal values and minimal and maximal values are given in the table 5.4. The implementation of the material and climatic parameters is made as schematized in the figure 4.6, shown in the chapter IV. Doctoral thesis -R. Viala The hygroscopicity of the wood is implemented as an analytical model that links the relative humidity and temperature to its density and mechanical properties. The eq. 5.3 gives the moisture content of the wood samples as a function of the relative humidity, based on the results of the chapter III :

M C = 8 + 0.16 × (RH -41.5) -0.03 × (T -21) (5.3) 
The eq. 5.4 gives the evolution of the density as a function of the moisture content, based on the results of [ Simpson 73] :

ρ M C = ρ 0 × (1 + 0.01 × (M C -10)) (5.4) 
The elastic parameters, highlighted in the chapter IV to be particularly influential on the vibratory behaviour of the violin body, are given as a function of the density for spruce wood (at 10 % MC) (from Chapter II and III) in the eq. 5.5. Nevertheless, the correlation for the shear modulus proposed in the chapter II is not good, which may imply an excessive weight of the influence of the density.

E Lρ = 13000 + 45000 × (ρ -0.45) E Rρ = 1000 + 5500 × (ρ -0.45) G LRρ = 840 + 1320 × (ρ -0.45) G RTρ = 48 + 180 × (ρ -0.45) G T Lρ = 840 + 1930 × (ρ -0.45) (5.5)
In the case of the maple wood, the number of tested samples is too small to update the previous laws, and the mechanical parameters are expressed as a function of the density by the eq. 5.6 ([ Guitard 87]) :

E Lρ = E L 0 × ( ρ 0.64 ) 1.30 E Rρ = E R 0 × ( ρ 0.64 ) 1.03 G LRρ = G LR 0 × ( ρ 0.64
) 1.14 (5.6)
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The chapter III has highlighted the effects of temperature (T) and relative humidity (RH) of the air surrounding the spruce wood on its mechanical properties. These parameters are given as a function of the temperature and humidity in the eq. 5.7 :

E L RHT = E Lρ (1 -0.0015 × (RH -50) -0.0008 × (T -21)) E R RHT = E Rρ (1 -0.005 × (RH -50) -0.0025 × (T -21)) G LR RHT = G LRρ (1 -0.007 × (RH -50)) (5.7) 
Finally, the effect of the RH and T on the mechanical properties of the maple wood is implemented through the moisture content and the eqs. 5.3 and 5.8, the laws used are taken from [ Guitard 87]. The density is considered for 10 % MC

E L M C = E Lρ × (1 -0.015(M C)) E R M C = E Rρ × (1 -0.03(M C)) G LR M C = G LRρ × (1 -0.03(M C))
(5.8)

Accounting for grain direction

In the violin, the components are oriented in different ways, for both aesthetic, structural and workability consideration. The orientation and wood species of each solid are given in the table 5.5 and represented in the figure 5.15. Most of the pieces are carved, thus, the orientation of the material properties is quite easy, the local coordinate frames of the elements inside each solid is oriented to match the correct orientation in the global coordinate frame, and the cut of the grain is considered for carved parts. The sides and linings of a violin, represented Doctoral thesis -R. Viala in the figure 1.7 are made of bended wood. The ribs of the sides are made with maple and the linings with spruce. The wood is saturated with moisture by being immersed in water. The parts are bended using an iron bender at a temperature ranging between 200 and 250 • C, depending on the preferences of the instrument maker and the wood. Usually, the back and the soundboard are carved. Thus, only the sides and linings are the bended parts of the violin, these parts are represented in the figure 5.16. The orientation of the material changes along the curvature of the parts. For 3D tetrahedral elements, the orientation of the material constituting the bended parts is a non-trivial steps. Thus, it is necessary to evaluate the impact of the correct orientation of the bent part on a computed modal basis of violin.

The software MSC-PATRAN ® contains an option labelled "align solid elements" that enables the orientation of the numerous solid elements of a piece according to the normal of a surface and the alignment with a curve. This method is used for the correct orientation of the bended parts. Once the geometry is meshed and the properties of each parts are correctly implemented, the model is used to compute a modal basis in free free conditions. The different post-processing methods that are used are presented below, as well as the study of the impact of the prestresses. 

Acoustic behaviour of the air cavity

The acoustic modes of the violin are computed using the software COMSOL ® . For this study, the internal cavity of the violin is extracted from the geometry. The cavity inside the violin is displayed in the figure 5.17 (a) and extracted in the figure 5.17 (b).

The cavity is meshed using tetrahedral elements and the mesh is displayed in the figure 5.18 (a). On all the faces except inner part of the f-holes, a rigid acoustic domain is defined. An acoustic impedance is applied on the inner surfaces of the f-holes, displayed in the figure 5.18. The free conditions of the f-holes is not easy to model. The edge effects prevent the utilisation of the usual impedance value for the modelling of the infinite free acoustic free field. The impedance of such condition is given by the eq. 5.9 :

Z = ρ air × c air (5.9)
where Z denotes the impedance, ρ air the specific gravity of the air and c air the celerity of the acoustic waves in the air. To alleviate the edge effects issue, the acoustic impedance of the f-holes is calculated. Analytical models of the impedance are proposed for different rectangular shapes [Stepanishen 77], nevertheless, the shape of the f-holes is quite complex and a numerical model is used to evaluate the radiation impedance of the f-holes. For this purpose, the inner surface of a f-hole excites a volume represented by an half-sphere with a normal unitary velocity, as shown in the figure 5.19 (a) and the volume is meshed with tetrahedral elements (5.19 (b)). The outer frontier of the half-sphere is modelled with free acoustic conditions (Z = ρ air × c air ) and the flat surface surrounding the f-holes shape is considered as an acoustic rigid surface. The frequency response of the pressure is computed from 10 to 2000 Hz. The frequency response computed is the ratio between the real and imaginary part of the pressure and a velocity equal to 1 m.s -1 , which corresponds to the real and imaginary part of the impedance according to the frequency. The acoustic modal basis for different values of the impedance, and an iterative process is used for the convergence of the eigenfrequencies values.
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Accounting for prestresses

The prestresses, due to the assembly of the violin, are usually considered to play a main role in the vibratory response of the musical instruments. In the violin, the prestresses inside the components are due to three elements :

-The bass bar forcing : the bass bar can be forced when glued, it can be carved with a curvature radius slightly smaller than the inner shape of the soundboard. Thus, the bass bar will stretch the soundboard. The deflection, due to the bass bar, can be measured at each side. The strain due to the bending of a forced bass bar leads to prestresses. The impact of the bass bar deflection on the eigenfrequencies of the violin is studied in [ Skrodzka 14], globally the prestress level rises with the rising of the deflection. Generally this relation is well-known and has been studied for many types of instruments, such as the guitar and the piano [Mamou- Mani 07].

-The soundpost forcing : the soundpost, the cylinder that links the soundboard and the back is pulled and forced inside the body with a soundpost setter. The soundpost length can vary according to the luthier's choice : the luthier can cut the soundpost with a slightly greater length that will push each side of the violin body when forced. The soundpost installed with a greater length produces prestresses in both the back and the top of the violin.

-The strings are assembled on the tuning pegs and on the tailpiece and stretched to reach the desired frequency, and lay on the bridge. The resultant force in the direction of the bridge height is generally equal to 0.35 times the tension of the string, as shown in the figure 5.20. The force on the bridge is transferred to the soundboard on each foot of the bridge. Thus, the soundboard supports nearly one third of the sum of the tension of the strings. This compression produces on the soundboard a prestress field and a deflection. Moreover, both the neck, the fingerboard and the sides support the remaining tension. The tuning tension Doctoral thesis -R. Viala to geometrical and material properties varies according to the type of strings used (steel or gut), the string makers and the reversal of the neck, which is the angle between the body of the violin and the neck. It is usually considered that the resulting force of the strings on the violin soundboard is equal to

F × 2 × cos( γ 2 )
, where γ is the equal of the string at each sides of the bridge. Moreover, the musician, through the bow and its hair applies a force on the string that is considered to be at maximum equal to 2 N [ Mclennan 08]. Modelling prestresses field in an instrument is not trivial, and usually it consists in the computation of a static analysis that will compute a stress field inside the model. The prestresses field is used for the modal basis computation. For this example, the prestresses field is computed using the strain of the bass bar, soundpost and strings. The strain is computed by the static analysis of the violin undergoing changes in dimensions due to equivalent of thermal expansion coefficients and an elevation of temperature of 1 •C. The values of each thermal expansion coefficients (for each strings, the bass bar and the sound post) has to be evaluated. For the bass bar, a coefficient is applied on a free edges soundboard. A static analysis is computed and the coefficient of thermal expansion (CTE) is set to reach a deflection of up to 1 mm on the sides of the soundboard. The CTE of the soundpost is calculated to drive to a 1 mm deflection on the soundboard near the right side f-hole. The CTEs used for the strings are determined using a model of strings, modelled with rod elements clamped on each sides. The CTE is applied for each string of a length of 330 mm. The CTE values are determined when the resulting force on each side is equal to the tuning tension measured on real strings.

Sensitivity analysis features and parameters

The model is used to perform a screening analysis of the different material and design parameters detailed above. The principle and details of this method are given in the section 4.1.7. The Morris method used [Morris 91], and 12 design parameters, 8 material parameters (the material properties of neck and fingerboard are not considered) and 2 climatic parameters are studied. In total, 22 parameters are activated. The number of runs is equal to : ((22+1) * N t )+1, with N t the number of trajectories. In this study, ten trajectories and six levels are considered, which lead to a total of 231 runs. The average duration of a run is generally equal to 1 hour, which leads to a total duration for the study of 10 days. For the post-processing of the model and application of Morris sensitivity analysis method, features and 200 Doctoral thesis -R. Viala The admittance of the bridge consists in the ratio between the output displacement on a point resulting from an input force as a function of the frequency. It is a frequency response function based on the displacement, as detailed in the table 1.9. The FRF synthesised is based on the modal basis, and the modal superposition method is used. This synthesis needs the modal damping of each mode to be performed. For this study, the modal damping that is used will be based on the modal damping evaluated with the data of real violins by means of laser 3D vibrometry, whose method is detailed above. The admittance of the bridge only, clamped on rigid surface is firstly studied. Then, the bridge is studied when coupled on the violin to highlight the effect of the body on its admittance. Moreover, a comparison of the six first eigenfrequencies of rough and carved bridges is performed. The geometry of the rough bridge stems from the bridge sold by bridge makers "Aubert". The instrument maker then cuts the bridge to fit the violin and adds numerous cuts, for aesthetic, ergonomic and stiffness purposes. Once the modal basis of the full mounted violin is computed, the screening analysis applies the variability of the design, material and climatic condition parameters and the updated model is used to compute a new modal basis, and thus new bridge admittance. The bridge admittances used to evaluate different features detailed below :

Maximum FRF Amplitude per frequency band This feature highlights the maximum value that the admittance reaches in a fre-Doctoral thesis -R. Viala to geometrical and material properties quency band. In this study, the maximum value is evaluated both on the complete frequency domain of the response (0 -4000 Hz) labelled maximum FRF amplitude and the maximum response between 1600 and 3000 Hz that is the usual domain of investigation of the bridge hill. Along the maximum amplitude value, the corresponding frequency is also given. These two outputs give the variability of the maximum amplitude that can be measured on a bridge of a violin made with variable design and materials. This output is used for the study concerning the complete violin, mounted.

Frequency response function domain

The frequency response dispersion highlights the overall amplitude domain that is reached by the many FRF that are computed. It gathers the mean and max values and gives an envelope of the way the material and design variability affects the frequency response function of the studied structure. Moreover, the average FRF of all the runs is also given.

Fuzzy FRF

The fuzzy FRF is presented in the previous chapter, it gives an estimation of the dispersion of the FRF and the way the variability affects the response, according both the frequency and the amplitude, where many indicators usually deal with an amplitude shift. Some features are directly based on the modal basis, such as :

Modal overlap factor

The modal overlap factor is linked with the modal density, as detailed in the section 1.9. This is used as an indicator of the frequency domain : low-frequency (L.F.) < 0.3 MOF, medium frequency (M.F.) [0.3 0.7] MOF and high frequency (H.F.) > 0.7 MOF.

Matched eigenfrequency

The eigenmodes of each modal basis of the study are compared with a nominal modal basis of the violin, made with the mean values of each parameter that are changed during the analysis (both material and design parameters). The eigenmodes are correlated with a MAC criterion, as detailed in the section 4.3.4. The minimum value that is retained for the matching of two modes is 0.6, which is slightly lower than the usual value, 0.7. Considering the main changes that can happend between two numerical cases and the sensitivity of the MAC criterion, this allows the matching of many modes between two studies. When the nominal modal basis and the current modal basis with initial values are compared, all the modes are matched. The matched eigenfrequencies are used to study the sensitivity of the parameters in regard to the eigenfrequency of each mode that is computed. This gives a non normalised value for each eigenfrequency.

Matched eigenfrequencies error

The matched eigenfrequencies error (MEE)is used to compare many eigenfrequencies of eigenmodes at the same time. The MEE is a normalised evaluation of the sensitivity of one parameter in relation to one or many eigenfrequencies.
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Matched eigenvector error

The matched eigenvector error (MEVE) is used to compare the eigenvectors of a given mode of a modal basis to an other. In this case, this gives a normalised evaluation of the difference in the shape of the modes, through the error of the MAC criterion. For this step, the MAC matching minimum value used is equal to 0.6.

Doctoral thesis -R. Viala to geometrical and material properties

Preliminary results

The preliminary results are given in this section, that is a starting point for the physical model utilisation for screening analysis.

Experimental results

The measurements on the violins have yield to the evaluation of their operational modes and frequencies, as a response of an acoustic excitation performed on their back. The modal damping of each mode is evaluated and the table 5.6 gives the frequencies of the modes below 800Hz of the violins V1 and V2 with stretched strings, and usual range taken from [Elie 12a] are also given. The frequencies of the violins V1 and V2 are quite close. It remains differences that are attributed to the different woods used for the mounting and geometric and material properties differences. The first frequency of the tailpiece of the first violin is lower than the one of the violin V2. The tailpiece of the violin V1 is made of Ebony which is slightly denser (d = 1.1) than the boxwood (d = 0.95) used for the violin V2 tailpiece, but their specific rigidity are close (15.4 GPa and 14.7 GPa for ebony and boxwood respectively). The A0 modes of the violin are measured, even if the vibrometer performs vibrations scan. Indeed, the A0 acoustic modes enhances the motion of the violin body which is measured by the vibrometer. The frequencies of the first acoustic mode are close, which indicates a similar volume, f-holes area and perimeter between the two violins. The figure 5.22 shows the deformed shapes of the violin V1 with stretched strings. Modes corresponding to the tailpiece and fingerboard motion are clearly legible at low frequencies. At higher frequencies, the global modes and their nomenclature are displayed. The values obtained for body modes are coherent with the usual values measured [Gough 13a], [ Woodhouse 14], [ Jansson 73], [ Pyrkosz 13]. These modes and their frequencies will be compared to the ones computed with the numerical model.

204

Doctoral thesis -R. Viala The modal analysis gives the modal damping for each mode. The averaged modal damping value on the complete bandwidth is given in the table 5.7 and is equal to 0.87 % when the strings are stretched and 0.92 % when the strings are loosened. This can be explain by an higher loss in strings when they are loosened and thus more flexible. The value of the modal damping that will be used for the bridge admittance computations is the one of the loosened strings, 0.92 %. The average eigenfrequencies relative difference is equal to 1.3 %, which states for a low impact of the prestresses due to the strings toward the eigenfrequencies of the violin. Moreover, the difference is higher for neck, and tailpiece modes, that are the parts than sustain the most important tension. These experimental results will later be compared with the prestressed and non-prestressed computed modal basis to verify that the order of magnitude of the changes are coherent and whether the prestresses have to be implemented or not. to geometrical and material properties The impedance parts show three inflections at 600, 1200 and 1900 Hz, that can be linked with the spatial shape of the f-holes. The values obtained are used for the computation of the acoustic modes of the cavity. The complex frequencies of the

Preliminary results

acoustic modes for given complex impedance of the f-holes are given in the table 5.8. This table gives the results for the first five acoustic modes of the violin, labelled A i , with i varying from 0 to 4. The values are compared with the ones given in [ Nia 15] and [Gough 13a]. The frequencies of the acoustic modes of the model are systematically overestimated, this is explained in [ Nia 15] and [Bissinger 03b]. Indeed, the acoustic modes computed with rigid acoustic cavity do not take into account the compliance of the structure and it has been established that the overestimation is close to one semitone higher than the measured value, which corresponds to a factor of 1.06. Taking into account this correction, the frequencies of the acoustic modes are in adequacy with the reference frequencies measured. The values of the computed radiation damping of the acoustic modes of the violin are given in the table 5.8. The figure 5.24 displays the acoustic pressure field of the modes. These pressure fields are in adequacy with the one usually measured and calculated, such as in [Gough 13a], [ Nia 15] and [Bissinger 03b] which states for a correct simulation of the acoustic modes of the air cavity of the violin. The eq. 5.10, taken from [ Nia 15] gives the frequency of the Helmholtz mode of the violin (A0) with rigid cavities, f air,rigid , as a function of the acoustic waves celerity in air C air and a constant C given by the eq. 5.11, where L f corresponds to the length of the f-holes and h the thickness of the soundboard at f-holes edges.

f air,rigid = C air 2π × C V (5.10) C = 0.185 × L f 0.192 + 1.053 × h L f (5.11)
The air cavity extracted from the CAD exhibits computed acoustic modes that are close to the measured modes. Moreover, this can be used to assess the reliability of analytical expression of the A0 frequency and f-holes impedance, such as the analytical prediction for f holes given by the equation 5.10 and the rectangular shaped model proposed in [Stepanishen 77]. In the following results, the fluid-structure interaction is not implemented but is a main perspective of this work to refine the models of musical instruments.

Effects of the orientation of the sides on violin model response

For the case of orientation of the sides, two cases were considered : the first case considered a unique orientation for each bended part, and the second one a correct orientation implemented in local coordinate frames for each finite elements of these parts. The two computed modal basis are compared using Modal Assurance Criterion, and the MAC matrix is represented in the figure 5.25. The MAC matrix shows a discrepancy between the two modal basis, from the 40 th mode to the end of the database. The correct implementation of the bending leads to a stiffening of the structure which is explained by the high discrepancy between the rigidity of the maple (for sides) and spruce (for linings) in longitudinal and tangential direction (anisotropy). In the model with correct implementation, the tangential direction is always defined in the normal to the surface direction. Thus the longitudinal direction is fully taken into account in the model. The table A.6 gives the results of the comparison of two models with correct and incorrect orientation of the sides. The mean of the absolute errors of the matched eigenfrequencies is equal to 2.1 %, but the averaged MAC value drops to 68 %. These results show that it is clearly necessary to implement a correct orientation of the bended parts in the violin, especially to compute correct eigenmode shapes. The numerical models are created using an office computer, with a quad core CPU and 8Gb RAM. The computation of the modal basis lasts 30 minutes, and the duration of this pre-processing step is close to 10 minutes ; this duration is dependent of the number of elements of each part and can take up to 30 min for fine mesh (for example an element size equal to 2 mm).
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Doctoral thesis -R. Viala The results of the mechanical characterisation of the strings are given below. The table 5.9 give the physical properties of the strings and the tuning tension measured for different string lengths and the equivalent tension on the violin for a string length equal to 33 mm is given. The table 5.10 compares the tension evaluated with the values provided by the string maker. The tuning tension values obtained are coherent with the values provided. The G, A and E strings are slightly less stiff than usual values. This can be explained by a previous plastification of the strings when they where mounted on a violin. The tuning tensions measured match the tension values provided, as shown in the tab. 5.10. The Young's modulus of each string, is given in the table 5.11. The E string exhibits a much higher Young's modulus (6 times) than the other strings whose Young's moduli are close to 5 GPa. The E string is the only plain steel string, not threaded, which explains such difference. The values obtained are used for the evaluation of the CTE for the prestress implementation.
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Analysis of the sensitivity of the vibratory behaviour of the violin to geometrical and material properties For each case of prestress due to the assembly of the violin, an equivalent coefficient of thermal expansion is identified to implement the prestress through the computation of a static problem. The values obtained for each CTE are given in tab. 5.12. The CTE of each part are identified with respect to the features defined in the method section. The CTE of the strings lead to a correct tension of a 330 mm string clamped on each side. The value of the CTE of the bass bar leads to a deflection of the free plate equal to 1 mm. The soundpost CTE value leads to an elevation of the soundboard inside the violin of 1 mm. All these CTE values are implemented in the numerical model of the violin, and at first time each case is processed separately to evaluate the static displacement field due to each prestress separately.

Prestresses effects on the violin

The effect of each case of prestress is displayed in the figure 5.26. The static displacement fields are different according to the type of prestress. Mostly, the prestresses lead to a deflection of 1 mm of the violin. The bass bar affects mainly the soundboard, and the soundpost affects both the soundboard and the back. The 210 Doctoral thesis -R. Viala strings tension affect the whole body, and the bottom of the violin is slightly displaced, which is in accordance with real measures [ Fioravanti 13].

Preliminary results

The static solution is used for the modal computation of the mounted violin model. The figure 5.27 gives the MAC matrix between the prestressed and non prestressed violin models.

The MAC matrix shows globally a good accordance between the two modal basis computed, the tables A.8 and A.9 give the average eigenfrequencies error values and MAC values corresponding to the MAC matrix. The matched eigenfrequencies error is close to 1 % and the MAC value is slightly higher than 72 %. The matched eigenfrequencies difference is small, moreover, the higher error values are due to the tailpiece modes (labelled 1, 5, 7 and 11). Thus the prestresses mainly affect the frequencies of the tailpiece, which is suspended with nylon strings and stretched by the strings. The figure 5.28 highlights the modes of the tailpiece, which exhibits bending in YZ plane and XZ planes and twisting around the X direction.

For the latter, the prestresses will not be implemented in the numerical model as their implementation needs computation time and drive to instabilities in the solving process due to the computation of the static solution in free conditions. This choice is supported by the presented results. The prestresses effect is small on the dynamic behaviour of the violin body, which is the main dynamical domain of interest. The figure 5.29 displays the deformed shapes and corresponding frequencies of the neck and fingerboard below 800 Hz. The chinrest is removed for better legibility in the modes displayed. The fingerboard exhibits bending and torsion modes in this
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frequency range, the frequencies of these modes are in accordance with well-known modes frequencies, such as the B-1 mode, given in the table 5.6. These modes have been studied in the chapter IV for an unmounted violin. The Morris screening analysis has already ranked the influence of the material parameters toward the dynamics features of these modes in the same chapter. The design parameters implemented concern mostly the soundboard of the violin, thus, this screening analysis can not be applied to such modes that do not drive the soundboard and the body of the violin. As this study is dedicated to the dynamics of the soundboard for acoustic purpose, only the body modes are studied through the presented screening analysis and not the previous local modes. The figure 5.30 displays the deformed shapes of the violin body below 800 Hz, and the chinrest and tailpiece of the violin are not showed for better legibility. The frequencies of the CBR, B1-, B1+ and C4 modes are in accordance with the many measured modes on real violins, both measured in this work and previously presented in the results section in the table 5.6 and that have been measured for many decades in the acoustics of the violin domain [Gough 13a], [ Woodhouse 14], to geometrical and material properties [ Jansson 73], [ Pyrkosz 13]. The presented modes will be considered in the screening analysis details and the most influential parameters on each mode separately will be given. Another proposed feature that is used is the modal overlap factor (MOF), which is new feature compared to the chapter IV. The MOF has been calculated for each defined third octave band and run, and its dispersion is given in the figure 5.31. The dispersion of the MOF grows with the frequency and the main domains of the dynamics are represented. As a reminder, the low frequencies domain (L.F.) is generally considered for a MOF inferior to 0.3. The mid frequencies domain is considered for a MOF comprised between 0.3 and 0.7. Above 0.7, the high frequencies domain is considered and the modal method are no longer used. The modal overlap factor of the nominal model is given in the table 5.13. This table shows that the mid-frequencies are reached since the 1250 third octave band, which establishes the beginning of the limit of the modal usual features. Moreover, the high frequency is close to this frequency band. the high frequency domain is reached between 2000 and 2500 Hz. In this domain, the usual FEM based modal basis

214

Doctoral thesis -R. Viala

Preliminary results

method are no longer relevant, energy based method have been proposed (SEA or SmEdA) [ Hwang 17], [ Ege 09]. As an additional piece of information, the figure 5.32 shows that the number of matched modes dramatically decreases from the nominal comparison. The average number of matched modes is equal to 80 modes which is slightly higher than the half number of computed modes. Usually, the matching decreases with the frequency, and the frequency of the 80 th mode is close to 2000 Hz, which has been stated to be the mid-frequencies domain and shows quantitatively the limits of the utilisation of modal based features and justifies the utilisation of the bridge admittance for the study of dynamics of the violin above 2000 Hz, which is a more global indicator. The frequency dispersion is shown in the figure 5.33. The absolute frequency deviation rises with the frequency, and the violin exhibits continuously eigenmodes in Doctoral thesis -R. Viala This table also highlights the impact of the instrument maker's traditional cuts that are performed from the rough bridge sold by the bridge seller to its final shape with the violin. The cuts of the luthiers reduce the resonant frequencies of the bridge, especially in the [2500-3500 Hz] frequency domain. It has to be emphasised that this domain also corresponds to the bridge hill domain. The computed eigenmodes of the clamped bridge are displayed in the figure 5.34. The bridge exhibits mostly two deformed shapes direction, in the X and Z in this frequency domain. It has to be specified that the first bending mode of the bridge, not displayed here is mainly linked with the Y direction, but weakly influential toward the in-plane admittance of the bridge. The diversity of the eigenmodes of the violin lead to a bridge response different in the X and Z directions. The bridge admittance is shown in the figure 5.35.

Preliminary results

In the X direction, the bridge admittance shows a broad peak centred at 3200 Hz, which is linked with the XZ plane bending mode close to 3140 Hz. This peak to geometrical and material properties has been one of the explanation of the bridge hill of the violin for years. The Z direction exhibits a more complex response, as it is a combination of the remaining modes. The Z admittance also shows a broad peak centred at the same frequency as the X admittance. The motion of the strings solicits both the X and Z directions of the violin, thus the bridge admittance in X an Z direction is supposed to be preponderant on the filtered transmission of the motion of the strings to the violin body. In the reality, the violin is coupled and it is hard to anticipate its dynamical behaviour when coupled, which is one of the lockers that the numerical models proposed here are intended to unlatch. For the latter, the bridge is coupled with the full violin, and the bridge admittance is highly modified by this coupling. The figure 5.36 shows the deformed shapes of high frequency modes. Some of the previously described modes of the bridge when coupled with the soundboard are visible, such as the XZ plane bending mode, whose frequencies are now gathered around 2600 Hz which is the usual center frequency of the bridge hill. These preliminary results are a basis for the last step of this presented work, which is the determination of the importance of the different parameters on such features. For the latter, all these results and conclusion lead to the computation of the Morris sensitivity analysis, used to screen the different parameters, whose results are given below. 

Screening analysis results

This section gives the main results of this chapter, dedicated to the Morris screening analysis applied to a mounted violin. Once the 230 runs are performed, numerous features are computed. The features corresponding to the bridge admittance are firstly presented. The maximum bridge admittance in the [1600 3000 Hz] frequency range is given in the figures 5.37 and 5.38. These figures show that the mean bridge admittance maximum value is close to 0.022 mm/N, and its standard deviation is equal to 0.006 mm/N. It has to be emphasised that some configurations lead to a very high admittance value. Such particular configurations mostly involve the f-holes length and soundboard thickness, which are clues for the screening analysis of this features, and will be demonstrated quantitatively below. The maximum value generally appears at 2400 ± 300 Hz. This frequency is in adequacy with the usual values of the center of the bridge hill [ Jansson 04], [ Jansson 16], [Woodhouse 05] which comforts these results. The figure 5.39 shows the dispersion of the bridge admittance for the complete runs.
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Doctoral thesis -R. Viala On this figure, the global trends such as the global rise of the response between 1500 and 3000 Hz are legible but the focus on dedicated frequency areas is not possible due to the number of FRF, and the Fuzzy-FRF is proposed. The figure 5.41 shows the Fuzzy-FRF highlighting the dispersion of the bridge admittance according to the different parameters values. The bridge hill is slightly legible, centred at 2500 Hz. This Fuzzy-FRF quantifies the trends of the bridge admittance along the multiple runs and give an indicator of the response of the violin when undergoing variability phenomena, material, climate or design based. Moreover, it gives more information than the min-max FRF ; the Fuzzy-FRF also gives the confidence domain of the response of the structure and can be used for numerous to geometrical and material properties kind of studies. In the next chapter, the fuzzy FRF is used to display the variation in both amplitude and frequency of the response of a structure calculated with stochastic method. This highlights the impact of the probabilistic definition of a parameter toward an output. It is shown that, according to the feature, the ranking of the parameters varies. The maximum admittance per band is sensitive to the soundboard and back thickness and density mainly. As these parts behave like vibrating plates, this result was expected. Moreover, this feature is also sensitive to the bridge cuts, which is coherent with the previous results and the f-holes length which change the global to geometrical and material properties stiffness of the "island" previously described. The remaining elastic parameters are weakly influential in regard with the thickness parameters especially, and in the same order of influence as density and small geometrical and presets changes.

Screening analysis results

The global matched eigenfrequencies error are mainly sensitive to the thickness and density of the plates, as expected, and the Young's modulus of the back in R direction and the shear modulus of the soundboard, which is consistent with the results of the previous chapter, that stated the shear modulus of the soundboard to be one the most influential elastic parameter. It has to be emphasised that the relative humidity effect is close to the one of the mechanical parameters, as it was shown in the chapter IV for results concerning the moisture content. The M.O.F. of the violin is very sensitive to the the thickness of the soundboard, which is supposed to affect the modal density of the violin.

It has to be highlighted that the maximum global admittance, near 400 Hz is sensitive to the position in the X direction of the soundpost. Thus the soundpost is a good way of tuning of the violin frequencies in this frequency domain, which is its usual but not demonstrated purpose. The global bridge admittance is also sensitive to this parameter. Thus it seems that the position in the X direction of the soundpost is far more important than the position in the Y direction toward the dynamics of the violin. For more legibility, the parameters are gathered into families and the results are given in the figure 5.43. This figure shows the higher impact of usual design changes in regard with the climate or material full variability for maximum admittances values matched eigenfrequencies errors and least for modal overlap factor, matched eigenvectors errors where the design and material parameters influence is equivalent. In addition, the presets, movable also play a significant role, and are most of the time more influential than climatic parameters. Thus, the influence of the design and preset choices of the instrument maker is demonstrated through this study, which is one of the main results of this chapter.

The sensitivities of each body, soundboard and back modes below 800 Hz are given in the figure 5.44, and grouped in the figure 5.45. It is shown that according to the considered modes, the parameter ranking differs. The thickness of the back and soundboard are mostly influential toward the eigenfrequencies of the presented modes. These results are in adequacy with the propositions of Carleen Hutchins to tune the frequency of such modes [Hutchins 93] and thus can be a starting point for a more effective and focused plate tuning during the violin making. The Radial elastic modulus of the soundboard seem to have an impact toward the frequency of the CBR mode, thus the utilisation of bear claw spruce which exhibits a much higher stiffness in radial direction may be studied through the model, an approach is proposed in appendix A.6.4. The grouped diagrams show that material parameters are mostly influential on these canonical modes, but the arch height and shape have not been implemented and might play a significant role on low frequencies dynamical properties. 

Screening analysis results

Design

Conclusion

The objective was to highlight the usefulness of the detailed models of musical instruments in regard with their study. This chapter has highlighted multiple facts. First of all, the orientation of the sides is essential to avoid errors in modelling that drive to incorrect modal basis. The prestresses have a small impact on the violin models and real measured violins dynamics. The design choices of the maker are the most important sources of variability on the modal basis. The full variability of the material properties and usual climatic variations are less influential against the dynamics of the violin than several mm or tenth of mm changes that are dependent on the instrument maker choices, habits, experience or crafting uncertainties. Nevertheless, the importance of these choices depend of the features considered, and , in some cases like the shape of the modes, the influence is balanced. Moreover, for the frequency of some canonical modes below 800 Hz, the full variability of the wood seems more influential that the instruments maker design choices. The material influence has to be tempered by the fact that geometrical parameters like arch height and shape and sides height have not been implemented, and are proposed to also play a significant role on the dynamics of the violin, which would increase design effects rather than material ones. When considering separately the design, irremovable, and the presets, is is shown that presets show a non neglictible effect and are almost always more influential than climatic parameters, which is a comprehension key for the imapct of the instrument maker, at different step of making, especially the last one where movable parts are added. One of the main perspectives of such models, and considering the main influence of the thickness is to optimise the thickness distribution of the parts to attain acoustical properties, as proposed in [ Bös 06] and applied in [Yu 10] for the optimisation of free plates. In addition, it would also be possible to adapt the design in the case of aesthetic choices of wood, which might need a design update. The next chapter uses the developed method and models to study different guitar families by the study of their braces patterns and the way these bars patterns affect the dynamics of the guitar, along with the wood inherent variability.

Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard This last chapter is an application chapter dedicated to the dynamics of the guitar soundboard. The dominance of small design choices have been highlighted in the previous chapter. Here, stochastic simulations are performed to evaluate the impact of the braces design corresponding to several guitar families. This chapter finally uses all the previously presented features and methods.

Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard design of the bracing of guitar soundboards with respect to the wood variability. Different family of guitar exist, with, most of the time, dedicated bracing design. The ranking of the impact of the guitar bars patterns and wood variability is studied. A model-based quantitative explanation of the existence of different guitar families is proposed. This study uses the tools previously detailed in the chapters IV and V, and the material data obtained in the chapters II and III.

6.1 Study of the impact of guitars brace design on the vibratory behaviour of the guitar soundboard

6.1.1 Context
The guitar, electric or acoustic, is one of the most popular musical instrument all over the world. It has been used in every musical style since the XX th century and is often the first choice for the musical learning. The guitar clusters a wide range of prices, qualities and operation. Two families have to be considered : the acoustic guitars, and the electric guitars. The acoustic guitars transform the vibration of the strings to an acoustic pressure through their sounding box and the radiation of their soundboards.

The electric guitars, whose body is often made of a bulk plank are not efficient acoustically and use pick-up to capture the motion of the string and transfer it to an amplification circuit. Thus, the electric guitar is often less studied than the acoustic guitars, even if some studies have highlighted the impact of the dynamics of the body toward the damping of the string, and thus, the sustain of the sound [Le Carrou 10], [Paté 14b] and the variability of the vibratory behaviour of the electric guitars [ Paté 15], [Paté 14a].

The acoustic guitar dynamics, comparatively, has been the subject of much more studies, based on analytical, experimental and numerical methods. The experimental means have been used for decades to observe the resonance modes of the guitar soundboards, alone, or when coupled with the sides and the remaining parts.

As an example, it has been used for the objective characterisation of different guitar families, related to their soundboard patterns [Caldersmith 95]. The experimental means are usefull for different purposes, such as the study of the global dynamics of the guitar and the radiated sound produced, dealing with a macro response of the instrument [ Richardson 10], [Perry 14]. This type of response contains a high amount of information, and it becomes hard, considered the total coupling of all the elements to attribute the role of each part of the guitar (and the properties of its components) with respect to the observed response.

The different making steps have been studied to evaluate their impact along the construction process, using modal experimental means [Elejabarrieta 00] or both models and experiments [ Inta 07]. In order to highlight the variability of the guitars, even when their geometries are identical, other experimental means have been used, such as the bridge admittance [Mansour 15] detailed in [Woodhouse 12]. Similarly, the impact of the bridge has been studied using both experimental har- These different means have proven useful for the study of the impact of, among others, the bars on the guitar body response, [ Domnica 09] and to compare them to nominally identical numerical models of the body, where the variability of the wood was not implemented [ Curtu 09]. Using the chladni method, it has been shown that, for a given body shape, the differences in the body dynamics made of different braces grew with the frequency [ Curtu 08]. At low frequencies, the deformed shapes were similar, but later the different areas created by the braces exhibited very different behaviour. The utilisation of quantitative measurements of the response of the soundboard, using laser Doppler vibrometry, has precisely measured the differences between two guitar made with different braces and before and after the gluing of the bridge and the mounting of the strings [ Skrodzka 11]. Moreover, the global shape of the soundboard is particularly important, the impact of the presence of a cutaway, which is a cut of one upper side of the guitar for ergonomic purpose, has been highligthed in [Ricciardi 01]. The cutaway guitars exhibited higher damping when tested with impact hammer and accelerometers, but this effect has to be validated on more samples and using more global measurement means. Another feature, the frequency domain assurance criterion has been used to evaluate the impact of a non-invasive restoration [Pérez 17a] ; the subtlety of the response enabled the observation of the restoration. Generally, it is considered but not proven that the design of a guitar is more important than its material properties, and the way a guitar maker adapts its shape has more impact to reach a vibratory behaviour than simply use the best tonweoods and any instrument makers have used low quality wood to prove this idea [ Gore 11]. Nevertheless, it remains a belief, shared by a part of the instrument makers and many musicians, that high grade woods are the most important part of a guitar [ Bielski 17]. Musicians attribute a specific timbre of the instrument according to the woods used, which is not justified. In the frame of the replacement of some tropical wood species used traditionaly in guitar making, it has been highlighted that the musicans and listeners could not make a difference between guitar made with backs with different wood species (tropical and local) [ LGRP 17]. Moreover, another result of this study is the fact that musicians could differentiate guitars made with different braces shapes. A simple fact highlights the results of the previous study : the material properties of a wood of a given specie vary widely, and an overlap is possible with other species. As a conclusion, there is most of the time beliefs rather than rigorous and scientific facts when considering the different elements related to insturment making and material and geometry.

One remaining need is to verify that the full variability of the wood properties may lead, or not, through compensation effect, to a similar vibratory behaviour of two guitars made with different designs, or if this full variability is of the second order, which is the object of this study. For this purpose, numerical models are used to compute a very high number of cases, representing virtual guitar soundboards made with material exhibiting Doctoral thesis -R. Viala

Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard a wide variability. Specific numerical models, related to guitar have been developped since a long time, and espeically in 2002, detailed in [ Chaigne 02]. More recently, the evolution of the computational power enabled more and more sophisticated models such as the complete channel of the production of sound, from the plucked guitar string to the radited sound [ Bécache 05]. It has also been found that, for the perception of a sound and timbre, the damping and frequency of the modes may be less important than the effective mass and area of the considered modes [Elejabarrieta 00], [ Inta 07]. One of the most complex model, mixing complete structure and fluid structure interactions has been developped in [Derveaux 10] and enabled the computation of the radiated sound around the instrument. Nevertheless, this model was not fully tunable and it was complex to change the position of the different bars inside the complete model. It was proposed as perspective to study the soundboard separately and then introduce the dynamic behaviour of the soundboard in an acoustic computation, which justifies studies dedicated to guitar soundboards. Models of soundboards include bars, that have also been studied separately in [Bretos 99]. For a sound synthesis purpose, models have taken into account the different orientations and properties of the material, bars and bridge, in a deterministic way [ Derveaux 10]. These models were focused on the soundboard and the air cavity, and did not represented the sides and remaining parts of the guitar, which reduced their proximity with the real guitars but was a starting point for studies dedicated to the soundboards. In addition to the computation of the modal basis of guitar soundboards, the models have been used to compute the bridge admittance of the guitar, in a similar way than the one considered for violins, and thus provided results that could be compared with easily measurable features of real guitars [Elie 12b]. More recently, models have reached an higher level of details, and simulated the interactions and collisions that happened on several kinds of acoustic guitars, such as the viola Caipira [ Paiva 13]. Similarly to the violin, methods have been proposed to modify the shape of the braces to tune specific modes, and the height of the braces has been considered as the most influential parameter [ Dumond 13]. Recently, in [Boven 17], a study has performed the optimization of some guitar soundboards geometrical features (thickness of the top and height of the braces) based on the sound pressure level output.

It is proposed in this study to go one step backward in the refinement and details of the numerical modelling, and to consider only the vibratory behaviour of the soundboard with different cases of braces. Indeed, the computation time is an issue when considering a high number of computations, which are needed for this proposed study. So, for this purpose, the wood is considered under orthotropic linear elasticity with hygroscopic dependence, in order to use modal analysis method.

The aim is, through the computation of a high number of modal basis to take into account the full variability of the wood used for the soundboards and the brace spruce bars. It is hypothesised that the full variations in wood density and stiffnesses is a second order factor for the response of the sound-6.1 Study of the impact of guitars brace design on the vibratory behaviour of the guitar soundboard board, compared to the shapes of the braces. Therefore, stochastic simulations are needed to describe the probabilistic nature of the parameters of a wood specie. The making of the model and the computation settings are given in the next section. -C guitar : the classical nylon strings guitar is the most used guitar to play classical music. Although its story covers several centuries, the most common style comes from the late 19 th century and the guitar maker Antonio de Torres Jurado (1817-1892). The guitar soundboard is mostly made of spruce or western red cedar. For its remaining parts, the rosewood mahogany and ebony are mainly used. The braces exhibit perpendicular to the soundboard grain braces and typical fan bars on the bottom part of the soundboard.

-A guitar : the steel-string acoustic guitar is a flat top guitar, and it is generally made in different body types (00, dreadnought, jumbo, etc..). The common denominator of these types of guitars are their cross shaped braces, developed since the 1850's by Christian Frederick Martin (1796-1873) and then re-used by numerous guitar makers and companies.

-S guitar : the Selmer guitar is a type of steel string guitar that has been manufactured by Selmer from 1936 to 1952. It is a guitar associated with gypsy-jazz and has known a renew of interest since the 2000's. The guitar exhibits in its general aspect a small and oval shaped sound-hole, and a cutaway. The braces are glued on a mandolin-style bent top, mostly perpendicularly to the grain.

It has to be pointed out that the canonical guitar types are more recent than the violin, and is still a very evolutionary domain, especially in the 20 th century thanks to the amplification means. The models developped exhibit different brace types, but same sound-hole, rosette (classical style), bridge (steel-strings style) and cutaway (Selmer style). The geometries considered here of the three cases of braces are taken from traditional templates. The template for the classical guitar is provided by the book "classical guitar making" [Bogdanovitch 07], the template for the Selmer guitar is provided by François Charle [Charle 03], luthier in Paris. The steel strings style braces are inspired from the book "Build your own acoustic guitar" [ Kinkead 04]. The Computer Aided Design of the three soundboards are made with SOLIDWORKS ® . Each side of the soundboards is represented in the figure 6.1. The outer part of the soundboards where the bridge, saddle and rosette are represented are the same for each soundboard and their material parameters are fixed. For the three soundboards considered, only the inner parts, where the bars are glued are different. The thickness of each soundboard without braces is equal to 3 mm. Doctoral thesis -R. Viala The geometries are pre-processed with PATRAN ® . The volumes (up to 20) are meshed with tetrahedral elements with quadratic interpolation (TET10). The option "match parasolid faces" is ticked to create a mesh that displays coincident nodes at the numerous interfaces. At the end of the process, the number of elements, nodes and degrees of freedom depend of the braces type. The C guitar and A guitar meshes display nearly 58000 elements and 106000 nodes. The S guitar mesh displays 56000 elements and 104000 nodes. Once the volumes are meshed with the finite element method, the boundary conditions are applied.
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Boundary conditions

In order to simulate the boundary conditions of the soundboard when it is clamped on the body, the edges of the soundboards are fixed with 0 displacement in each direction. This is a simplification ; indeed, in the reality, the soundboard is glued on the sides and linings (that are used to increase the glueing area). Moreover, some parts of the soundboards are removed to glue the bindings, which are used for both aesthetic and protection purposes. It may be lately possible to imitate the effect of the sides and apply correct boundary conditions on the soundboard but for practical and computation time issues, this is not implemented in this study. Once the mesh and the boundary conditions are processed, the material properties are implemented inside the model.

Materials implementation

The probabilistic material properties implemented to represent the spruce variability are given in the table 6.2 based on the resutls of the chapter II. The dependence of the material properties in regard with the relative humidity is taken from the results of the chapter III. The material parameters are implemented in the same way that is described in the section 5.3.4. The guitar soundboard and bars considered are entirely made of spruce. The spruce is defined as an orthotropic material. It is defined with 12 parameters, three Young's moduli E i , three Coulomb's moduli G ij = G ji and six Poisson's ratio. The Poisson's ratio are linked by the equation

ν ij E i = νji E j .
The material properties of spruce wood are given in the table 6.1 and taken from the chapter II. The bridge and rosette are often made of rosewood, Dalbergia, a tropical wood which may come from South America, Madagascar or India. In brasil, the rosewood called Brazilian rosewood, Dalbergia nigra, is now considered as vulnerable according to the IUCN and no more allowed to exportation since 1992 (CITES AI). Most of the guitar makers nowadays use indian rosewood, Dalbergia latifolia. The properties of the rosewood are given in the table 6.1 and taken an drecalculated from [Sprossmann 17], [ Guitard 87], [Rossing 01]. It is a denser wood than spruce but exhibits similar rigidity in longitudinal direction, and twice the rigidity in radial direction. The saddle is made of polyoxymethylene (POM). The material corresponding to the POM is defined as an isotropic material with Young's modulus, Poisson's ratio and specific gravity equal to 3.1 GPa, 0.35 and 1.42 respectively. The presented material properties are deterministic, but to perform stochastic simulations a probabilistic definition of the material properties is necessary, and given in the table 6.2. Once the material parameters are implemented inside the model, it is possible to estimate the mass of the three soundboards, which is given in the table 6.3.

Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard

The mass of the three soundboards are different and a difference up to 58 g is observed, which is more than 20 % of the lightest soundboard (classical braces). The braces may add a lot of mass which can curtail the radiation of the sound. Moreover, this higher mass is supposed to decrease the resonance frequencies, although the stiffening effect of the bars may compensate this effect. Once the models are pre-processed, they are used to compute the eigenmodes of each cases of brace. The prestress are not taken into account in the model, nevertheless, it has been shown that the gluing of bars with prestresses on a plate tends to increase or decrease the eigenfrequencies of the unstressed part, which depends of the arch of the plate [Mamou- Mani 07]. The current comparison aims to highlight trends instead of exact vibratory behaviour of the soundboards, and thus, the models are simplified for computation time issues. The computation performed is the undamped eigenvalues computation of the model. This computation gives the modal basis of the model in the [20 ; 2500 Hz] bandwidth. This computation gives an average number of modes that is comprised between 40 and 50. For each eigenmode, the deformed shapes are displayed and the bridge admittance is computed with the modal superposition method. As a stochastic study is considered, based on a probabilistic definition of the material parameters, a high number of calculation are needed. For each case, 5000 computations are performed and the features are extracted. One of these features is the bridge admittance, detailed below.

Morris sensitivity analysis

To highlight which parameters is influential, a Morris sensitivity analysis is performed. This analysis also aims at showing whether the material of the soundboard or the braces drives the vibratory behaviour of the soundboard. The Morris sensitivity analysis has already been presented in the previous chapters, for the latter, five rigidities and the density of each component, in addition to the temperature and the relative humidity. The implementation of the dependence of the material properties with respect to the climatic parameters is similar than presented in the equation 5.7. The material parameters and their nomenclature, used in the results section, are given in the table 6.4. The mechanical and physical properties of braces and soundboard are changed separately. In total, 14 parameters are considered for the sensitivity analysis, and the Morris sensitivity analysis is performed with 20 trajectories, that lead to a number of computation equal to 301 runs (14 parameters + 1 × 20 trajectories + 1). The bridge admittance is computed on the point shown in the figure 6.3. The out-of-plane displacement (Z) is considered for a given input force in both X and Z directions equal to 1 N, which is supposed to represent the input force of a string vibrating mainly in the XZ plane. For the calculation of the modal overlap factor, the modal damping is necessary, this value is taken from the measurements on real guitar soundboard, detailed in A.8, and equal to 0.6 %. Although, this value is for a soundboard in free free conditions, and one can assume that the modal damping may be different for clamped conditions, and when the soundboard is linked with an acoustic cavity (early measurement have shown that the modal damping of a soundboard clamped on rigid sides is equal to 0.7 % on the [20-2500 Hz] bandwidth and 0.9 % when the box formed by the soundboard and the sides is closed. This value, 0.9 %, is closer to the modal damping evaluated on complete guitars [Pérez 17a], [ Mansour 15]. In addition to the features and metrics detailed in the previous chapters, such as the MAC matrix, the modal overlap factor and the number of matched modes, a new feature is proposed to evaluate the impact of the variability of each parameters against the admittance of the guitar. For this purpose, a correlation coefficient is proposed. For two variables X i and X j , the correlation coefficient is given by the eq. 6.1.

Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard

C = Cov(X i , X j ) σ X i σ X j (6.1)
With Cov(X i , X j ) the covariance between the variable X i and X j , and σ X i and σ X j their respective standard deviation. This feature will be used to evaluate which parameter has an influence on the value of the bridge admittance, for each frequency step and so give the effect domains of a parameter toward the vibratory response of a given structure.

Doctoral thesis -R. Viala

Results of the study of guitar soundboard using physical model

In this section, the results obtained by the 5000 computations of each case are given. Firstly, a basic comparison of the modal basis of the three cases with initial values are given to compare qualitatively the soundboards.

Deterministic results

The solving of the finite element model detailed above has led to the computation of a basis with initial parameters. The three modal basis exhibit up to 50 modes in the [20 ; 3000 Hz] bandwidth. The first eight modes of each soundboard type are displayed in the figures 6.4, 6.5, and 6.6. Study of the impact of guitar brace designs on the vibratory behaviour of the guitar soundboard deformed shapes become more complex and the modes of the different cases are no longer comparable, and the Modal Assurance Criterion leads to unfruitful comparisons. The detailed MAC of the modal basis of each cases compared two at a time is given in the table 6.5. This table shows that, out a total of 50 modes computed for each case, few modes exhibit close deformed shapes, in the low frequencies domain, which is coherent with the results of [ Skrodzka 11], [Domnica 09], [ Curtu 09] and [ Curtu 08]. The matched eigenfrequencies error is very high and it is clearly shown that the vibratory behaviour of such soundboards is very different in the considered domain. In addition to the modal basis computed with the initial values, the deterministic studies have involved a Morris screening analysis to highlight which of the material parameters are mainly influential on the modal basis. These results are intended to be compared to the results obtained with the correlation coefficient output (and correlate deterministic/stochastic approaches). The figure 6.7 shows the results of the Morris sensitivity analysis for each cases. These results highlight the dominance of the soundboard properties over the braces properties, for given braces patterns. Moreover, it is shown that the ranking of the parameters depends of the brace cases. The longitudinal stiffness and density of the soundboards are the most important, and the impact of the relative humidity is relatively high. For the remaining stochastic study, and considering the results provided by the chapter II, only the longitudinal and radial Young's moduli, and LR 6.2 Results of the study of guitar soundboard using physical model shear modulus of the soundboard and bars will be considered as elastic parameters. The modal overlap factor of the three soundboards is displayed in the figure 6.8 and detailed in the table 6.6. This figure shows that the modal overlap factor values and evolutions are similar for each soundboard, even though these structures exhibit very different modal behaviour. The Selmer guitar exhibits nevertheless a smaller modal overlap factor between 1250 and 2500 Hz. The mid frequencies domain is reached for a frequency value comprised between 1700 and 1900 HZ, which is the usual limit of the modal methods. It is therefore justified to use admittance features to study these soundboards, as most of the usual criteria based on direct comparison of the modal basis are quickly limited. These results are coherent with the many observations usually made on guitar soundboards, using either or both experimental and numerical methods. For the latter, the results of the stochastic simulations are given, to highlight the variability of a guitar soundboard of a given geometry. The results of the 5000 computations have been processed through three different means : the frequency dispersion of the first ten modes of the guitar soundboards, the fuzzy-FRF of their admittance, and the correlation coefficient between the parameters and the value of the FRF for each frequency step. The table 6.7 gives the dispersion of the eigenfrequencies of a soundboard when undergoing probabilistic changes of its material parameters. It has to be highlighted that the parameter changes are modelled with a normal distribution, and the frequency dispersion is also normal, which is expected for a linear system. The relative frequency dispersion of each case is close the ±4 %, which emphasises the fact that the eigenfrequencies of a given mode are not superposable. There is no compensation effect, due to the material variability that can lead to a similar vibratory behaviour of the structure. Hence, the design choices of the guitar makers are far more influential than the wood choices and climatic changes. Similar trends have been observed in the frame of the Leonardo project [ LGRP 17]. Indeed, musicians and listeners have not been able to perceive a neat difference of the sound of a guitar for different wood species for the back and sides but were able to perceive a difference when the braces of the soundboard of each guitar were different. These results have to be compared with the one given by the fuzzy-FRFs, displayed in the figure 6.9. In this figure, the dispersion in both amplitude and frequency of the bridge admittance is given for the three case. The impact of the first mode on the low frequency admittance of the bridge is clearly legible for each type of braces. The maximum corresponding admittances of each case reach a similar value, close to 0.1 mm/N. Above the frequency of the first mode, it is shown that the three FRF are not stackable, even if the material properties and the climate conditions may strongly vary. The amplitudes are not similar above 300 Hz, and each case exhibits complex responses.
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In order to study the influence of the previous parameters with respect to the frequency bands, the correlation coefficient method has been used. The results of this study are displayed in the figure 6.10 that gives the correlation coefficient of each parameter with respect to the frequency. The results of the Morris sensitivity analysis are correlated : the properties of the soundboard are mainly influential, and the main influence of the relative humidity besides the temperature is observed. For the Selmer guitar, the braces seem to have an higher impact on the complete response, which can be explained by the fact that the braces are bigger and oriented in the perpendicular Doctoral thesis -R. Viala to the grain direction, which is a direction where the soundboard is way less stiff. Another output is observed, the figure shows some fringes, that look similar to the fringes in the absorption spectrum of the electromagnetic waves. These fringes highlight the fact that some frequencies admittances are not influenced by any of the input parameters, as the coefficient correlation is equal to zero for each parameter. This method is proposed for further tuning of the guitar soundboard to reach a desired response.

Conclusion

Conclusion

The main conclusion of this chapter is that the design choices of brace shapes is mainly influential. The vibratory behaviour of a guitar soundboard made with one of theses shapes can not be similar to another soundboard made with different brace shapes and each case can be considered as an instrument. The dominance of the material properties of the soundboard with respect to the material properties of the braces is shown, as well as the dominance of the relative humidity against the temperature. The relative humidity seems important, but it has to be pointed out that the evolution of the material parameters of the wood when undergoing climatic changes are considered for a hygroscopic equilibrium state of the wood. In reality, these effects are not immediate and one can consider that the wood rigidity may not be fully modified by a climatic change. Contrariwise, the loss factor are strongly affect by transitional changes, as discussed in the chapter III. One of the main perspective of this work would be to study small differences for each given brace pattern, by changing geometrical parameters of bar one by one. Also, it would be interesting to evaluate the impact of the change of materials for braces and soundboards (like other species or composites) with similar geometry. Such results and the methods proposed might be a potential decision support for instrument making, considering mixed geometrical and material changes. Therefore, it is necessary to easily change the geometrical properties of the studied structures. For this purpose, interfaces and algorithms, "Musical Instruments Computer Aided Design (MICAD)" are proposed to perform easily geometrical changes and to provide a dedicated numerical support usable by instrument makers and researchers in the next chapter. Moreover, the utilisation of the combined features and methods proposed here enables the robust-optimisation of the guitar braces, in order to create shapes that reach a specific dynamic behaviour (for example the dynamical behaviour of appreciated instruments), even though the material and climate conditions may vary.

Introduction

In this chapter, dedicated numerical tools are proposed, in the form of a software, MICAD (Musical Instruments Computer Aided Design) which represents a starting point for instrument making. Details of the different interfaces and the methods are provided to achieve an ergonomic and easily accessible tool. Two videos showing the utilisation of the software are also proposed. The examples presented here are dedicated to guitar and violin makers and address the soundboard of both musical instruments.

MICAD for guitars

This part is focused on the guitar soundboard specifications. As it has been stated in the previous chapter, the brace shapes tend to have a dominant role on the vibratory response of the soundboard, and, by extension, on the timbre of the guitar. In order to provide a numerical tool for guitar makers, effective parameters have to be implemented, and consist in both geometrical and mechanical parameters.

Design part
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Numerical tools proposal

Excel table method

Two different ways can be considered to control the shape and material properties of the guitar soundboard. The first one consists in the modification of a pre-existing braces shape and soundboard, as detailed in the figure 7.1. This method deals with a SOLIDWORKS ® part file of the braced soundboard that is parametrised through the EXCEL ® table method. For each design parameter of interest, a "smart dimension" is defined. All these features are then gathered in an excel sheet. The values of the excel table are then modified using MATLAB ® software and the updated CAD part is opened and exported as a parasolid (.x t) file.

In this example, the braces of the soundboard are displayed in a classical way, it is therefore possible to adjust the dimensions and position of each braces and of the sound-hole. Moreover, it is also possible to change the material properties of each component. This method may be a means for a better understanding of the impact of each bar toward the vibratory response and screen each features of each bar of the braces shape. Moreover, considering the number of parameters of each bar and the number of braces, it is evident that the number of runs to perform a complete study of the impact of each bars may be very high. So, it is necessary to perform a screening analysis before a full sensitivity analysis, which can be a starting point to correlate the guitar makers traditional practices with objective facts.

MICAD for guitars

Nevertheless, this method does not allow guitar makers to evaluate brace patterns that differ strongly from classical one. For this purpose, a second method is proposed, that will therefore be the preferred method.

ActiveX COM port method

The second method that is proposed is based on interface which gives the guitar makers the possibility to work on a blank guitar soundboard shape, displayed in the figure 7.2. This interface is developed with MATLAB ® and the different elements have been made in collaboration with the Laboratoire d'Acoustique de l'Université du Maine, LAUM, through the master internship of Yue WANG. The different elements of the interface are listed below :

• The thickness of the soundboard.

• The sound-hole of the guitar is generally unique and circular, but it is proposed to draw at maximum three circular sound-holes, whose position and radius are tunable.

• The elastic properties of both the soundboard and the braces can be changed.

Based on the results of the chapter VI, three rigidities (E L , E R and G LR ) and the density are tunable.

• The braces are a main constituent, as highlighted in the chapter VI, and up to twelve braces are tunable. Currently, only rectangular shapes of the braces are considered. The position, orientation, length width and height of the braces are tunable.

• The boundary conditions can be changed, and free and clamped edges can be selected.

In order to propose these options, different numerical methods have been used. The interface creation is not detailed as it uses common features of MATLAB ® , such as the GUIDE interface creation tool. The CAD file is created and updated using different functions command, and especially the driving of SOLIDWORKS ® by instructions sent by Python. First of all, a preliminary global shape of the soundboard is previously defined, and the following steps are based on this geometry. The thickness of the soundboard is the first parameter that is updated in the CAD. Secondly, the rosettes are created by sending instructions to SOLIDWORKS ® , whose steps are detailed below. The COM port method is based on the instruction : import win32com.client that uses the extension pywin32 for PYTHON 2.7. The link with the SOLIDWORKS application is created, once the application is opened with the instructions COMSW = win32com.client.Dispatch("SldWorks. Application") and Part = swApp.ActiveDoc

The opening of the f-holes are made with the instructions : vSkLines = Part. SketchManager. CreateCircle(Xc,Yc,Zc,Xp,Yp,Zp) and myFeature = Part. Featu-reManager. FeatureCut3(True, False, True, T1, T2, D1, D2, False, False, False, False, Dang1, Dang2, False, False, False, False, False, True, True, True, True, False, 0, 0, False).

The creation of each brace is made with the instructions vSkLines = Part. SketchManager. Create3PointCornerRectangle(X1,Y1,Z1,X2,Y2,Z2,X3,Y3,Z3) and myFeature = Part. FeatureManager. FeatureExtrusion2(True, False, True, T1, T2, D1, D2, False, False, False, False, Dang1, Dang1, False, False, False, False, False, True, True, 0, 0, False).

At this point, the CAD updated is finished and the geometry is exported with the instruction PARASEXPORT = Part.SaveAs3("adress\ \ filename. x t", 0, 0).

Finite element method automation

Once the CAD is updated and exported, the software PATRAN ® is used for the finite element model creation. A script is created to automate the meshing of the CAD, the implementation of the material properties, the application of the boundary conditions and the creation of the problem that will be solved by the software NASTRAN ® . The content of this script can be modified using MATLAB to change the material properties and the boundary conditions. The problem that is defined is a modal analysis of the first twenty modes of the models, after 1 Hz to avoid rigid body modes in the case of a free conditions model. Such analysis is labelled as sol103 in the software PATRAN ® .

MICAD for violin soundboards

Software results

Once the finite element eigenvalues problem is solved, the eigenmode shapes of the soundboard are displayed using AESOP, a software developed in the laboratory. For the given design, material and boundary condition parameters legible in the figure 7.2, the utilisation of the complete suite leads to the computation in five minutes, on the office computer used in the previous chapter, of the twenty first modes of the modal basis of the soundboard for a given boundary condition. The display of these modes is possible. As an example, three modes computed with the conditions free and fixed are given in the figure 7.5. 

MICAD for violin soundboards

For violin makers, an interface is developed for the computation of the eigenmodes of a violin soundboard with either free or clamped boundary conditions. The interface for this application is given in the figure ??. 

Perspectives

Perspectives

The presented numerical tools enable the computation of the modal basis of both guitar and violin soundboards, considering geometric and material changes. It has to be emphasised that, once the application is launched and the parameters set validated, there is no other request or action of the user to perform the computation, everything is automated through the monitoring of the different softwares by MATLAB ® . Many perspectives can be considered, two main perspectives are considered : Doctoral thesis -R. Viala

• Increase the understanding of the diversity of technical choices like geometry and material parameters, and gather results to highlight trends.

• Associate responses diversities with perception and more subjective assessments like quality, which would require either a large number of instrument produced or a fine sound synthesis applied with each computed case Moreover, the modal active control requires the understanding of the dynamics of a structure, and the position of the actuators and sensors, discussed in [ Roma 08] may be simplified by such a numerical tool that automates the geometrical and material changes. The active control is under development for different applications, such as the control of the response of the cellos [ Givois 14] and instrument soundboards [Benacchio 15a], [ Benacchio 13], [Benacchio 15b], violin bridges [ Boutin 11]. Innovation in the design and materials can be planned, based on the results of the proposed numerical tools. For example, the impact of the split of a soundboard and the utilisation of composite material can be considered [Le Moyne 13]. Substitution materials can exhibit a response significanlty higher, such as petung bamboo [ Kusumaningtyas 16]. The composite materials study, especially their bio-based alternative, is a high stakes theme in both research and industry domains and instrument making [ Roest 16]. The bio-based composites have already been used to make musical instrument parts, especially the soundboards [ Damodaran 15]. The combination of such new materials and virtual prototyping, in combination with laser or traditional machining can be a starting point for the design and making of composite based braces for guitar, in order to improve the radiated sound of the soundboard, and reach a desired vibratory behaviour, or create new guitar timbres.

One of the current limitation of this software suite is the price of the different elements. Indeed, the cost of a professional license of either SOLIDWORKS ® , PATRAN/NASTRAN ® or MATLAB ® is prohibitive for instrument makers. Thus, current developments are in progress to replace each commercial software by open source alternatives, such as PYTHON (interface), freeCAD (CAD), GMSH (preprocessor) and FREEFEM++ (solver) to provide an application affordable and usable by the instrument makers in their workshop. Moreover, in addition to the computation of the modal basis, it is considered to add sound synthesis features, on request of instrument makers.

General conclusions

The objective of this PhD thesis work was to evaluate the relevance of the virtual prototyping methods and physics-based models for application to string musical instruments. Toward this end, firstly, a material characterisation has been performed on the spruce specie, mainly used in western stringed instruments soundboards. A dedicated non-destructive method has been developed in order to evaluate the elastic and damping properties in several directions at once. In addition, the dependence of these properties with respect to relative humidity and temperature changes has been studied. Secondly, the data obtained have been implemented in numerical physics-based models of musical instruments created with the finite element method. These models have been used to compute the dynamical behaviour of the instruments. These analyses have been performed for different purposes, detailed below. The results obtained have shown the capabilities of the models to predict the vibratory behaviour of musical instruments, and their usefulness for instrument making and characterisation. Finally, numerical tools have been proposed to support the transfer from industrial and research domain toward art and crafts domain. These tools aim at providing decision support for instrument makers and curators, with a focus on guitars and violins. The original contributions are presented in chapters II to VII.

Chapter II

Chapter II proposed the utilisation of a dedicated method, FEMU-3DVF, for the characterisation of materials used in musical instruments. The FEMU-3DVF method is non-destructive and enables the identification of the rigidities and the loss factors of the materials in different directions at once from a piece of variable geometry, as bought by makers. This method is based on the comparison of the eigenmodes computed by a finite element model and the experimental ones, obtained in three direction using 3D laser vibrometry. The results obtained are coherent with those obtained with classical direct and indirect methods. The species studied were mainly spruce and maple wood used for violin and guitar making. At least three rigidities and three loss factors for each sample can be identified. In total, more than fifty specimens (blanks for top and back plates of violin and guitars) have been tested and the database obtained has led to the identification of empirical behaviour laws and probabilistic distribution of the elastic and damping Doctoral thesis -R. Viala parameters.

In addition, it has been observed that the anatomical specificity, known as bear-claw or indented rings had a high impact on the elastic properties of spruce, especially in the radial direction, for a similar density. Nevertheless, for now, the number of specimens studied showing indented rings is too small to draw conclusions.

As a limit of the proposed method, the error in the identification has been evaluated to be higher than that of usual methods. This error is related to the uncertainty in the density and dimensions measurements, and inherent to the minimisation process. Moreover, the loss factor values differ with the ones usually measured. This may be attributed to error sources in their estimation, since the excitation was performed by an acoustic speaker which loads the structure with very small strain levels.

For further developments of the FEMU-3DVF method, it is proposed to perform identification considering different sets of eigenmodes, in order to evaluate the frequency dependence of the material properties. This method has been applied to numerous materials, such as bio-based composites [ Viala 18], and one of the perspective is to use FEMU-3DVF method for the identification of the material properties of composite sandwich parts with arbitrary shape.

Chapter III

In this chapter, both FEMU-3DVF method and dynamical mechanical analysis have been used to evaluate the influence of the temperature and relative humidity on the mechanical properties of spruce wood in usual climatic conditions that undergo musical instruments. The results obtained have shown a high impact of climatic conditions on the elastic and damping properties, even for narrow climatic changes for moisture content comprised between 5 and 15 %. The tests were performed for moisture content values equal to 90 % the equilibrium values, the results showed that the loss factors increased in all directions when the relative humidity and the temperature increased. For the same changes, the elastic moduli in L and R directions decrease and the shear modulus in LR is almost unchanged. The results obtained have led to the creation of deterministic models with the different methods. They have also led to empirical laws that link the elastic and damping properties of spruce with temperature and relative humidity, that have been used for the next chapters in transitional state, as the moisture content equilibrium was not reached. This transitional state lead to undervalued dependence of rigidities and over valuation of the loss factor dependence to RH. Surprisingly, transitional changes of relative humidity, from 25 to 75 % for a given temperature, have shown that the elastic modulus in L direction was almost unchanged. The loss factor in the same direction was doubled which highlights the effect of high transitional state on the damping properties of wood. Thus, in the instruments, it is proposed that such changes of damping properties for climatic conditions that musical instrument usually undergo may affect their dynamical features. For this assessment, more realistic loading amplitude, time, and conditions have to be considered, as well as the impact of the varnish. In this chapter, the number of specimens tested is very small, and further investigations including more samples, are proposed to increase the accuracy of the proposed laws and their reliability. Moreover, longer times must be tested, to ensure moisture content equilibrium state of the specimens and avoid transitional effects on damping.

Chapter IV

In chapter IV, elements of the Verification and Validation (V&V) process have been applied to finite element models of musical instruments parts. A model verification and validation has been performed on a Spanish guitar soundboard model. It has been shown that the verification method used did not yield consistent results, since the mesh refinement was not constant for the complex shaped part. Moreover, the model was able to predict the modal behaviour of the soundboard in low frequency domain when the uncertainties corresponding to the material properties and the climatic conditions were taken into account. Nevertheless, as it is, the model validation is not complete and the discrepancy between experiments and model prediction have to be quantified using specific metrics to establish the level of confidence of the model. The CFDAC feature has also been used to quantify the discrepancy between the nominal model predictions and the experimental results, and give a frequency based indicator of the prediction error and is a starting point for the improvement of the model where the frequency discrepancy is high. The fuzzy FRF method has been used to compute the admittance of the guitar soundboard at the bridge position considering both amplitude and frequency dispersion due to the variability sources described previously. This method is a starting point for the optimisation under uncertainties of the geometry and materials of an instrument where given dynamics (in this example admittances) are required. Nevertheless, the assessment of the prediction of the model using fuzzy FRF has to be performed by comparing the predicted fuzzy FRFs with real admittance measurements. A screening analysis has been performed on an unmounted violin, and it has highlighted the fact that most of the dynamics are related to a reduced set of material parameters. Out a total of 91 parameters, 15 have been identified to be particularly influential on violin dynamics. It has been shown that the moisture content of wood and the densities of the soundboard, back, neck and fingerboard were particularly influential. In addition, the rigidity parameters of the soundboard and back were highlighted to play a main role, especially in the modes that are assumed to play an important role in the acoustics of the violin. However, the sensitivity analysis were Doctoral thesis -R. Viala only based on the moisture content and properties of the wood, and the geometry was not implemented in this chapter, which is performed in the chapter V. The results and method developed in this chapter have been used for the study of different phenomena in musical acoustics, especially in the vibratory domain, in the two next chapters.

Chapter V

Chapter V presented analyses on the vibrational behaviour of a complete violin using an elaborate numerical model and focused on the vibratory responses of the violin, such as eigenmodes and bridge admittance. Some preliminary results have led to different conclusions :

-The orientation of the sides is particularly influential on the dynamics of the violin, and it is necessary to implement it in model-based studies of instrument with bended parts.

-It has been observed that the prestresses due to the assembly of the violin (the strings tension, the bass bar forcing and the soundpost length) had a small impact on the dynamics of the model, and the predicted frequencies were generally shifted by 1%. This trend has been experimentally observed on a violin with stretched and loosened strings with equivalent changes in experimental eigenfrequencies.

-The acoustical behaviour based on the inner volume of the model is close to the one observed on real violins. It is a starting point to implement fluid-structure interactions to compute at once acoustical and dynamical repsonse of the violin. This computation time consuming step has yet to be performed.

-The eigenmodes shapes in low frequency domain predicted by the numerical model are close to the ones usually observed on real violins, as well as their eigenfrequencies. Taking into account uncertainties in geometry and material properties, the dispersion of the computed eigenfrequencies have to be compared with an exhaustive database of the frequencies of the canonical modes of the violin. This is proposed to evaluate the prediction capacity of the proposed model to predict the frequencies of violins, regardless of its geometry and wood properties.

Based on these results, the model has been used to perform a screening analysis of the geometrical, material and climatic parameters with respect to their effect on numerous features, as detailed below :

- The results using an undamped model of violin have shown that design and presets choices of the makers were most of the time more influential on dynamical features than the complete variability of the woods used in violin making and the climatic conditions. Considered the shape of the eigenmodes, this distribution was balanced.

However, additional developments in the model are still necessary to increase the number of geometrical and material parameters that are taken into account in the screening analysis, such as the rib height and the shape of the arch of the violin. In addition, the current computation of the modal basis does not take into account the loss factors of the material, and the damping is applied a posteriori. Finally, coupled fluid-structure analysis is a perspective for more accurate studies, since this interaction affects both acoustical and dynamical modes and would provide more complete and accurate data.

Chapter VI

In the chapter VI, the influence of the guitar soundboard brace patterns on its dynamics has been studied. For this purpose, three types of guitar soundboard braces have been modelled corresponding to three "families" of guitars. Numerous computations have been performed that took into account the variability of the wood elastic properties and the climatic conditions in a probabilistic way. The computed eigenfrequencies and bridge admittances features presented previously have been used to evaluate the dispersion of the dynamics of the soundboard under strong variability. It has been shown that the dispersion of guitar soundboards dynamics for a given braces pattern could not be superposed. Thus, it highlights the fact that the bracing pattern of different instruments is the most important part of the soundboard considering its dynamics, which surpasses the material and climatic variability. The existence of different acoustic guitar families, mostly associated with their braces pattern is justified from this point of view, which was expected but not proven. This study has been focused on the soundboards only, but it remains necessary to perform computations on complete guitars with fluid-structure interactions to validate this observation on the full instrument.

Chapter VII Doctoral thesis -R. Viala

In the last chapter, numerical tools are proposed as a direct transfer of the different methods to instrument makers. These tools combine software with different roles. The CAD, pre-processing and post-procesing steps are performed with different commercial softwares, and driven by a numerical computing environment. The tools propose a computation of the dynamical behaviour of the violin and guitar soundboards in the low frequency domain in less than five minutes with an office computer. At this point, different perspectives can be proposed :

-The new numerical tools developed can be used either to optimise the geometries and material to reach a dynamical behaviour, or to create new designs that are more robust in regard with the material variability and climatic conditions.

-In the short term, the implementation of optimisation procedure can be performed. Then software based on this work can be proposed, subject to the condition of the transfer of the models to affordable or open-source software. The aim is to propose this decision-support software for instrument makers, and to use this software inside the workshops.

Nevertheless, one of the current limits of these tools for instrument makers is the prohibitive cost of the different software that currently prevent their transfer. The main solution considered is the utilisation of open source software to replace commercial products.

In conclusion, this work has led to advances in different domains related to the musical acoustics. Some of the woods used in musical instruments have been studied from a mechanical point of view, and the database obtained has led to empirical laws and distributions of their mechanical properties, which can be useful for further numerical and analytical studies. In addition, the methods used have proven useful for the study and predictions of the dynamics of the violin, and conclusions proposed can be a starting point for dedicated studies in domains related to the musical acoustics. This work also enables the evaluation of the effect of different making parameters on the dynamics and then acoustics of musical instruments, to study the impact of different types of instrument making. However, experimental studies on the mechanical behaviour of woods are still necessary to refine the material models proposed, and to add new laws that would be useful for specific studies of the musical instruments. The numerical models proposed have yet to be more refined to exhibit more complex features of the dynamics and acoustics of the musical instruments and lead to an increase of their knowledge.

Rather than giving ex cathedra directives, the musical acoustics domain is complementary with the empiricism of the instruments makers. This PhD work has been performed bearing this idea in mind. This domain provides comprehension tools that can be useful for luthiers, but it is still their knowledge and skills that A.2 Identified material properties for maple quarters

A.2 Identified material properties for maple quarters

The identified values for the maple samples are given in the table A.2 and A.3. The processing of the data is similar than for the spruce samples. In order to evaluate the distribution of the climatic conditions, during one year, the relative humidity and temperature in the rooms surrounding the experiment devices have been measured every hour with a LOGTAG ® device. The figures, A.2 and A.3 shows the distribution of the humidity values and temperature, and Wakeby type distribution curves.

The relative humidity follows a Wakeby type distribution, centred on 42 % RH. The coefficient of the Wakeby distribution of the relative humidity are given in the table A.4. The relative humidity mostly ranges between 24 and 65 %, which is in adequacy with RH values considered in this study.

The temperature does not show a distribution that can be fitted, it ranges between 16 and 26 • C, which is inside the temperature range considered in this study. An incomplete distribution of Wakeby is fitted, whose values are given in the table A.4. These different distributions will be used in the chapter VI to perform stochastic distributions with probabilistic models. A.5 Water sorption kinetics of tonewood for different specimens The beam mass and dimensions of the sample vary when it undergoes climatic changes, and the equilibrium state of mass and dimensions is 90 % reached after two days and a half on these small dimensions. Between 50 to 75 % RH, the mass gain reaches up to 6 %. These beams are intended to be used in DMA, as detailed in 3.2.2.2. The beam will be tested with DMA with 30 minutes RH. For this duration, the mass gain is more than five times smaller than the one of the equilibrium state. Moreover, the RH changes are equal to 5 %, which is five times lower than the change considered here (25 %).

A.5.3 Water sorption of the spruce plate XIb

The plate XIb is measured and weighed in a climatic chamber CLIMATS ® to evaluate the moisture content as a function of the time for plates specimens. In the considered temperature and relative humidity changes, the evolution of the dimensions is mainly dependent of the relative humidity [Simpson 99], and the plates undergo relative variations of thickness (h), width (b) and length (L) between 25 % and 75 % given in the eq. A.2. 

A.6 Computed modal basis comparisons, detailed data

The figure A.10 shows the two FRF computed with the model with bended or carved soundboard and back. The bended wood is stiffer than carved wood, and the frequencies are offset to higher frequencies. However, the average M.E.E. is equal to 1.5 %. The MAC matrix decreases to 65 % which shows high differneces in mode shapes. Frequency (Hz) Admi�ance (mm/N) A test-model comparison has been performed for a Selmer guitar soundboard in free conditions. The method used to evaluate the vibratory response of the soundboard is similar to the one presented in the chapter V. the model has been developed in the same way as described in the chapter VI. The mass of the soundboard is higher than the one of its components taken separately, which is attributed to the glue at the interface of the soundboard and the bars, and its sorption by each of the components. To implement this density increase, the density of the bars is increased by +3 %. The results of the modal analysis on the soundboard are given in the table A. In the following table, A.17, the mechanical parameters are given for different cases. The first correspond to the material properties predicted by Guitard's laws [ Guitard 87]. The second case correspond to the properties predicted by the empirical laws proposed in this work. The third case correspond to the identified values of this particular soundboard obtained with FEMU-3DVF method. The comparison between the three different computed modal basis for each case and the experimental modal basis are given in the table A.18, A.19 and A.20. It is shown that the empirical laws that link mechanical properties and density, proposed in this work lead to a better correlation between the experimental modal basis and the compute done. The first case leads to a M.E.E. averaged value equal to 43 %. Using the proposed laws, this error decreases to 12 %, which is four time lower. In comparison, the implementation of the identified values of each element taken separately lead to M.E.E. averaged value equal to 7 %, and a MAC value close to 50 % which is still low. This study highlights the better prediction of structures made of spruce using the laws proposed in this work.
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 112 Figure 1.2 -Part of a photography of the Johan Sebastian Bach (1685-1750) sonata No.2 in A minor, BWV 1003, annotation by Yehudi Menuhin (1916-1999). Manuscript on display at the Royal Academy of Music in London,part of the Yehudi Menuhin : Journey with a Violin' exhibition, drawn from the Foyle Menuhin Archive.
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 13 Figure 1.3 -Schelleng diagram [Schelleng 73] of the Helmoltz motion's domain of a violin string, from [Woodhouse 14]
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 14 Figure 1.4 -(a), spatial representation of the 1 st to 16 th harmonics of a string ; (b), schematised amplitude of the first harmonics of a string.

1. 1 . 3 . 1

 131 Violin strings
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 15 Figure 1.5 -Violin string spectrum, picture from [Reinicke 73].
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 16 Figure 1.6 -Scheme of the impact of the elements on the signal produced by the violin, from the string motion to the radiated sound, picture from [Gough 00].
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 1 Figure 1.7 -Violin scheme and nomenclature of its constituents
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 1 Figure 1.8 -Selmer guitar scheme and nomenclature of its constituents
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 1110 Figure1.9 -Scheme of the hierarchical levels in wood [Harrington 02] 
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 111 Figure 1.11 -Wood chemical composition, from [Xu 14].
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 1 Figure 1.12 -(a), scheme of the layers of the tracheid, from [Navi 05] ; (b), cellulose, hemicellulose and lignin relative content in the different tracheid cell wall layers [Navi 05], from [Panshin 70].
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 1 Figure 1.13 -(a) Material directions and planes in wood, L : longitudinal, R : radial, T : tangential.
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 114 Figure 1.14 -Moisture content as a function of the temperature and relative humidity, from [Glass 10], with the results of [Simpson 76].
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 115 Figure 1.15 -Density as a function of the moisture content, [Simpson 76], Gb gives the basic specific gravity (the ratio between the dried mass and the volume at fiber saturation point).
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 116 Figure 1.16 -Scheme of wood shrinkage in different material directions [Simpson 99].T R
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 117 Figure 1.17 -Comparison between computed eigenmode shapes and Chladni pattern of a violin back, with the permission of Joe Wolffe.
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 121 Figure 2.1 -Microscopic view of spruce in RT-plane, at different scales. Photograph by the author and M. Gilani.

  .3 shows colourised images of spruce obtained with tomography method. The figures show regular and indented spruce in RT (a) and LR (b) planes (present work).
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 22 Figure 2.2 -Microscopic views obtained by SEM for standard and indented spruce samples. (a), LT plane ; (b), RL plane [Ohtani 87].
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 23 Figure 2.3 -Microscopic views of indented and non indented spruce obtained by tomography reconstruction. The tomography has been performed by Marjan Gilani, from EMPA laboratory, and the reconstruction made by Romain Viala using ImageJ. Images taken from the same samples at different ages of the tree.

Figure 2 . 4 -

 24 Figure 2.4 -Dimensions of the quarters (a) and plates (b).
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 26 Figure 2.6 -FEMU-3DVF method scheme.
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 2 Figure 2.8 -Animation of the three modes of the plates used to evaluate the loss factor in different directions ; (a), mode 2 : pure bending in longitudinal direction ; (b), mode 4 : pure bending in radial direction ; (c), mode 1 : pure torsion in LR plane, see electronic version for animation.
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 2 Figure 2.9 -Finite difference sensitivity analysis of the first sixteen modes of the quarters. Legend gives the normalized elementary effects of each parameter
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 210 Figure 2.10 -Mode shape (left) and screening of the parameters (right) for the first twelve modes of the qurters, part I.
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 2112 Figure 2.11 -Mode shape (left) and screening of the parameters (right) for the first twelve modes of the quarters, part II.
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 2 Figure 2.13 -(Mode shape (left) and screening of the parameters (right) for the first twelve modes of the plates, part II.
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 214 Figure 2.14 -Global sensitivity ranking of the parameters according to the dynamic response for : (a), plates ; (b), quarters.
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 215 Figure 2.15 -Global sensitivity ranking of the parameters according to the dynamic response for : (a), plates ; (b), quarters.
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 2 Figure 2.16 -MAC matrix before (left) and after (right) calibration for the spruce plates (a), Ia ; (b), IVa ; (c), VIIa
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 217 Figure 2.17 -Overall rigidities and loss factors of the spruce wood for all the samples.
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 218 Figure 2.18 -Average rigidities and loss factors as a function of the grading (smaller is better).
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 2 Figure 2.20 -Cost function as a function of the three considered rigidities for the quarters samples.

Figure 2 .

 2 Figure2.21 -Identified rigidities as a function of the densities for plates and quarters samples, (34 specimens). Red line, models proposed ; dashed blue lines, models from [Guitard 87].

  The figure2.22, shows the distribution of the density values, and a Wakeby type distribution curve.
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 2 Figure 2.22 -Cumulative distribution function of the specific gravity for spruce

Figure 2 .

 2 Figure 2.23 -Cumulative distribution functions of rigidities for spruce ; top : L direction, middle : R direction, bottom : LR direction
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 3 Figure 2.24 -Cumulative distribution functions of specific rigidities for spruce ; top : L direction, middle : R direction, bottom : LR direction
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 31 Figure 3.1 -Relative moisture content dependence of the longitudinal stiffness for spruce wood for different temperatures, blue square represents the area of interest [Sulzberger 53].

Figure 3 . 2 -

 32 Figure 3.2 -Moisture content dependence of (a), the longitudinal modulus ; (b), the radial modulus ; the blue square shows the area of interest[Gerhards 82].

  .4, two softening temperatures are considered, T α 1 and T α 2 , which are attributed to the glass transition temperatures of the lignin [80-100 • C], and the hemicelluloses [10-60 • C], respectively. Results also show another transition for wood, β, at low temperature [-90 -110 • C] related to small scale molecular motion.

Figure 3 . 4 -

 34 Figure 3.4 -Evolution of (a), longitudinal dynamic modulus and (b), loss factor of spruce as a function of the temperature for different moisture content levels. (-...-) : 5 %, (---) : 10 %, (--) : 20 %, (solid line) : 30 % [Kelley 87].

Figure 3 . 5 -

 35 Figure 3.5 -Temperature dependence of (a), longitudinal dynamic modulus and (b), loss factor of spruce (solid lines) and maple (dashed lines) at 10 % moisture content [Kelley 87].

Figure 3 . 6 -

 36 Figure 3.6 -Evolution of the in-situ glass transition temperature of the lignin (α 1 ) and hemicelluloses (α 2 ) as a function of the moisture content ; hexagons : α 2 , square and circle : α 1 , [Kelley 87].

Figure 3 .

 3 Figure 3.7 -Relative changes of (a), the longitudianl modulus ; (b), the radial modulus [Gerhards 82] as a function of the temperature for different moisture content levels.

Figure 3 .

 3 Figure 3.8 -(a), Absolute evolution of the longitudinal stiffness of spruce wood as a function of the temperature at different moisture content levels ; circles : 8 % MC, solid circles : 12 %, dotted circles : 20 % ; (b), models of the relative evolution of the longitudinal stiffness of spruce wood as a function of the temperature for different moisture content levels [Sulzberger 53].
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 1 State of the art on the viscoelastic properties of spruce wood 3.1.3 Relation with time and frequency 3.1.3.

Figure 3 .

 3 Figure3.9 -Spruce plate from which specimen were cut for DMA tests, the remaining of the plate is used for FEMU-3DVF method.

Figure 3 .

 3 Figure 3.10 -Experimental set-up for the measurement of velocity fields on the plate XI in controlled climatic conditions.

Figure 3 . 11 -

 311 Figure 3.11 -Climatic path applied in the climatic chamber for in situ FEMU-3DVF measurements, P I .

Figure 3 .

 3 Figure 3.12 -Experimental set-up for DMA and three-points flexural tests.

Figure 3 .

 3 Figure 3.13 -RH and T protocol changes for (a), temperature sweep (P II ) ; (b), relative humidity sweep (P III ).

Figure 3 .

 3 Figure 3.14 -Left, storage modulus and right, loss factor of L 1 specimen as a function of the temperature for different relative humidity states ; RH=20, 30, 50, 60 % (protocol P II ). Blue dot : 0.1 Hz, orange dot : 0.32 Hz, grey dot : 1 Hz.RH = 20±3 %
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 315316 Figure 3.15 -Storage, loss moduli and loss factor of L specimens as a function of the relative humidity for the protocol P III (T=32, 40 • C).

Figure 3 . 17 -

 317 Figure 3.17 -Evolution of rigidities and loss factors as a function of the relative humidity and the temperature, for the plate XI with the protocl P I

  Hemez 04, Hemez 10, Thacker 04] and both verification and validation processes have been performed in [Van Buren 13, Van Buren 14]. The figure 4.1 shows the different steps of the V&V process, as proposed in the guidelines of the model validation and uncertainty quantification [ASME 06].

Figure 4 . 1 -

 41 Figure 4.1 -Diagram of the V&V process elements, as proposed in [ASME 06]

4. 1

 1 Overview of the V&V process

Figure 4 . 2 -

 42 Figure 4.2 -Example of the trajectories of the Morris method [Pillet 11].

Figure 4 . 3 -

 43 Figure 4.3 -Sorting of effects using Morris method [Pillet 11].

Table 4 . 1 - 3 9

 413 Descritpion of the stages of construction of the guitar soundboards tests. Stage ID Description 1 Cut the soundboard to shape and thickness to 4 mm 2 Thickness the plate using hand tools to a uniform 3.5 mm 3 Open a channel for the rosette and glue it Thickness the plate to a uniform 2.6-2.7 mm 4 The final thickness is irregular, 2.6 mm in the centre Diminishes gradually to 2.1 mm at the edges 5 Glue on the soundhole reinforcement, cut out the soundhole 6 Glue on and shape the bridge patch 7 Glue on the central fan brace 8 Glue on fan braces 2 and 4 at the same height as brace Glue on fan braces 1 and 5 at the same height as the others 10 Reduce the height of the fan braces uniformly all to the same height Taper the ends the same on all of them 11 Decrease the taper angle of the fan braces 12 Reduce the height of the fan braces 13 Glue on the lower transverse bar 14 Glue on the upper transverse bar 15 Glue on the finger braces near the soundhole

Figure 4 . 4 -

 44 Figure 4.4 -Computer Aided Design and nomenclature of Spanish guitar soundboard.

Figure 4 . 5 -

 45 Figure 4.5 -(a), finite element model of the guitar soundboard at step 15 ; (b), location of the experimental measurement points and FRF synthesis nodes.

Figure 4 . 6 -

 46 Figure 4.6 -Scheme of the implementation of the parameters, from indepedent parameters to correlated ones.

Figure 4 . 7 -

 47 Figure 4.7 -Frequencies and deformed shapes of the first nine computed modes of the spanish guitar soundboard, in free-free conditions. The red color representd the highest eigenvectors values. 1 -42 Hz 2 -74 Hz 3 -85 Hz

Figure 4 . 8 -

 48 Figure 4.8 -Representation of the error as a function of the mesh size.
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 2 Application N°1 : V&V applied to the soundboard of a Spanish guitar

Figure 4 .

 4 Figure 4.9 -FDAC matrix between the measured (ordonate) and computed (abscissa) FRF for each soundboard, the FDAC value is given for each sample. The model repsonse is computed with nominal values of the mechanical parameters.

  -FRF of a free edges soundboard of Spanish guitar

Figure 4 . 4 . 3

 443 Figure 4.11 -Fuzzy FRF of spanish guitar soundboard at 55 % of relative humidity. Number of curves : 5000. Number of occurences

Figure 4 .

 4 Figure 4.12 -Representation of the mesh of the opened model of the unmounted violin and labels of the parts.Fingerboard Neck

4. 3

 3 Application N°2 : Screening analysis of the material parameters of an unmounted violin

Figure 4 . 13 -

 413 Figure 4.13 -Material orientation of the wooden componenets.

4. 3

 3 Application N°2 : Screening analysis of the material parameters of an unmounted violin computed FRFs. This method can be regarded as the equivalent of the Modal Assurance Criterion in the FRF domain. The FDAC[Pascual 97], adapted as Complex-FDAC, is expressed in eq. 4.10[Pérez 16b] 
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 414 Figure 4.14 -Detailed results of the screening analysis of the modes 1, 2, 4 and 5.
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 5 , 405 Hz Doctoral thesis -R. VialaVerification and validation applied to musical instruments

Figure 4 . 15 -

 415 Figure 4.15 -Detailed results of the screening analysis of the modes 11, 14 and 30.
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 416 Figure 4.16 -Influence of the material mechanical parameters, densities and moisture content on the matched eigenfrequencies of the violin.

Figure 4 . 17 -

 417 Figure 4.17 -Influence of the material mechanical parameters, density and hygroscopicity towards the matched eigenfrequencies of the violin.Rigidities

Figure 4 . 18 -

 418 Figure 4.18 -Ranking of the mechanical properties on the eigenfrequencies of the violin.

21% 4 . 3 Figure 4 .

 434 Figure 4.19 -Ranking of the densities on the eigenfrequencies of the violin.

Figure 4 .

 4 Figure 4.20 -Ranking of the parameters on the eigenvectors of the violin.
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  Standard evaluation procedures -Well-defined physically meaningful glossary -Psychoacoustic standards to define a great instrument -Build large modal vibrational and acoustic database of full violins, gathered different qualities -Player bow violin interactions -Prediction of feel and response form mechanical modal properties -Understanding and quantifying cavity radiation through the f-holes shapes -Real-time acoustic effects of mechanical changes (reliable, rapid modelling of acoustic output -Correlation of modal analysis with makers knowledge -Correlations between measured and predicted acoustical properties, near and far field.-Better understanding of effects of playing and wood ageing on mechanical and acoustical properties -Integrate modal analysis in violin models -Finite element model with locally variable grain, density, stiffness, hygroscopic effects, wood glue interface regions -Reliable prediction of violin behaviour from substructure modal data

  Mode and usual frequency bandwidth Description TP (120-150 Hz) Tailpiece frequency (vertical or twisting motion) B-1 (145-190 Hz) Body motion A0 (260-290Hz) "Helmholtz mode" or breathing acoustical mode B0 (250-300 Hz) Bending of neck (considered as non radiating) CBR (390-430 Hz) Center bout rotation B1-(430-480 Hz) Breathing of the body A1 (430-490 Hz) Internal cavity acoustical mode B1+ (510-580 Hz) Bending of the body W (450-550 Hz) Main structure resonance when bowed W' (225-275 Hz) Subharmonic of W

Figure 5 .

 5 Figure 5.1 -(a) Bridge admittance measurement and (b) bridge hill effect illustration based on the measure of the bridge admittance (from[Woodhouse 05]), the bridge hill is located between 2000 and 3000 Hz.

Figure 5 . 2 -

 52 Figure 5.2 -Animation of the bridge and soundboard movement near the bridge hill. With the permission of Stéphane Neidhardt©. See electronic version for animation.

Figure 5 . 3 -

 53 Figure 5.3 -Animation of the movement of the soundboard according to the position of the soundpost in (a) YZ plane, (b) XZ plane. With the permission of Stéphane Neidhardt©. See electronic version for animation.

Figure 5 . 4 -Figure 5 . 5 -

 5455 Figure 5.4 -Photographs of the violins studied ; (a) : V1 and (b) : V2 ; (c) : Vibrometry measure points on the violin V1.

  1) where T is the tension applied (N ), L the length (m) of the string, f the frequency (Hz) and µ the linear mass (kg/m). The violin strings studied correspond to the Dominant ® sets made by Thomastik ® . This set is the most common set used for entry and mid level violins even if professional players like Itzhak Perlman use these strings. The four strings G, D, A and E have firstly been studied to evaluate the tuning tension. The tuning tension has been measured with Instron ® 8051 device. The load cell capacity is 500 N. The strings are attached on capstans, shown in the fig. 5.6.
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 56 Figure 5.6 -Capstans used to attach the strings

Figure 5

 5 Figure 5.7 -Tensile test on strings coupon

Figure 5 .

 5 Figure 5.8 -Moulds and templates traditionnaly used in violin making.

Figure 5 .

 5 Figure 5.9 -Drafts of the violin drawn using the moulds and templates
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 510511 Figure 5.10 -Computer aided designs of the violin ; (a), rendering ; (b), CAD as displayed in the CAD software.
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 5 Figure 5.12 -Close view of the bridge in XZ plane and nomenclature of the elements.

Figure 5 . 13 - 5 . 3

 51353 Figure 5.13 -Close up of the violin soundboard in the XY plane and of the f-holes.Bass bar lengthBass bar position

Figure 5 .

 5 Figure 5.14 -Tetrahedral meshing of the violin and close up of the soundboard, sides, heel interface.
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 515516 Figure 5.15 -Scheme of the material orientation of the parts in the violin.
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 517 Figure 5.17 -Air cavity of the violin ; (a), inside the violin ; (b), extracted.
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 518 Figure 5.18 -Mesh and model of the air cavity for the computation of the acoustic modal basis.

5. 3

 3 Figure 5.19 -Model and mesh used for the evaluation of the impedance of the f-hole.

Figure 5 .

 5 Figure 5.20 -Scheme of the equilibrium of the forces inside the violin.

5. 3

 3 Physics-based numerical models and methods metrics are required, and detailed below. Most of the features are based on the bridge admittance of the violin that is shown in the figure 5.21.

Figure 5 .

 5 Figure 5.21 -(a)Bridge admittance evaluation scheme ; (b), input force ; (c), computed FRF at the bridge on full violin model .Input forceDisplacement Velocity Acceleration

5. 4

 4 Figure 5.22 -Operational modes of the violin obtain by LDV.
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 42 Computed acoustics of the violinThe real and imaginary parts of the impedance of the f-holes are calculated in the [0-2000 Hz] frequency bandwidth and given in the figure5.23.

Figure 5 .

 5 Figure 5.23 -Impedance of the f-holes area as a function of the frequency.

Figure 5 .

 5 Figure 5.24 -Numerical acoustic modes of the air cavity inside the violin, with their respective frequencies, the cavities are considered as rigid. The acoustic fields are given in Pa.
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 4 Figure 5.25 -MAC matrix between correct and incorrect orientation of the sides and linings of the violin

Figure 5 .

 5 Figure 5.26 -Deflection field (displacement) due to the prestresses in the violin due to (a) bass bar, (b) soundpost, (c) strings.

Figure 5 .

 5 Figure 5.27 -MAC matrix between prestressed and non prestressed violin model.

Figure 5 .

 5 Figure 5.28 -Numerical modes of the tailpiece when mounted on the violon, no prestresses included.

Figure 5 .

 5 Figure 5.29 -Numerical modes of the neck and fingerboard when mounted on the violon, no prestress included.

Figure 5 .

 5 Figure 5.30 -Numerical modes of the violin body, no prestress included.

Figure 5 .

 5 Figure 5.31 -Modal overlap factor dispersion of the violin model for 230 runs.

Figure 5 .

 5 Figure 5.34 -Numerical modes of a violin bridge fixed at its feet. The bridge shown is cut in the same way than instrument makers do. A difference is observed with the eigenfrequencies of a violin bridge uncut (as sold by the bridge seller).

Figure 5 .Figure 5 .

 55 Figure 5.35 -(a) Studied directions of the bridge only and (b) computed bridge admittance for a bridge not coupled with the violin in the X and Z direction.

Figure 5 .Figure 5 .

 55 Figure 5.37 -Maximum FRF value in the [1600-3000 Hz] frequency band.
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 510 Figure 5.39 -Minimum, maximum and mean FRF based on the 230 runs.
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 5 Figure 5.40 -Completed computed bridge admittance complete datasets.

Figure 5 .

 5 Figure 5.41 -Fuzzy-FRF of the violin bridge admittance based on the 230 computed cases.

Figure 5 .

 5 Figure 5.43 -Ranking of the grouped material, climatic, preset and design parameters according to (a), the maximum admittance in the band [0 4000 Hz] ; (b), All the matched eigenfrequencies ; (c), the modal overlap factor ; (d), overall maximum admittance ; (e), FRF curves ; (f), matched eigenvector error.
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6. 1

 1 Study of the impact of guitars brace design on the vibratory behaviour of the guitar soundboard monic analysis, visualisation, and simulation techniques [Torres 09].
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 61 Figure 6.1 -Computer aided designs of : (a), top view ; (b), classical guitar braces ; (c), folk guitar bars ; (d), selmer guitar bars.
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 6261 Figure 6.2 -Computer aided designs of : (a), dimensions of the soundboard ; (b), dimension of the rosette ; (c), dimensions of the bridge.
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 6361 Figure 6.3 -Bridge admittance evaluation and input force position and direction.

Figure 6 . 4 -

 64 Figure 6.4 -Computed modes of the classical braces guitar soundboard.
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 67 Figure 6.7 -Material screening analysis on matched eigenfrequencies of : (a), classical soundboard ; (b), folk soundboard ; (c), selmer soundboard.
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  c) Selmer soundboard Doctoral thesis -R. Viala behaviour of the guitar soundboard

Figure 6 . 8 -

 68 Figure 6.8 -Modal overlap factor as a function of the third octave bands, for three different cases of guitar bars

Figure 6 .

 6 Figure 6.9 -Fuzzy FRF of the bridge admittance for : (a) classical guitar braces ; (b), folk guitar bars ; (c), selmer guitar bars.

Frequency 6 . 2 Figure 6 . 10 -

 62610 Figure 6.10 -Coefficient of correlation between bridge admittance and material parameters : (a) classical guitar bracing ; (b), steel-string guitar bracing ; (c), selmer guitar bracing.
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 71 Figure 7.1 -Representation of the tunable parameters of a guitar soundboard with classical braces.
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 72 Figure 7.2 -Interface MICAD developped in collaboration with the LAUM. See electronic version for animation.
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 73 Figure 7.3 -Results of the MICAD suite for given boundary conditions.
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 75 Figure 7.5 -Results of the MICAD suite for violin soundboard, first six eigenmodes shapes for clamped conditions and their given eigenfrequencies.Fixed
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  Maximum bridge admittance amplitude between 0 and 4000 Hz -Maximum bridge admittance amplitude in the "bridge hill" domain, from 1800 to 3000 Hz -Bridge admittance shape

A. 4

 4 Relative humidity and Temperature distribution of room climatic conditions A.4 Relative humidity and Temperature distribution of room climatic conditions

Figure A. 2 -

 2 Figure A.2 -Probability density function of the relative humidity.

Figure A. 8 -

 8 Figure A.8 -Optical image of the section of the beam specimen for two different state. (a), Initial state (50 % RH, 23 • C) ; (b) Equilibrium state (75 % RH, 23 • C), dimensions are given in pixels.

h

  RH = h 50 [1 + 0.0009(RH -50)]h M C = h 10 [1 + 0.03(M C -10)] b RH = b 50 [1 + 0.0004(RH -50)] b M C = b 10 [1 + 0.013(M C -10)] L RH = L 50 [1 + 0.0001(RH -50)] L M C = L 10 [1 + 0.009(M C -10)] (A.2)The relative changes for 1 % RH increase in different directions are given in the table A.5.Doctoral thesis -R. VialaA.6 Computed modal basis comparisons, detailed dataA.6 Computed modal basis comparisons, detailed dataA.6.1 Comparison of the sides orientationThe tables A.6 and A.7 give the M.E.E. and M.A.C. criteria for two cases of orientation of the sides, one with a global orientation (not physical) and the other one with an orientation that follows the curvature of the sides.

Figure A. 10 -

 10 Figure A.10 -Comparison of the FRF between bended and carved soundboards.

FigureFrequency

  Figure A.12 -Bridge admittance compared between bear claw and standard wood

16 .

 16 The average modal damping is equal to 0.58 %. Between 50 and 800 Hz, up to 22 modes are identified, that are used for the experimental-finite element correlation. The computer aided design (a) and finite element model (b) of the soundboard are given in the figure A.15. The different material properties are displayed in the figure A.15 (b) with different colors.

Figure A. 18 -

 18 Figure A.18 -MAC matrix between initial and modified wood.

Figure

  Figure A.19 -Bridge admittance of the violin made of initial (red) and treated (blue) top and back. The remaining curves are obtained with an analysis taking into account the uncertainties in the making of the violin (180 curves).

FigureFigures List 1 . 1

 11 Figure A.20 -Fuzzy FRF of the bridge admittance taking into account making uncertainties.

  

  

  

  

TABLE OF CONTENTS

 OF facts. The chapter is divided in different parts, as follows.

Table 1 .

 1 2 -First ten harmonics of a string, and their respective names in comparison with the tonic, based on C note.

	Harmonic number	Interval	Example (in C) Frequency) (Hz)
	1	Fundamental	C -1	32.7
	2	First Octave	C 1	65.4
	3	Perfect fifth	G 1	98.1
	4	Second octave	C 2	130.8
	5	Major third	E 2	163.5
	6	Perfect fifth	G 2	196.2
	7	Minor seventh	Bb 2	228.9
	8	Third octave	C 3	261.6
	9	Major second	D 3	294.3
	10	Major third	E 3	327
	1.1.3.2 Guitar strings			

Table 1 .

 1 3 -Scales in wood, given in meters, and respective application domains [Bucur 96].

			Skeletal		
		Support control	system	Circulation	
		Muscular system	Xylem	Vascular system	
		Posture control	Respiratory	Sustainability	
			system		
	Macroscopic	Mesoscopic	Microscopic	Sub-microscopic
	10 3 to 1	10 0 to10 -2	10 -2 to 10 -3	10 -3 to 10 -6	10 -6 to 10 -10
	Forest, tree	Trunks, beams	Annual rings	Cells	Fibrils
	Building	Musical instruments	Peeling	Paper, chemistry	

1.2.1 Wood constitution, components and anatomy description 1.2.1.1 Chemical components of wood

Table 1 . 4

 14 

	Element	Dimensions (µm)
	Tracheid length	3500
	Tracheid diameter	35
	Tracheid lumen diameter	20-30
	Primary wall thickness	0.1-0.2
	S1 thickness	1
	S2 thickness	3-8
	S3 thickness	0.1-0.2
	Diameter of pit chamber	6-30
	Effective diameter of pit opening	0.02-4

-Dimensions of a tracheid and its wall layers, from [

Siau 84

].

Table 1 .

 1 5 -Empirical models for the elastic properties as a function of the density, for both hardwoods and softwoods [Guitard 87].

		Hardwoods			Softwoods
		Value	Correction	Value	Correction
	ER (MPa) ET (MPa) EL (MPa)	1811 1030 14400	× ρ 0.65 × ρ 0.65 × ρ 0.65	1.30 1.74 1.03	1000 636 13100	+2370 (ρ -0.45)) +1910 (ρ -0.45)) +41700 (ρ -0.45))

Table 1 .

 1 8 -Mechanical parameters considered for the characterisation at the macroscopic scale of the wood, mostly taken from [Brémaud 08].

	Parameter	Description
	M C	Moisture content (%)
	ρ	Density (kg.m -3 )
	d	Specific gravity (	ρ ρ water =1000 )
	E L	Dynamical storage modulus (P a)
	E " L	Dynamical loss modulus (P a)
	Ei	Young's modulus in i dir. (P a)
	Gij	Coulomb's modulus in i,j dir. (P a)
	G ij	Dynamical shear storage modulus in i,j plane (P a)
	G "		

ij Dynamical shear loss modulus in i,j plane (P a) νij Poisson's ratio, i over j ηi = tanδi Loss factor in i dir. (%)

Table 1 .

 1 9 -Frequency response function classification and label.

	Quantity	Displacement/Force	Velocity/Force	Acceleration/force
		Admittance		
	Name	Compliance Receptance	Mobility	Accelerance Intertance
		Dynamic flexibility		
	Phase domain	[0 ; π]	[ 3π 2 ; π 2 ]	[π ; 2π]
	Quantity	Force/displacement	Force/velocity	Force/Acceleration
	Name	Dynamic stiffness	Mechanical impedance	Apparent mass Dynamic mass
	Phase domain	[2π ; π]	[ π 2 ; 3π 2 ]	[π ; 0]
	1.3.2.1 Measurements techniques		

Table 2 .

 2 1 -Mechanical properties of spruce from litterature data review [Brémaud 11].

	Mechanical property	Mean	Range
	d	0.43	0.35-0.56
	E L ρ (GP a.g -1 .cm 3 )	30	26-36
	E " L ρ (GP a.g -1 .cm 3 )	0.2	0.18-0.29
	E L (GPa)	13.5	9-16.2
	ηL (%)	0.68	0.51-0.83
	E R (GPa)	0.92	0.54-1.12
	ηR (%)	1.98	1.57-2.7
	E T (GPa)	0.52	0.43-0.59
	ηT (%)	2.28	-
	G LR (GPa)	0.86	0.59-1.5
	ηG LR (%)	1.51	1.29-2.52
	G LT (GPa)	0.8	0.48-1.12
	ηG T L (%)	1.58	1.22-2.52
	GRT (GPa)	0.035[Dahl 09] 0.03-0.045
	ηG RT (%)	-	-

Table 2 .

 2 2 -Spruce and maple violin quarters labels, references, harvest year, grading and specific gravity.

	Label Reference Year Grading Specific gravity Remarks
	1a	10 Z 120	2010	1.A	0.51	-
	2a	11 K 5	2011	1.A	0.505	Indented
	3a	110 131	2011	1.A	0.43	Indented
	4a	13 A3 60 2013	1.A	0.46	Indented
	5a	10 Q 89	2010	1.B	0.43	-
	6a	13 C 58	2013	1.B	0.48	-
	7a	13 C 38	2013	1.B	0.49	-
	8a	WG 46	1996	2nd	0.43	Indented
	9a	WI 40	1998	2nd	0.45	Indented
	10a	WG 67	1996	2nd	0.44	Indented
	1Ma	CBR 54	2006	1.A	0.70	Flamed
	2Ma	11 C 19	2011	1.A	0.66	Flamed
	3Ma	11 E 134	2011	1.A	0.68	Flamed
	4Ma	HBR 115 2006	1.B	0.54	Flamed
	5Ma	LQ 146	2005	1.B	0.66	Flamed
	6Ma	RD 8	1989	2nd	0.64	-
	7Ma	CF 9 20	1995	2nd	0.73	-
	Figure 2.5 -Density as a function of the grade given by the supplier (smaller is better)
	for spruce plates and quarters.				
		0.5				
		0.48				
		0.46				
		ρ				
		0.44				
		0.42				
		0.4				
			First Second Third Fourth	
				Grading		

Table 2 .

 2 3 -Spruce plates (for guitars) grades, density and harvest year.

	Sample Grading Year Reference Density
	I	1.A	2013	13 C 100	0.415
	II	1.A	2013	13 I 81	0.44
	III	1.A	2013	13 F 286	0.43
	IV	1.B	2009	9 J 75	0.425
	V	1.B	2013	13 F 247	0.46
	VI	1.B	2009	9 H 356	0.46
	VII	2nd	2010	10 J 256	0.48
	VIII	2nd	2010 10 H 322	0.4
	IX	2nd	2010 10 N 447	0.41
	X	1.S	2014 14 A 257	0.42
	XI	1.S	2014 14 A 155	0.40
	XII	1.S	2014	14 A 87	0.41
	XIII	1.A	2014	14 C 69	0.43
	XIV	1.B	2012	12 F 23	0.45
	XV	1.B	2015	15 E 238	0.50
	XVI	1.B	2013	13 J 27	0.405
	XVII	2nd	2008	08	0.47
	XVIII	2nd	2008	08	0.45
	XIX	2nd	2008	08	0.43
	XX	1.A	2012	12	0.41
	2.2.3 FEMU-3DVF method description	
	2.2.3.1 FEMU-3DVF scheme			

Table 2 .

 2 4 -Matched eigenfrequencies and MAC before (b.c.) and after (a.c.) calibration for three spruce pltes of three different qualities.

	Case	Ia (1.A) IVa (1.B) VIIa (2nd)
	M.E.E. b.c. (%)	5.8	8.1	6.1
	MAC b.c. (%)	82	78.9	88.3
	M.E.E. a.c. (%)	1.34	0.9	0.8
	MAC a.c. (%)	86	82.4	95.2

Table 2 .

 2 5 -Sum up of the mechanical parameters of spruce, and comparison with bibliography values [Brémaud 11]. Mean, standard deviation (SD) and relative standard deviation (RSD).

	Constant	Mean SD RSD [Brémaud 11]
	Specific gravity	0.45	0.03 0.07	0.43
	EL (GPa)	12.8	1.5	0.12	13.5
	ER (GPa)	1.01	0.22 0.22	0.92
	GLR (GPa)	0.81	0.12 0.15	0.86
	ηL (%)	0.73	0.09 0.12	0.68
	ηR (%)	1.7	0.17	0.1	1.98
	ηLR(%)	1.2	0.2	0.17	1.5
	EL/d (GPa)	29.0	2.8	0.1	30
	ER/d (GPa)	2.28	0.45	0.2	2.14
	GLR/d (GPa)	1.85	0.26 0.14	2
	GRT (GPa)	0.046	0.01 0.22	0.035
	GT L (GPa)	0.79	0.17 0.21	0.8

Table 2 .

 2 7 -Specific rigidities for spruce plate samples.

Table 2 .

 2 8 -Identified material properties for spruce quarter samples.

	Sample Grad.	Ref.	Specific gravity	Rem.	E L

Table 2 .

 2 9 -Specific rigidities for spruce quarter samples.

				51	-	16.2	1.55	0.75	0.92 1.90 1.54	49	0.83
	2a	1.A	11K5	0.505	Ind.	13.6	1.93	1.19	0.74 1.48 1.38	73	1.12
	3a	1.A	110131	0.43	Ind.	12.1	1.05	0.57	0.74 1.76 1.44	30	0.63
	4a	1.A	13A360	0.46	Ind.	15.9	1.36	0.89	0.68 2.20 1.34	36	0.68
	5a	1.B	10Q89	0.43	-	13.4	0.97	0.60	0.74 1.82 1.38	0.042	0.575
	6a	1.B	13C58	0.48	-	16.0	1.24	0.82	0.68	2.0	1.34	44	0.76
	7a	1.B	13C38	0.49	-	14.4	1.14	0.94	0.72 1.66 1.30	47	0.87
	8a	2nd	96WG46	0.43	Ind.	9.0	1.34	0.83	0.76 1.42 1.10	65	1.2
	9a	2nd	98WI40	0.45	-	14.2	0.83	0.72	0.70 1.74 1.24	54	0.93
	10a	2nd	96WG67	0.44	Ind.	11.8	1.53	0.87	0.76 1.42 1.26	48	0.85
	Average	-	-	0.46	-	13.8	1.2	0.8	0.74 1.74 1.33	47	0.85
	Sample Grading Reference	Specific gravity	Rem.	E L /d (GPa)	E R /d (GPa)	G LR /d (GPa)
	1a		1.A	10Z120	0.506	-		32.0		3.06	1.49
	2a		1.A	11K5	0.505	Ind.	26.9		3.82	2.37
	3a		1.A	110131		0.43	Ind.	28.2		2.45	1.34
	4a		1.A	13A360		0.46	Ind.	34.5		2.94	1.92
	5a		1.B	10Q89		0.43	-		31.0		2.24	1.40
	6a		1.B	13C58		0.48	-		33.2		2.58	1.71
	7a		1.B	13C38		0.49	-		29.5		2.33	2.7
	8a		2nd	96WG46		0.43	Ind.	20.7		3.09	2.10
	9a		2nd	98WI40		0.45	-		31.4		1.84	1.60
	10a		2nd	96WG67		0.44	Ind.	26.9		3.5	1.99
	Average		-	-			0.46	-		29.4		2.8	1.8

Table 2 .

 2 10 -Comparison of the mechanical properties between normal spruce and indented rings spruce.

	Parameter	Regular spruce average Indented rings average
	d (-)	0.47	0.45
	EL (GPa)	14.8	12.5
	ER (GPa)	1.15	1.44
	GLR (GPa)	0.8	0.9
	GRT (GPa)	0.05	0.05
	GT L (GPa)	0.8	0.90
	ηL (%)	0.75	0.75
	ηR (%)	1.8	1.7
	ηLR (%)	1.4	1.30
	EL/d (GPa)	31.4	27.4
	ER/d (GPa)	2.4	3.2
	GLR/d (GPa)	1.6	1.95
	GRT /d (GPa)	0.1	0.11
	GT L/d (GPa)	1.7	1.95

Table 2 .

 2 11 -Evaluation of the relative error on the identified values of the parameters for different sources of error and uncertainties for the quarter samples.

		EL (%) ER (%) GLR (%) GRT (%)
	Specific gravity error (%)	0.7	0.7	0.5	1.4
	Dimensions error (%)	1.5	1.5	1	2
	Minimization error (%)	2.9	2.9	3	-

Table 2 .

 2 12 -Evaluation of the relative error on the identified values of the parameters for different sources of error and uncertainties for the plate samples.

		EL (%) ER (%) GLR (%)
	Specific gravity error (%)	1.5	1.5	1.5
	Thickness error (%)	2	2	2
	Minimization error (%)	0.5	0.5	0.5

Table 2 .

 2 13 -Constants for the normal distribution for different material parameters

	Parameter	µ	σ	Min	Max
	EL(M P a)	12840 1985 8800 18000
	ηR (%)	1.69	0.216	1.3	2.2

Table 2 .

 2 14 -Constants for the wakeby distribution for all material parameters.

	Parameter	α	β	γ	δ	ξ	Min	Max
	Specific gravity	0.07	0.52	0	0	0.393	0.38	0.55
	EL (M P a)	35593	8.94	1943.7 -0.147	-7563	8800	18000
	E L d (M P a)	57886	6.25	3022.6	-0.29	18720 21000 36000
	ηL(%)	0.21	0.35	0	0	0.57	0.55	1
	ER (M P a)	822.2	1.095	9.43	0.76	575.7	600	2000
	E R d (M P a)	1679.7	1.01	11.43	0.78	1403.7	1500	3700
	ηR (%)	259.7	184.6	0.45	-0.55	0	1.3	2.2
	GLR (M P a)	1003	6.76	186.9	-0.21	529.5	580	1200
	G LR d	(M P a)	25470	49.7	641.9	-0.50	918.7	1300	2450
	ηLR(%)	2.66	6.36	0.52	-0.9	0.59	0.6	1.6
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Table 3 .

 3 1 -Relative changes induced by a variation of 1 • C of the mechanical properties of spruce wood [Palka 73]. constant Heating (20 to 71 • C (%/ • C)) Cooling (20 to 0 • C (%/ • C))

	Elastic ET	-0.018	0.013
	ER	-0.018	0.013
	EL	-0.009	0.07
	GT R	-0.017	0.013
	GT L	-0.013	0.01
	GRL	-0.013	0.01
	νT R	0.09	-0.007
	νRT	0.09	-0.007
	νT L	-0.09	0.007
	νLT	0.0005	0.005
	νRL	-0.017	0.013
	νLR	-0.009	0.007

Table 3 .

 3 2 -Storage modulus and loss factor in L direction for different RH, with the protocol P I (T=27 and 38 • C), at 1Hz.

Table 3 .

 3 3 -Rigidities and loss factors identified for different cases of relative humidity and temperature.

	RH (%)	T ( • C)	d	EL (MPA)	ER (MPa)	GLR (MPa)	ηL (%)	ηR (%)	ηLR (%)
		20	0.4	12510	870	665	0.64 1.64 0.92
		25	0.4	12430	865	660	0.64 1.72 0.94
	33	30 35	0.4 0.4	12420 12370	850 840	660 665	0.56 1.76 1.08 0.62 1.84 1.2
		40	0.4	12310	830	665	0.64 1.92 1.22
		45	0.4	12270	820	670	0.72 1.96 1.28
		15	0.403	12280	880	615	0.64 1.54 0.88
		20	0.403	12200	850	620	0.64 1.64 1.08
	50	25 30	0.403 0.403	12200 12130	860 840	630 625	0.58 1.64 1.08 0.62 1.88 1.26
		35	0.403	12080	830	630	0.62	1.8	1.18
		40	0.403	12040	820	615	0.62	2	1.3
		15	0.409	12135	770	550	0.8	2.8	2
		20	0.409	11940	710	490	0.86	3.4	2.2
		25	0.409	11670	690	500	0.92	3.4	2.4
	75	30	0.409	11490	670	500	0.92	3.8	1.88
		35	0.409	11420	655	494	0.92	3.4	2
		40	0.409	11410	650	490	0.96	3.8	1.92
		45	0.409	11375	630	505	0.94	4	2.2

Table 3 .

 3 4 -Values of the coefficient a corresponding to the eq. 3.8, for different RH values.

			a	
	Parameter 33 % RH 50 % RH 70 % RH
	EL	-0.0007	-0.00076	-0.002
	ηL	+0.0041	+0.001	+0.0047
	ER	-0.0024	-0.0024	-0.0059
	ηR	+0.0076	+0.01	+0.0091
	GLR	+0.0006	+0.0003	-0.0017
	ηLR	0.016	0.014	-0.0011
	3.3.3 Comparison of the results obtained with DMA and in-situ FEMU-
	3DVF method			

Table 3 .

 3 5 -Comparison between the relative variation of the material parameters for absolute variations of RH and T for DMA and FEMU-3DVFCLIM. For temperature variation, the RH and frequency considered are 50 % and 1Hz.

		D.M.A. (30 min/step RH) FEMU-3DVF (1 day step RH)
	Material property %/1% RH	%/1 • C	%/1% RH	%/1 • C
	EL (GPa)	-0.0025	-0.001	-0.0015	-0.0008
	ER (GPa)	-0.003	-0.0055	-0.005	-0.0024
	GLR (GPa)	-	-	-0.007	+0.0003
	ηL (%)	0.009	-0.005	0.013	0.001
	ηR (%)	0.008	0.005	0.023	0.0105
	ηLR (%)	-	-	0.013	0.14

Table 3 .

 3 6 -Relative changes of the rigidities and loss factors as a function of the temperature for different cases of relative humidity, %/ • C.

	RH (%)	EL	ER	GLR	ηL	ηR	ηLR
	33	-0.0007	-0.0024 +0.0006 +0.0041	0.0076	0.0164
	50	-0.00076 -0.0024 +0.0003	+0.001	+0.0105 0.0136
	75	-0.002	-0.0059	-0.0017	0.0047	0.0091	0.0011

Table 3 .

 3 7 -Relative variation of the rigidities and loss factors for an increase of 1 % RH or 1 % MC.

	Parameter %/%RH %/%MC
	EL	-0.0015	-0.75
	ER	-0.005	-2.5
	GLR	-0.007	-3.5
	ηL	+0.013	+6.5
	ηR	+0.023	+11.5
	ηLR	+0.013	+6.5

Table 4 .

 4 2 -Material and physical paremeters implemented and their given nominal values, standard deviation (SD) and relative standard deviation (RSD).

	Parameter	Nominal value P.D.F. function	SD	RSD (%)
	ρ ( t mm 3 )	0.44	Normal	0.03	7
	EL (MPa)	12900	Normal	1140	9
	ER (MPa)	980	Normal	180	18.4
	ET (MPa)	755	-	-	-
	GLR (MPa)	820	Normal	110	13.4
	GRT (MPa)	40	-	-	-
	GT L (MPa)	600	-	-	-
	RH(%)	55	Normal	14.5	
	T ( • C)	21	Normal	2	9.5

Table 4 .

 4 3 -Sum up of the ten first eigenfrequencies values according to different mesh resolution levels.

	Solve time (min) :	0.12	0.3	0.7	2	7	90
	Degrees of freedom :	20700	30978	62000 105000 227000 1200000
	Mesh size (mm) :	20	16	10	7.5	5	2.5
	Mode 1 (Hz) :	43.5	42.8	42.6	42.6	42.5	42.3
	Mode 2 (Hz) :	80.8	76.5	76.5	76.84	76.9	76.7
	Mode 3 (Hz) :	86.2	85.7	85.95	85.8	85.7	85.55
	Mode 4 (Hz) :	129.95	127.1	126.5	126.2	126.0	125.6
	Mode 5 (Hz) :	175.3	163.25	163.1	165.6	165.7	165.3
	Mode 6 (Hz) :	236.1	228.75	226.2	226.0	225.8	225.5
	Mode 7 (Hz) :	269.65	253.4	251.6	251.6	251.2	250.8
	Mode 8 (Hz) :	304.3	296.2	291.2	290.0	289.4	288.6
	Mode 9 (Hz) :	341.8	323.6	319.0	319.6	319.6	319.1
	Mode 10 (Hz) :	365.9	352.1	346.45	345.3	344.5	343.2

Table 4 .

 4 4 -Sum up of the variables calculated using the equations of the section 4.1.3.

	Mode ∆x c (Hz) ∆x m (Hz) ∆x f (Hz)	ξ	p	sol proj. sol ref. log(ε5) log(ε10)) log(ε20))
	1	43.5	42.6	42.5	6.83 2.77	41.9	42.50	-1.69	-0.85	-0.02
	2	80.8	76.5	76.9	-	-	74.7	-	-	-	-
	3	86.2	85.9	85.7	1.22 0.28	85.0	84.6	0.02	0.11	0.20
	4	129.95	126.5	126.0	7.54 2.92 124.3 125.95	-1.15	-0.28	0.60
	5	175.3	163.1	165.7	-	-	170.9	-	-	-	-
	6	236.1	226.2	225.8	25.95 4.70 227.6	225.8	-1.82	-0.40	1.01
	7	269.65	251.6	251.2	46.33 5.53 244.7	251.2	-2.07	-0.40	1.27
	8	304.3	291.2	289.4	7.24 2.86 287.2	289.1	-0.54	0.32	1.18
	9	341.8	319.0	319.6	-	-	314.1	-	-	-	-
	10	365.9	346.45	344.5	9.83 3.30 339.1 344.25	-0.65	0.34	1.34

Table 4 .

 4 

		∆xcoarse		∆xmedium	∆xfine				
	1	43.5	3.7	42.6	1.7	42.5	1.45	41.9	42.45	2.8
	2	80.8	8.1	76.5	2.4	76.90	2.88	74.7	-	-
	3	86.2	1.4	85.95	1.1	85.7	0.82	85.0	84.6	-
	4	129.95	4.5	126.5	1.7	126.0	1.38	124.3	125.9	2.9
	5	175.3	2.6	163.1	-4.6	165.7	-3.06	170.9	-	-
	6	236.1	3.7	226.2	-0.6	225.8	-0.79	227.6	225.8	4.7
	7	269.6	10.2	251.6	2.8	251.2	2.64	244.7	251.2	5.5
	8	304.3	5.9	291.2	1.4	289.4	0.75	287.2	289.1	2.85
	9	341.8	8.8	319.0	1.6	319.6	1.7	314.1	-	-
	10	365.9	7.9	346.45	2.2	344.5	1.6	339.1	344.2	3.3

5 -Results of the error value and convergence for the three cases of mesh resolution. Mode Freq. (Hz) Err. (%) Freq. (Hz) Err. (%) Freq. (Hz) Err. (%) sol ref sol proj conv.

Table 4 . 6 -

 46 Results for the first four modes measured and computed. The mode shapes, eigenfrequencies and mean experimental modal damping are given.

	Exp. Mode shape	Num. Mode shape	Num. (Hz)	Sb01 (Hz)	Sb02 (Hz)	Sb03 (Hz)	Sb04 (Hz)	Sb05 (Hz)	ξ (%)
			39.6	42.4	45.2	37	38.2	37.8	0.55
			70.5	66.3	72.3	62	64.5	56.9	0.7
			84	77.2	77.8	74.4	77	75.8	0.75
			118.1	114	120.9 106.2 110.5	117	1

Table 4 .

 4 7 -Comparison of the first six computed modes with different relative humidity PDF (45 % and 55 %).

	Mode Mean and STD at 45 % RH Mean and STD at 55 % RH
	1	41 ±2.7	39.6 ±2.6
	2	72.5 ±4.9	70.5 ±4.8
	3	86 ±5.5	84 ±5.1
	4	121.3 ±6.6	118.1 ±6.3
	5	156.8 ±13.7	152.3 ±13.6
	6	215.6 ±14.6	209.8 ±14.1

Table 4 .

 4 8 -Values of modal overlap factor for corresponding third octaves bands, and corresponding dynamic domain. Application N°1 : V&V applied to the soundboard of a Spanish guitar Figure 4.10 -Probability density functions of the values of the first four eigenfrequencies computed by the numerical model of soundboard, left part, relative humidity centered at 45 %, right part, relative humidity centered on 55 %.

	Third octave band M.O.F. (%) Domain
	80	9.5	L.F.
	100	2.6	L.F.
	125	7	L.F.
	160	6	L.F.
	200	6	L.F.
	250	13	L.F.
	315	21	L.F.
	400	16	L.F.
	500	23	L.F.
	630	40	M.F.
	800	40	M.F.
	1000	52	M.F.
	1250	66	M.F.

Table 4 .

 4 10 -Description of the abbreviations used in the results section.

	Abbreviation	Description
	M.C.	Moisture content
	ρ	Density
	Sb	Soundboard
	Fb	Fingerboard
	N	Neck
	B	Back
	S	Sides
	C	Corners
	Ei	Young's modulus in i direction
	Gij	Coulomb's modulus in i,j, directions
	M isc.	Miscellaneous

Table 5 .

 5 1 -Nomenclature of the canonical modes of the violin below 800 Hz, according to[Hutchins 93] and[Gough 13b].

Table 5 .

 5 2 -Mean and relative values of the tunable parameters, and relative variation in comparison with nominal (nom.) value.

	Parameter	Nom. value (mm)	Min value (mm)	Max. value (mm)	Min. relative value (%)	Max relative value (%)
	Length f-hole	73	69	77	-5.5	+ 5.5
	Width f-hole	42.5	40	45	-6	+ 6
	Width bar	6.1	5	6.5	-0.22	+ 6.5
	Position bass bar	9.5	8	11	-16	+ 16
	Length bass bar	270	290	250	-7.4	+ 7.4
	Height bass bar	11.1	9	16	-23	+ 31
	Radius soundpost	3	2.5	3.25	-16	+ 8
	Position X soundpost	15.6	14	18	-10	+15
	Position Y soundpost	8	5	11	-37	+ 37
	Thickness soundboard	2.8	2.4	3.2	-14	+ 14
	Thickness back	2.95	2.7	3.4	-8	+15
	Profile bridge	10	7	11	-30	+10

Table 5 .

 5 3 -Fixed material properties values for different wood species and orientations. the values for ebony are taken from[Guitard 87] and the results of the chapter II.

	LRT Ebony		LRT Spruce	
	Material parameter Value	Material parameter Value
	EL (MPa)	17000	EL (MPa)	13350
	ER (MPa)	1960	ER (MPa)	1080
	ET (MPa)	1110	ET (MPa)	680
	νLR	0.37	νLR	0.38
	νRT	0.65	νRT	0.49
	νT L	0.032	νT L	0.02
	GLR (MPa)	1370	GLR (MPa)	930
	GRT (MPa)	360	GRT (MPa)	40
	GT L (MPa)	950	GT L (MPa)	812
	ρ (g/cm3)	1	ρ (g/cm3)	0.44
		LRT Maple	
	Material parameter Value	
		EL(MPa)	14920	
		ER (MPa)	1960	
		ET (MPa)	1110	
		νLR	0.37	
		νRT	0.65	
		νT L	0.032	
		GLR (MPa)	1370	
		GRT (MPa)	360	
		GT L (MPa)	950	
		ρ (g/cm3)	0.64	

Table 5 .

 5 4 -Deterministic variability implemented for Morris screening analysis, based on [Guitard 87] (maple) and chapter II results (spruce).

	Parameter Mean Relative min (%) Relative max (%)
			Maple	
	EL(M P a)	14915	-20	+20
	ER(M P a)	1960	-28	+30
	GLR(M P a)	1375	-23	+30
	Density	0.64	-20	+12
			Spruce	
	EL(M P a)	12790	-30	+22
	ER(M P a)	980	-34	+65
	GLR(M P a)	820	-33	+32
	ρ(g.cm -3 )	0.438	-11	+15
			Climate	
	R.H.(%)	45	-40	+80
	T ( • C)	21	-50	+70

Table 5 .

 5 5 -Wood species and orientation of the components of the violin.

	Solid	Wood Orientation (LRT)
	Back	Maple	RLT
	Bass bar	Spruce	RLT
	Bridge	Maple	LTR
	Button	Ebony	RLT
	Chinrest	Ebony	LRT
	Corners	Spruce	TRL
	Fingerboard	Ebony	RLT
	Heels	Spruce	RTL
	Linings	Spruce	LRT
	Neck	Maple	TLR
	Nut	Ebony	LRT
	Pegs	Ebony	LRT
	Purflings	Maple	LRT
	Saddle	Ebony	LRT
	Sides	Spruce	LRT
	Soundboard	Spruce	RLT
	Soundpost	Spruce	TRL
	Tailpiece	Ebony	RLT
	Tailpiece retainer	Nylon	Isotropic

Table 5 .

 5 6 -Comparison of the canonical modes of the violin. V1 and V2 correspond to the violin studied experimentally. P and N oP correspond to the simulation case, respectively with prestresses and without.

	Mode	V1 (Hz) V2 (Hz)	Model (Hz)	Usual range (Hz) [Elie 12a]
	Tailpiece	101	116	25 (No P) 100 (P)	-
	B-1	163	-	121	145 -190
	(XY) FB/N bending	204	195	175	-
	B0	240	235	165	250 -300
	A0	280	273	306 (rigid)	270 -290
	B1+	403	390	432	430 -480
	CBR	432	412	390	380 -420
	B1-	513	497	492	510 -580
	C4	770	650	680	700

Table 5 .

 5 7 -Comparison of the frequencies of the operational mode and modal damping of the violin V2 with stretched and loosened strings.

		Stretched			Loosened		
	Mode Freq. (Hz) Modal damping (%)	Mode Freq. (Hz) Modal damping (%)	Abs. Freq. err. (%)
	2	235,5	0,6	2	232,5	0,65	1,3
	4	347,9	0,1	4	326,1	1,1	6,3
	5	378,7	1,3	5	376,2	1,3	0,6
	7	412,9	1,3	7	410	1	0,7
	8	435,1	1,7	8	435,6	2	0,1
	12	496,4	1,3	12	491,6	1,1	1,0
	13	536,4	0,9	13	522,1	2,3	2,7
	15	653,0	1,3	14	642,9	1,2	1,5
	16	700,2	1,2	16	687,8	1,1	1,8
	17	715,6	1,0	17	697,5	0,9	2,5
	18	751,8	1,3	18	741,3	1,3	1,4
	19	774,4	1,1	19	770,5	1,1	0,5
	21	828,4	0,5	21	804,5	1,3	2,9
	22	902,9	1,0	22	866,9	0,4	4,0
	23	933,7	0,8	23	924,2	0,8	1,0
	24	960,7	0,6	24	959,9	0,7	0,1
	26	1068,7	0,9	25	1058,4	1,1	1,0
	28	1109,3	0,6	27	1106,1	0,85	0,3
	29	1179,8	0,5	28	1171,4	0,8	0,7
	30	1251,6	0,7	29	1233,1	0,3	1,5
	31	1335,0	0,7	30	1332	0,2	0,2
	33	1453,2	0,6	32	1442,9	0,85	0,7
	34	1520,8	0,8	33	1497,0		

Table 5 .

 5 8 -Acoustic modes complex frequency, damping, and given impedance of the f-holes.

	Mode Complex frequency (Hz) Radiation damping (%) Impedance (P a.m -1 .s -1 ) Reference (Hz)
	A0	306 + 3.3i	1.07	0.74 + 15.8i	289
	A1	505.1 + 1.3i	0.25	2.29 + 26.9i	500
	A2	1110.3 + 6.7i	0.6	12.5 +56i	1153
	A3	1192.1 + 11i	0.12	16.5 + 60i	1212
	A4	1375 + 0.2i	0.01	20.4 + 62.3i	1423

Table 5 .

 5 9 -Physical properties of the violin strings.

	String Freq. (Hz) Test l. (m) Test tens. (N) Violin l. (m) Violin Tens. (N)
	G	196	0.25	23	0.33	40
	D	293.7	0.25	25	0.33	43.6
	A	440	0.24	25.5	0.33	48.2
	E	659	0.255	41.5	0.33	69.5

Table 5 .

 5 10 -Tuning tension of the strings, experimental values and string maker references.

	String Experimental (N) Thomastik value (N)
	G	40	44.0
	D	43.5	42.3
	A	48.2	53.8
	E	69.5	76.5
	Total	201	216.6

Table 5 .

 5 11 -Mechanical properties of the violin strings.

	String Area (mm 2 ) Young's modulus (GPa) Linear density ( g m )
	G	0.46	4.9	2.77
	D	0.35	5.0	1.24
	A	0.32	5.3	0.6
	E	0.08	30	0.39
	5.4.4.2 CTE values used for prestress implementation	

Table 5 .

 5 12 -Thermal expansion coefficients applied on strings, soundpost and bass bar for the implementation of the prestresses

	String	Thermal expansion coefficients
	G	-0.018
	D	-0.026
	A	-0.028
	E	-0.026
	Bass bar	-0.04
	Soundpost	0.025

Table 5 .

 5 13 -Values of modal overlap factor for corresponding third octaves bands for a mounted violin.

		1			
	Modal overlap factor	0 0. 2 0. 4 0. 6 0. 8	Third octave band (Hz) 500 630 800 1000 1250 Third octave band M.O.F. (%) Frequency domain 200 250 315 400 1600 2000 M.F. domain 160 H.F. domain 125 2.6 L.F. 160 8.1 L.F. 200 4.6 L.F. 250 2.6 L.F. 315 4.1 L.F. 400 7.9 L.F. 500 9.8 L.F. 630 12.7 L.F. 800 19.5 L.F. 1000 20 L.F. 1250 31.5 M.F. 1600 43.8 M.F. 2000 60 M.F. 2500 66.4 M.F.-H.F. L.F. domain 3150 84.5 H.F.	2500	3150

Table 5 .

 5 14 -Frequency shift of the bridge, from rough state to cut state.

	Mode Uncut bridge freq. (Hz) Cut bridge freq.(Hz) Rel. shift (%)
	2	1791	1730	-3.4
	3	2846	2520	-11.5
	4	3674	3143	-14
	5	3947	3491	-11.5
	6	6600	6275	-5
	7	6750	6468	-4

Table 5 .

 5 15 -Nomenclature of the parameters used for the screening analysis results display.

	Name	Description
	Sb th	Soundboard thickness
	Back th	Back thickness
	f hole L	f-holes length
	f hole W	f-holes width
	Barpos	Position of the bass bar
	Bar h	Height of the bass bar
	BarW	Width of the bass bar
	BarL	Length of the bass bar
	Olives	"Olives" cut performed by the luthier on the bridge
	Sppos.X	Soundpost position in X direction
	Sppos.Y	Soundpost position in Y direction
	Sp diam Y	Soundpost diameter
	RH	relative humidity
	T	temperature
	Misc.	Miscellaneous
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  Ranking of the grouped material, climatic, design and presets parameters according their influence on the back and body eigegnfrequencies of the modes of the violin below 800 Hz.

								5.5 Screening analysis results
	to geometrical and material properties to geometrical and material properties
	Figure 5.45 -Design	
	Figure 5.44 -Screening analysis of the parameters on the soundboard, back and body
	modes of the violin below 800 Hz.		Design
			Sb ER 39%			Back ρ	Design Sb rho	23%	Sb th
	Back th	42%	18% 13% 6%	24% Climate	15% 65%	32% 7% 5%	Climate
	44% Sb ρ 37% Sp R 14% 5% 11% Sb th 11% 6% 4% 4% RH Climate Back G LR 4% M isc. 18% P reset (a) CBR 390 Hz (380-420) M aterial Design	54% 37% Back ρ Sb E R 5% 4% 7% Back th Sp pos.X 6% Sb E L 5% M aterial (b) B1-432 Hz (430-480) Back E R P reset Climate P reset 21% 5% 5% 4% M isc. Design
	M aterial (a) Maximum admittance per band P reset (a) CBR 390 Hz (380-420) 38% Design Sb th Back th 18% Sb ρ 47% 5% Climate 10%	(b) B1-432 Hz (430-480) 39% M aterial (b) Sum M.E.E. Design Sb th Back th 12% Sb E L 13% Climate 42% 6%
	M aterial		12%			19% P reset		M aterial	10%	25%	P reset
	46% 42% (c) B1+ 492 Hz (510-580) P reset 7% Climate 5% RH 8% Back E R 7% Back ρ 7% Sb E L 5% Sp R 4% Sb G LR 4% 4% 12% Sb E R M isc. Design 35%	51% 37% 9% (d) C4 top 680 Hz (700) P reset 9% Climate 3% 16% 9% 8% 7% 4% M isc. Sb E R Sb ρ RH Sb G LR Back E R
	M aterial (c) Modal overlap factor Design (c) B1+ 492 Hz (510-580) Sb ρ 57%	1% 7%	M aterial (d) Maximum admittances Design (d) C4 top 680 Hz (700) P reset Sb th Climate
			M aterial	Back E R		16%	26%
			39%			12%	42%
							8%	24%
			42%	13% 6%	Climate Sb G LR RH	5% 5% 4%	45% M isc.	4% 9%	Climate
	M aterial	P reset (e) Admittances shapes	Sb E R Back th M aterial 715 Hz	(f) sum M.E.V.E.	P reset
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  Three different braces are considered and described below. The classical guitar, steel string guitar and Selmer guitar will be labelled C guitar , A guitar , and S guitar , respectively.

	6.1.2 Materials, models and methods used for the model-based study
	of guitar soundboards
	6.1.2.1 CAD

Table 6 .

 6 1 -Material properties of Spruce wood, used for both guitar soundboard and braces, and indian rosewood for bridge and rosette.

	Spruce		Rosewood (indian)
	Material parameter Value	Material parameter Value
	EL (MPa)	12600	EL (MPa)	13300
	ER (MPa)	950	ER (MPa)	1700
	ET (MPa)	600	ET (MPa)	1000
	νLR	0.38	νLR	0.38
	νRT	0.49	νRT	0.49
	νT L	0.021	νT L	0.02
	GLR (MPa)	800	GLR (MPa)	930
	GRT (MPa)	40	GRT (MPa)	40
	GT L (MPa)	700	GT L (MPa)	812
	d	0.44	d	0.79

Table 6 .

 6 2 -Truncated normal distribution of the spruce wood parameters. Study of the impact of guitars brace design on the vibratory behaviour of the guitar soundboard

	Parameter Mean Std. deviation Min value Max value
			Spruce		
	EL	12830	1850	8800	18000
	ER	975	250	600	1800
	GLR	810	150	500	1200
	ρ	0.438	0.032	0.36	0.51
			Climate		
	R.H. (%)	45	8	20	75
	T • (C)	21	2	10	35
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Table 6 .

 6 3 -Physical properties of the soundboard models.

	Parameter	Cguitar Aguitar Sguitar
	Mass (g)	237	252	295
	Volume (cm 3 )	516	571	647
	6.1.2.5 Eigenvalues problem solving		

Table 6 .

 6 4 -Name and description of the parameters considered for the analysis.

	Name	Description
	SbE L	Soundboard EL (MPa)
	SbE R	Soundboard ER (MPa)
	SbG LR	Soundboard GLR (MPa)
	SbG RT	Soundboard GRT (MPa)
	SbG RT Sbρ	Soundboard GT L (MPa) Soundboard density (t.mm -3 )
	BarsE L	Bars EL (MPa)
	BarsE R	Bars ER (MPa)
	BarsG LR	Bars GLR (MPa)
	BarsG RT	Bars GRT (MPa)
	BarsG T L Bars rho	Bars GT L (MPa) Bars density (t.mm -3 )
	T	Temperature ( • C)
	RH	Relative humidity (%)
	6.1.2.7 Out of plane bridge admittance

Table 6 .

 6 5 -Matched eigenfrequencies of the three cases with nominal values of the parameters.

		Classical		Selmer		
	Mode Frequency (Hz) Mode Frequency (Hz) M.M.E. (%) M.A.C. (%)
	1	214,62	1	288,67	34,5	98,9
	2	353,45	4	644,99	82,49	88,1
	3	400,31	2	403,5	0,8	89,9
		Classical		Folk		
	Mode Frequency (Hz) Mode Frequency (Hz) M.E.E. (%) M.A.C. (%)
	1	214,62	1	167,53	-21,94	99,5
	2	353,45	2	407,39	15,26	87,7
	3	400,31	3	442,75	10,6	88,3
	4	501	4	512,33	2,26	65
	8	750,82	6	770,56	2,63	55,4
	10	844,64	8	873,55	3,42	52,5
	12	965,47	9	953,52	-1,24	58,7
		Selmer		Folk		
	Mode Frequency (Hz) Mode Frequency (Hz) M.E.E. (%) M.A.C. (%)
	1	288,67	1	167,53	-41,96	99,2
	2	403,5	3	442,75	9,73	73
	3	532,69	4	512,33	-3,82	76,9
	4	644,99	2	407,39	-36,84	84,2

Table 6 .

 6 6 -Values of modal overlap factor (%)for corresponding third octaves bands for different cases of guitar bars

	Third octave band (Hz) Cguitar (%) Aguitar (%) Sguitar (%)
	125	-	3	-
	160	0.2	3	-
	200	3	3	3
	250	0.5	0	3
	315	3	4	3
	400	4	6	3
	500	6	4	4
	630	6	6	6
	800	12	11	7
	1000	14	13	12
	1250	18	17	15
	1600	28	25	21
	2000	37	36	33
	2500	54	52	51
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Table 6 .

 6 7 -Frequency mean values and absolute and relative dispersion (relative standard distribution, RSD) of the three cases for a normal distribution of the frequencies.

	µ and σ mode i	C guitar		A guitar		S guitar	
		µ and abs. σ (Hz)	RSD (%)	µ and abs. σ (Hz) RSD (%)	µ and abs. σ (Hz) RSD (%)
	Mode 1	210.6 ±9.2	±4.4	163.4 ±7.2	±4.4	285.6 ±13.3	±4.6
	Mode 2	346.2 ±14.3	±4.1	402.8 ±17.8	±4.4	397.9 ±16.2	±4.1
	Mode 3	393.2 ±16.6	±4.8	434.1 ±19.2	±4.4	521.6 ±21	±4
	Mode 4	488.6 ±20	±4.1	497.6 ±21.7	±4.4	641 ±28	±4.4
	Mode 5	525.4 ±21	±4	720.3 ±30.2	±4.2	712 ±28.7	±4
	Mode 6	631.4 ±27.8	±4.4	752 ±31.2	±4.1	735.3 ±27.2	±3.7
	Mode 7	714.2 ±29.4	±4.1	820.9 ±33	±4	905.3 ±33.6	±3.7
	Mode 8	728.6 ±31.3	±4.3	858.2 ±35.7	±4.2	932.1 ±39.1	±4.2
	Mode 9	802.9 ±31.2	±3.9	928 ±40.1	±4.3	1070 ±42.5	±4
	Mode 10	828.8 ±32.4	±3.9	969.4 ±41.6	±4.3	1120 ±44.5	±4
		Avg. :	±4.2	Avg. :	±4.3	Avg. :	±4.1

Table A .

 A 2 -Identified material properties for maple quarters Table A.3 -Ratio between the rigidities and loss factors and the density for maple quarters

	Sample	Grad.	Ref.	Specific gravity	EL (GPa)	ER (GPa)	GLR (GPa)	ηL (%)	ηR (%)	ηLR (%)	GRT (GPa)	GT L (GPa)
	2Ma	1.A	11C19	0.66	13.6	1.88	1.45	0.76 1.64 1.48	0.046	1.21
	3Ma	1.A	11E134	0.68	13.15	1.96	1.65	0.82 1.68 1.46	0.048	0.97
	4Ma	1.B	06HBR115	0.54	10.4	1.58	1.23	0.92 1.82 1.42	0.032	0.94
	5Ma	1.B	05LQ146	0.66	12.85	2.14	1.57	0.9	1.8	1.52	0.046	1.03
	6Ma	1.B	89RD8	0.64	12.4	1.60	1.31	0.85 1.98 1.44	-	-
	7Ma	2nd	95CF920	0.72	15.2	2.37	1.75	0.8	2.4	1.64	-	-
	Average	-	-	0.65	12.93	1.92	1.49	0.84 1.9	1.5	0.043	1.04
	Sample	Grad.	Ref.		Specific gravity	E L /d (GPa)	E R /d (GPa)	G LR /d (GPa)
	2Ma		1.A	11C19		0.66		20.5		2.84		2.2
	3Ma		1.A	11E134	0.68		19.4		2.89	2.44
	4Ma		1.B	06HBR115	0.54		19.3		2.93	2.27
	5Ma		1.B	05LQ146	0.66		19.4		3.23	2.37
	6Ma		1.B	89RD8	0.64		19.4		2.5	2.04
	7Ma		2nd	95CF920	0.72		20.9		3.26		2.4
	Average	-	-		0.65		19.8		2.9		2.3

Table A .

 A 4 -Wakeby distribution parameters for RH and T.

	Parameter	RH	T
	α	46.9	12.9
	β	6.03	4.4
	γ	11.97	2.6
	δ	-0.38 -0.41
	ξ	26.2	17.2

Table A .

 A 6 -Comparison of the matched eigenfrequencies and MAC value for two different cases of orientation of the sides part I A.6 Computed modal basis comparisons, detailed data A.6.2 Modal basis comparison with or without prestressesThe tables A.8 and A.9 give the M.E.E. and M.A.C. criteria for two modal basis computed either with or without prestresses. Table A.8 -Comparison between prestressed and non-prestressed modal basis on violin model part I Computed modal basis comparisons, detailed data A.6.3 Comparison between bended and carved soundboards The tables A.10 and A.11 give the matched eigenfrequencies error and MAC matrix comparison between bended carved wood Table A.10 -Comparison between bended and carved soundboard, part I

	Incorrect orientation Correct orientation Mode Freq. (Hz) Mode Freq. (Hz) 1 132.12 1 139.25 2 175.29 2 180.75 3 228.96 3 231.43 4 271.72 4 275.19 5 310.18 5 317.3 6 338.14 6 347.89 7 367.32 7 372.95 8 374.66 8 380.99 9 414.75 9 421.61 448.13 10 460.53 527.75 11 535.86 560.96 12 556.54 592.14 14 600.82 610.11 15 619.46 647.52 16 659.28 660.51 17 667.18 683.19 18 704.16 713.66 19 720.73 725.38 20 738.86 760.13 21 772.69 787.95 22 799.48 821.85 23 844.29 835.84 24 859.28 882.33 25 899.94 907.31 27 922.8 926.68 28 939.56 944.33 29 959.8 956.65 30 970.31 971.25 31 976.72 987.73 33 994.21 1012.46 34 1016.98 1014.93 35 1031.19 1032.12 36 1042.49 1047.81 37 1057.45 1076.58 38 1095.19 Preconstrained Unconstrained Mode Freq. (Hz) Mode Freq. (Hz) M.E.E. (%) M.E.E. absolute (%) Freq. error (Hz) MAC (%) 5.4 99.7 3.12 99.9 1.08 99 1.28 99.6 2.3 99 2.88 97.6 1.53 93.3 1.69 94.7 1.65 98.8 2.77 98.3 1.54 98.8 -0.79 90.2 1.47 99.1 1.53 99.2 1.82 89.3 1.01 92.4 3.07 91 0.99 97.6 1.86 96.8 1.65 98.3 1.46 92.1 2.73 83.1 2.8 89.3 2 78.8 1.71 55.3 1.39 80.4 1.64 58.6 1.43 81.4 0.56 79.9 0.66 94.3 0.45 96.2 1.6 85.4 1 79.4 0.92 79.6 1.73 96 1 66.43 1 102.32 54.02 54.02 2 121.15 2 121.15 0 0 3 161.47 3 160.61 -0.53 0.53 4 172.44 4 173.64 0.69 0.69 5 180.16 6 196.88 9.28 9.28 7 239.28 7 229.81 -3.96 3.96 8 371.46 8 370.23 -0.33 0.33 9 384.01 9 388.11 1.07 1.07 10 399.34 10 407.73 2.1 2.1 11 422.57 11 442.49 4.71 4.71 12 481.95 12 486.61 0.97 0.97 13 499.02 14 510.65 2.33 2.33 14 508.07 13 507.55 -0.1 0.1 15 567.46 15 566.24 -0.21 0.21 16 640.21 16 635.19 -0.78 0.78 17 650.76 17 649.73 -0.16 0.16 18 680.95 18 678.92 -0.3 0.3 19 718.26 19 720.73 0.34 0.34 20 726.88 20 731.25 0.6 0.6 21 757.63 21 768.4 1.42 1.42 22 795.23 22 801.53 0.79 0.79 23 830.12 23 839.37 1.11 1.11 24 834.46 24 844.24 1.17 1.17 25 872.05 26 868.82 -0.37 0.37 26 877.2 25 859.66 -2 2 27 892.99 27 888.61 -0.49 0.49 28 937.33 28 939.88 0.27 0.27 29 985.75 29 981.84 -0.4 0.4 30 1033.78 31 1049.7 1.54 1.54 32 1067.83 32 1070.41 0.24 0.24 33 1074.52 33 1084.44 0.92 0.92 34 1123.42 34 1120.25 -0.28 0.28 35 1227.16 35 1215.62 -0.94 0.94 36 1241.7 36 1228.03 -1.1 1.1 37 1260.02 37 1250.79 -0.73 0.73 38 1300.76 38 1288.03 -0.98 0.98 39 1304.07 39 1308.87 0.37 0.37 40 1324.51 40 1334.09 0.72 0.72 41 Bended Mode Freq. (Hz) Mode Freq. (Hz) M.E.E. (%) M.E.E. abs (%) MAC (%) MAC (%) 99.6 97.1 99.8 78.6 72.6 98.8 97.5 65.7 52.8 98.3 85.2 80.8 64.1 99.4 88.6 85.8 95.1 91.4 77 95.7 96.2 74.5 59.3 74.7 71.7 95.6 95.6 93.3 60.7 92.2 47.2 89.7 65.8 83.6 66.9 69.3 64.4 33.9 1 25.1 1 25.1 -0.01 0.01 100 2 119.8 2 120.0 0.17 0.17 100 3 159.3 3 159.8 0.34 0.34 99.9 4 172.7 4 173.7 0.61 0.61 98.7 5 179.1 5 179.7 0.38 0.38 98 6 183.5 6 184.8 0.72 0.72 97.4 7 230.3 7 230.3 0 0 100 1372.18 A.6 Carved 8 327.6 8
	1090.7	39	1112.35	1.99	95.4
	1125.88	40	1140.5	1.3	88.8
	1143.38	41	1156.6	1.16	92.5
	1164.62	42	1196.13	2.71	84.7
	1194.92	43	1219.21	2.03	48.4
	1202.69	44	1221.69	1.58	59.2
	1216.28	45	1234.87	1.53	88
	1226.41	46	1251.06	2.01	92.2
	1243.25	47	1283.55	3.24	68.6
	1290.79	48	1322.91	2.49	60.9
	1329.68	49	1341.85	0.91	69.3

Table A .

 A 12 -Comparison between bear claw and standard soundboard computed modal basis part I.

			Indented		Normal	
		Mode Frequency (Hz) Mode Frequency (Hz) M.E.E. (%) MAC (%)
		1	197.55	1	194.97	-1.31	100
		2	248.39	2	245.89	-1	100
		3	299.58	3	298.09	-0.5	99.8
		4	400.37	4	392.94	-1.86	94.5
		5	423.81	5	408.15	-3.69	92.1
		6	500.55	6	484.06	-3.3	99.4
		7	544.9	7	541.48	-0.63	99.2
		8	591.53	8	588.1	-0.58	99.8
		9	658.78	9	637.43	-3.24	92.5
		10	670.66	10	650.96	-2.94	89.2
		11	701.98	11	689.93	-1.72	84.1
		12	738.28	12	719.41	-2.56	97.5
		13	762.09	13	724	-5	96.4
		14	809.92	14	796.99	-1.6	74.4
		15	811.66	15	801.28	-1.28	87.7
	80 81 82 83 84 87 88 90 92 93 95 99 100 102 103 105 107 108 109 110 114 118 119 120 122 123	16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 47 48 49 50 2825.18 2869.64 2900.45 2929.05 2994.39 3018.66 3022.22 3072.16 3109.1 3188.06 3220.71 3301.75 3309.44 3408.62 3429.8 3455.22 3524.35 3540.58 3575.77 3580.81 3676.1 3797.34 3843.21 3856.3 3935.65 3969.38 Average : 858.3 929.32 965.41 981.48 1044 1069.94 1102.16 1153.8 1198.44 1249.92 1283.4 1314.54 1333.87 1368.39 1436.26 1485.38 1497.84 1516.56 1547.7 1559.13 1577.96 1605.32 1623.14 1649.37 1722.87 1789.79 1811.65 1826.04 1845.56 1899.91 1945.03 1964.68 1971.97 2002.65 81 79 83 84 86 90 91 94 95 98 97 101 96 102 103 104 108 106 114 113 116 117 122 119 124 127	16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 42 43 44 41 45 50 46 47 48 2791.13 2744.35 2833.36 2862.9 2964.51 3018.21 3021.3 3070.46 3099.69 3185.11 3150.73 3263.94 3138.66 3285.16 3334.28 3345.75 3432.19 3394.64 3569.22 3558.11 3632.47 3644.28 3792.65 3704.71 3832.02 3929.3	824.71 913.08 964.08 977.92 991 1046.73 1059.92 1117.25 1163.76 1226.76 1249.93 1274.86 1292.98 1338.57 1371.27 1413.9 1439.31 1472.5 1505.05 1507.47 1524.33 1568.5 1606.39 1633.55 1691.26 1741.56 1783.66 1823.92 1724.17 1831.04 1927.2 1836.02 1886.89 1890.19 -1.21 -4.37 -2.31 -2.26 -1 -0.01 -0.03 -0.06 -0.3 -0.09 -2.17 -1.14 -5.16 -3.62 -2.78 -3.17 -2.61 -4.12 -0.18 -0.63 -1.19 -4.03 -1.32 -3.93 -2.63 -1.01 -5.62 -4.09 -3.91 -1.75 -0.14 -0.36 -5.08 -2.17 -3.83 -3.17 -2.89 -1.85 -2.61 -3.02 -3.07 -2.18 -4.52 -4.81 -3.91 -2.91 -2.76 -3.31 -3.4 -2.29 -1.03 -0.96 -1.83 -2.69 -1.55 -0.12 -6.58 -3.62 -0.92 -6.55 -4.31 2.6 (with absolute values)	40.2 47.5 43 37.6 33 43.5 46.8 95.7 30.2 35.7 51.7 52.4 31.3 32.3 31.5 31.3 36.6 38.9 58.3 43.8 52.3 70 36.1 54.8 40.4 36.5 43 63.7	91.6 97.9 99.8 85.4 85.8 68.5 81.4 87.6 89.8 80.1 56.2 68.6 64.4 90.1 89.1 60.2 58.2 73.2 74.2 48.5 65.9 72.1 85.2 88.2 96.8 86.2 31.3 99.1 66.8 49.1 43.2 32.6 57.4

Table A .

 A 14 -Discrepancy between experimental and numerical for rhombicuboctahedron.

	Mode Exp. eigenfrequency (Hz) Num. eigenfrequency (Hz) Error (%) MAC (%)
	1	2531.4	2519.5	-0.5	75
	2	2715	2666.4	-1.8	73
	3	3419.9	3412.2	-0.2	82
	4	4812.9	4869.2	1.2	56
	5	6233.6	6158.7	-1.2	63

Table A .

 A 15 -Material properties for wooden rhombicuboctahedron. Experimental/finite element model correlation of a Selmer soundboard A.8 Experimental/finite element model correlation of a Selmer soundboard

	A.8		
	Elastic parameter Elastic constant value (MPa) Loss factor (%)
	E R	780	1.4
	E T	400	0.4
	G RT	32	2
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Table A .

 A 16 -Results of the modal analysis of the Selmer soundboard.A.8 Experimental/finite element model correlation of a Selmer soundboardFigure A.17 -Sensitivity analysis.

	Bars ρ				Sb ρ	
		20%	26%	
	Sb E L	16%	13%	9%	8% 4% 2% 2%	Sb E R Bars G LR Sb G RT
					Bars G T L
	Bars E L			Sb G LR	
	Mode Frequency (Hz) Modal damping (%)
	1		51.0		0.82
	2		54.7		0.54
	3		107.6		0.68
	4		172.1		0.48
	5		213.4		0.59
	6		278.4		0.59
	7		320.5		0.58
	8		338.2		0.56
	9		393.1		0.55
	10		426.3		0.63
	11		476.7		0.62
	12		502.5		0.63
	13		536.7		0.58
	14		549.6		0.66
	15		618.7		0.39
	16		648.8		0.56
	17		664.8		0.62
	18		688.7		0.46
	19		700.1		0.42
	20		765.0		0.6	
	21		784.8		0.58
	22		803.4		0.53
	Average :			0.6	

Table A .

 A 17 -Material properties implemented test-model correlation.

		Property	Theoretical [Guitard 87] Theoretical (chap. II) Measured (chap. II)
		ER (MPa)	1005	1090	800
		EL(MPa)	12590	12075	8900
		ET (MPa)	630	630	630
		νRL	0.03	0.03	0.03
	Soundboard	νLT νT R	0.43 0.31	0.43 0.31	0.43 0.31
		GLR (MPa)	870	930	755
		GT L (MPa)	760	760	760
		GT R (MPa)	83	35	35
		ρ	0.43	0.43	0.43
		EL (MPa)	14270	13520	14990
		ER (MPa)	1105	1050	940
		ET (MPa)	710	710	710
		νLR	0.37	0.37	0.37
	Bars	νRT νT L	0.49 0.021	0.49 0.021	0.49 0.021
		GLR (MPa)	950	1007	755
		GT R (MPa)	95	44	40
		GT L (MPa)	810	808	760
		ρ	0.47	0.47	0.47

Table A .

 A 19 -Experimental finite element model comparision of a guitar soundboard with theoretical value from this work Experimental/finite element model correlation of a Selmer soundboard Table A.20 -Experimental finite element model comparison of a guitar soundboard with measured values of the soundboard and the bars

	A.8 Exp. freq. (Hz) Num. freq. (Hz) M.E.E. (%) M.A.C. (%)
	51.04	51.65	1.2		57.9
	54.66	55.25	1.09		63.2
	107.61	113.67	5.63		99.5
	172.11	166.21	-3.43	93.5
	213.41	235.28	10.25	90.6
	278.36	249.22	-10.47	83.4
	320.55	312.52	-2.51	44.4
	338.16	384.6	13.73	58.2
	393.14	445.76	13.38	28.6
	426.33	509.69	19.55	84
	476.68	440.99	-7.49	33.2
	502.52	551.55	9.76		41.5
	536.7	623.78	16.22	51.1
	549.58	543.23	-1.16	74.6
	618.75	645.82	4.38		37
	648.81	676.91	4.33		37.9
	664.81	747.46	12.43	23.5
	700.12	732.64	4.65		49
	764.98	772.36	0.96		38.7
	784.84	852.75	8.65		23.3
	803.4	886.24	10.31	28.6
	885.51	919.27	3.81		24
	934.26	973.95	4.25		49.3
	987.94	1060.46	7.34		20.3
	1034.92 1090.16	1006.21 Experimental Numerical M.E.E. (%) M.A.C. (%) -2.77 46.3 51.0 53.3 4.5 1178.06 8.06 25.4 98 54.7 58.8 7.6 98.3 Average : 7.2 50.3
		107.6	117.8	9.5	99.6
		172.1	179.0	4.0	91.6
		213.4	252.7	18.3	93.2
		278.4	268.7	-3.5	84.4
		320.5	431.2	34.5	47.7
		338.2	408.3	20.7	49.7
		393.2	474.2	20.6	49.7
		426.3	546.9	28.3	82.7
		476.7	459.0	-3.7	33.2
		502.5	591.2	17.6	50.8
		536.7	663.6	23.6	35.6
		549.6	537	-2.3	81.9
		618.7	701.0	13.3	28.7
		648.8	676.3	4.2	38
		664.8	798.7	20.1	25.4
		700.1	759.9	8.5	45.7
		765.0	827.4	8.2	35.6
		784.8	907.1	15.6	27.8
		803.4	926.0	15.2	30.6
		934.3	1007.1	7.8	47.1
		987.9	1115.9	13.0	22.2
		1034.9	1076.8	4.0	26.3
		1090.2	1257.2	15.3	38.7
		1145.9	1219.1	6.4	24.2
		1222.6	1265.5	3.5	54.3
		Average :	11.7	53.4
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Table A .

 A 22 -M.E.E. and M.A.C. comparison between initial and modified wood for exact geometry, part I

		Initial	Initial	Modified	Modified
	Mode	Freq (Hz) Mode Freq (Hz) M.E.E. (%) M.A.C. (%) Mode Freq (Hz) Mode Freq (Hz) M.E.E. (%) M.A.C. (%)
	1	25.09	1.00 1831.21	25.09 59.00	-0.01 1843.22	0.66	100	89.9
	2	121.43	2.00 1879.7	121.75 61.00	0.27 1889.11	0.5	100	94.8
	3	162.8	3.00 1886.67	162.8 62.00	0 1911.39	1.31	99.9	93.6
	4	174.61	4.00 1941.5	175.18 64.00	0.33 1969.88	1.46	99.9	47.4
	5	181.27	5.00 1955.17	181.65 63.00	0.21 1955.68	0.03	99.9	69
	6	189.1	6.00 1983.88	189.8 66.00	0.37 2005.78	1.1	99.9	46.9
	7	230.52	7.00 1990.51	230.58 67.00	0.02 2021.4	1.55	100	57.2
	8	372.35	8.00 2026.54	375.71 68.00	0.9 2052.18	1.27	97.5	66
	9	385.58	9.00 2037.9	391.16 69.00	1.45 2061.76	1.17	98.8	67.1
		394.7	10.00 2066.34	395.39 70.00	0.18 2083.58	0.83	98.9	79
		427.01	11.00 2110.56	436.19 71.00	2.15 2111.87	0.06	99.7	99.4
		487.13	12.00 2135.7	494.92 72.00	1.6 2170.44	1.63	98.9	51.4
		502.91	13.00 2143.98	508.26 73.00	1.06 2187.87	2.05	85.3	61.6
		509.76	14.00 2172.69	511.73 75.00	0.39 2205.54	1.51	69.6	78.9
		574.68	15.00 2190.1	578.69 77.00	0.7 2243.49	2.44	99.9	88.5
		669.2	16.00 2223.15	671.86 76.00	0.4 2236.84	0.62	86.8	74.7
		677.68	17.00 2248.72	689.49 78.00	1.74 2283.22	1.53	95.8	91.1
		710.1	18.00 2293.4	719.83 80.00	1.37 2324.55	1.36	99.5	76.8
		725.6	19.00 2308.11	727.25 81.00	0.23 2358.89	2.2	98.2	78.7
		760.7	20.00 2318.96	770.2 79.00	1.25 2316.6	-0.1	99.2	35.2
		794.31	21.00 2345.32	802.87 82.00	1.08 2376.21	1.32	96	57.1
		819.88	22.00 2362.33	821.83 83.00	0.24 2387.09	1.05	96.5	60
		855.53	24.00 2367.51	873.36 86.00	2.08 2430.26	2.65	87	49.7
		865.19	23.00 2402.24	864.96 84.00	-0.03 2403.51	0.05	94.5	94.7
		879.83	25.00 2408.91	889.63 87.00	1.11 2460.67	2.15	88.1	64.4
		897.37	26.00 2437.93	906.47 88.00	1.01 2486.28	1.98	91.6	89.1
		940.37	27.00 2493.67	952.87 90.00	1.33 2541.72	1.93	99.2	71.7
		953.14	28.00 2505.93	962.48 89.00	0.98 2538.03	1.28	98.9	54.9
		1004.99	29.00 2557.36	1011.19 91.00	0.62 2576.36	0.74	97.1	94.1
		1017.48	30.00 2595.61	1021.12 92.00	0.36 2620.13	0.94	95	91.3
		1077.1	31.00 2628.32	1087.25 93.00	0.94 2646.72	0.7	97.9	92.3
		1125.3	32.00 2634.23	1137.91 94.00	1.12 2653.49	0.73	95.8	84
		1165.18	33.00 2641.35	1183.53 95.00	1.57 2690.28	1.85	94.2	71.8
		1176.93	34.00 2673.29	1199.57 97.00	1.92 2745.2	2.69	95.6	79.6
		1242.09	35.00 2699.76	1263.88 96.00	1.75 2738.28	1.43	96.1	91.4
		1275.14	36.00 2758.87	1294.92 98.00	1.55 2799.38	1.47	87	92.2
		1286.5	37.00 2799.99	1311.77 99.00	1.96 2851.19	1.83	83.1	82.6
		1299.64 100	38.00 2836.34	1315.72 101.00	1.24 2917.97	2.88	75.3	75
		1343.9 101	39.00 2875.5	1355.29 100.00	0.85 2889.13	0.47	96.9	87
		1371.97 102	40.00 2899.01	1400.59 106.00	2.09 2981.77	2.86	90.2	71.7
		1382.32 103	41.00 2908.3	1408.38 102.00	1.89 2933.32	0.86	82.5	43
		1405.34 104	42.00 2917.93	1418.8 103.00	0.96 2941.2	0.8	81.1	67.1
		1457.95 105	43.00 2930.72	1476.28 107.00	1.26 3005.11	2.54	98.9	75.9
		1479.13 106	44.00 2954.73	1517.29 104.00	2.58 2955.79	0.04	98.5	95.9
		1526.2 107	45.00 2962.12	1553.43 105.00	1.78 2966.84	0.16	95.4	96.9
		1549.4 108	46.00 2986.73	1571.4 108.00	1.42 3035.1	1.62	83.5	57.5
		1561.47 109	48.00 3010.25	1597.16 109.00	2.29 3048.32	1.26	84.5	88.3
		1579.68 110	47.00 3042.89	1580 110.00	0.02 3094.35	1.69	82.8	82.6
		1595.03 111	49.00 3053	1622.76 111.00	1.74 3119.41	2.18	76.4	66.8
		1627.2 112	51.00 3116.08	1642.95 114.00	0.97 3166.59	1.62	92.6	67.3
		1630.28 114	50.00 3132.63	1630.36 113.00	0 3148.87	0.52	100	46.6
		1675.48 115	53.00 3179.71	1694.9 117.00	1.16 3253.76	2.33	90.2	46.2
		1683.15 116	52.00 3186.63	1685.26 115.00	0.13 3218.1	0.99	73.7	40.3
		1700 117	54.00 3210.9	1704.22 118.00	0.25 3286.71	2.36	87.8	74.9
		1720.58 118	55.00 3253.08	1730.69 116.00	0.59 3252.87	-0.01	88.3	80.4
		1738.64 119	56.00 3273.33	1754.78 121.00	0.93 3349.92	2.34	86.8	73.9
		1755.42 121	57.00 3321	1773.61 120.00	1.04 3338.57	0.53	92.8	72.2
		1795.12 122	58.00 3356.09	1811.76 123.00	0.93 3416.02	1.79	89.5	53.2
		1815.22 123	60.00 3365.55	1855.39 124.00	2.21 3430.83	1.94	91.5	75.2
		124		3385.05	122.00	3397.07	0.35	32.2
		125		3397.17	125.00	3455.95	1.73	84.7
		Average :	1.2		79.7	
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At this point of the manuscript, the wood and its utilisation in musical instruments, has been described as well as its mechanical properties that are considered in musical instruments studies. In addition to the wood related topics, the dynamics of the instruments are also associated to specific characterisation tools, described in the next section. Doctoral thesis -R. Viala
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This chapter is an opening to the utilisation of numerical models toward the understanding, design and making of guitars. Guitar soundboards and their components are the main object of interest and the study focuses on the impact of the Doctoral thesis -R. Viala

Doctoral thesis -R. Viala drive their last plane or chisels blows when making violin and guitars. Doctoral thesis -R. Viala

With the few samples tested, it is not possible to highlight clear trend conclusions, although, it is possible, with FEMU-3DVF to identify up to five rigidities and three loss factors, at once and in a non-destructive way, which is encouraging for latter studies. Doctoral thesis -R. Viala
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The figure A.11 gives the M.A.C. matrix between modal basis computed with model with nominal or and indented rings spruce. Doctoral thesis -R. Viala

[Sedighi-Gilani 15] M. Sedighi-Gilani & F. W. Schwarze. Hygric properties of Norway spruce and sycamore after incubation with two white rot fungi. Holzforschung, vol. 69, no. 1, pages 1-10, 2015. 294 Doctoral thesis -R. Viala
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Analysis of the sensitivity of the vibratory behaviour of the violin to geometrical and material properties the complete frequency bandwidth. The absolute shift in frequency can exceed 500 Hz for high frequency modes, which states for a strong impact of the parameters toward the matched eigenfrequencies of the model. Once the modal features have been characterised, the sensitivity analysis is performed on the complete matched eigenfrequencies database at the end of this section. 

Computed bridge admittance

The bridge is firstly studied alone, non coupled with violin and clamped at its feet. The clamped bridge, when considered uncoupled with the violin, exhibits in the [0-7000 Hz] frequency band seven vibrations modes whose frequencies of the last six ones are given in the table 5.14. The deformed shapes are visually compared ; the first modes of each soundboard are monopole modes, which is an expected outcome. The soundboards exhibit dipoles in X and Y directions, not necessarily in the same order. As an example, the frequency of the dipole mode of the Selmer guitar in the X direction is much higher than the other cases, which can be easily linked with the bars mainly glued in the X direction. Besides these simple modes, it is shown that, quickly, the Doctoral thesis -R. Viala In this interface, different parameters are tunable based on the results of the chapter V :

Results of the study of guitar soundboard using physical model

Numerical tools proposal

• The averaged thickness of the soundboard.

• The length and width of the f-hole.

• The width, position, length and height of the bass bar.

• The elastic properties of the soundboard. Based on the results of the chapter V, three rigidities (E L , E R and G LR ) and the density are tunable.

• The boundary conditions, free and clamped edges can be selected.

• Arch height and shape and variable thickness are under development.

For the remaining steps, the CAD updating is based on the EXCEL ® sheet method, as detailed in 7.1.1.1. The pre-processing is also based on a script used in PATRAN ® to prepare the finite element model that is solved using NASTRAN ® . The pre-processing and computation time lasts two minute in an office computer. The results for a clamped soundboard are given in the figure, where the three first eigenmodes are displayed. 

A.1 Octave and third octave bands definition

The octave and third octave bands frequency domains are given in the table A.1, [ Mercier 94]. 

Appendix

A.3 About the frequency dependence of the loss factor

The loss factors in longitudinal and radial directions can be evaluated at different frequencies, using high order bending modes, and their values can be obtained for higher frequencies than the ones corresponding to the first bending modes. All the damping factors evaluated at different frequencies in L and R directions are displayed in the figure A.1. The dispersion of the loss factors is high and a trend of their value according to the frequencies can not be assessed. 

A.5 Water sorption kinetics of tonewood for different specimens

Models for the spruce wood dimensions changes under different hygroscopic states exist and can be used as correction factors for DMA tests and to monitor the moisture content of the wood for different relative humidity and temperature conditions. Nevertheless, it is proposed in this section to evaluate the dimensions and mass changes of spruce wood for different types of samples, such as spruce chips, beam and plates. The results obtained in this section are used in the chapter IV, V, and VI to correct the dimensions of the beam samples and evaluate the moisture content for given exposure times to relative humidity changes.

A.5.1 Sorption isotherm for spruce chips

The sorption isotherm is constructed with the mass gain of spruce chips exposed to different RH levels. The dynamic vapour sorption measurements have been performed by Dr. Marjan Gilani and Sarah Lammlein, from the EMPA institute, in Switzerland. The device that is used is a VTI-SA, made by TA Instruments ® . The evolution of the mass as a function of time for different RH steps is given in the figure A.4. The sample is heated at 90 • C at a rate of 1 • C/min before the beginning of the measurement, and the mass variation is thus at the beginning negative. The temperature of the enclosure during the test is equal to 25 • C, the RH steps range between 5 to 95 % forward and backward with 5 % steps. the data logging interval is equal to 2 minutes. The equilibrium criterion is a change below 0.1 % of weight within an interval of 2 min. The sorption isotherm is built from the previous measurements and using the mass values at the equilibrium and is given in the figure A.5. This gives the moisture content of the wood as a function of the temperature and the relative humidity. At 25 % RH, the moisture content at equilibrium is close to 5 %, and at 75 % RH, it is close to 15 %. Thus, in usual conditions, the moisture content of the wood ranges between 5 and 15 % as generally obtained for most of the woods. Considering the almost linear part between 25 and 75 %, the moisture content evolution of spruce sample can be expressed as a function of the relative humidity as follows :

A.5 Water sorption kinetics of tonewood for different specimens

(A.1)

A.5.2 Water sorption of the spruce beams

In order to highlight the short term changes, and evaluate the sorption kinetics of the beam samples, one beam sample, L 3 has been weighed when undergoing sudden change from 50 to 75 % (±0.2 %), at 23 ±0.1 • C. The dimensions of the beam are equal to 70,4.8 and 3.2 mm for respectively the length, width and height.

Doctoral thesis -R. Viala

Appendix

The sample is weighed on a KERN ® precision balance whose precision is equal to ±0.1 mg. The evolution of the mass of the beam specimen is given in the figure A.6. The figure A.7 gives the evolution of the mass in a shorter time range. The relation between the mass evolution and the square root of time in min is mainly linear. The section of the beam has been pictured with a camera and the dimensions of b and h are given in pixels in the figure A.8 (a) at t=0s and t=525min (figure A.8 (b)).

Appendix

Table A.5 -Dimensions relative change for 1 % RH increase for spruce plate in different directions.

Usually, the thermal expansion of the wood is very low (α L = 6.10 -6 and α T = 30.10 -6 [Hendershot 24]) and is not taken into account for temperature absolute changes of 25 • C. The evolution of the moisture content as a function of the time is given in the figure A.9, for a change between a stable state at 25 % to 95 %. At the beginning of the curve, the relative humidity is not reached, and thus an inflection is observed. After one day in the climatic chamber (t = 38 √ min), the plate has not yet reached its equilibrium state (92 % of maximum MC). The bear claw wood stiffens the soundboard and the FRF is offset to the high frequencies. The table A.12 gives the M.E.E. and M.A.C. differences. The MAC decreases to 71.5 %, but the averaged M.E.E. is equal to 1.2 %. The bridge admittances with model whose soundboards are either made of bear claw or standard wood are displayed in the figure A.12.

Appendix

Appendix

A.7 Rhombicuboctahedron study using FEMU-3DVF method A.7 Rhombicuboctahedron study using FEMU-3DVF method

The rhombicuboctahedron has been milling cutter machined and then been suspended on nylon wires for the measurements. Three different material properties have been identified, E R , E T and G RT . E T and G RT are generally hard to identify when studying wood, since the value of G RT is much lower than the other values for wood, and the evaluation of E T is sensitive to annual rings patterns when studying rift sawn plates. In the case of a bulk structures, sensitivity to anatomic discrepancies in wood is alleviated and the results obtained are more representative of a global behaviour of the part, and so a global solicitation of the material. This particular sample shape is proposed to determine barely previously identified material properties. It can be a key to access very particular and uncoupled behaviour of the parts, at very small strain levels. A spruce sample has been made to identify the most possible material properties at the same time. The Rhombicuboctahedron is an archimedian solid, whose faces are equilateral triangles and squares. The shape proposed for modal analysis is inspired by the shapes used in resonant ultrasonics method to determine all the parameters of the rigidity matrix [ François 09]. The side length of the bounding box of the sample is 90 mm. The side length of the squares and triangle is equal to 37.3 mm. The sample has been tested with a 3D laser vibrometer, and the frequency response functions in the three directions has been measured. The modal basis has been created using MODAN ® , a software developed in the laboratory. The modal basis measured has been compared with the one computed using finite element method. The sensitivity analysis has shown which material parameter can be evaluated using the measured modal basis. The first four numerical modes of the rhombicuboctahedron are shown in the figure A.13. The comparison between experimental and numerical frequencies after calibration is shown in tab.A.14. The material properties identified are given in tab.A.15. Three rigidities have been evaluated, corresponding to G R T , E T and E R . The eigenmodes have been compared and at the end of the identification process, eigenfrequencies obtained are given in table A. 

Polytec Laser 3D Vibrometer

Suspended soundboard

Speaker

The model has been used to perform a MORRIS sensitivity analysis whose results are given in the figure A.17. It is shown that the densities of the different elements are mainly influential on the vibratory behaviour of the soundboard. Secondly, the longitudinal rigidities of both bars and soundboard are influential, followed by the remaining parameters that decrease progressively.

Appendix Table A.18 -Experimental finite element model comparision of a guitar soundboard with theoretical value [Guitard 87]

Appendix

A.9 Impact of geometry uncertainties on violin dynamics Numerous method to treat tonewood have been proposed for years. Recently, a fungi-based method has led to modifications of the density, rigidity and damping of wood samples, highlighted by different experimental means, such as synchrotron and x-ray micro-tomography [Sedighi-Gilani 14a], . In addition, the modified wood is less sensitive to moisture content changes ]. This section aim at defining the minimal wood modification that is needed to be observed on the vibratory behaviour of two similar violins. Knowing the dimensions tolerances of the violins, the uncertainty in the dimensions lead to changes in the vibratory behaviour of the violin, that can be observed as bridge admittance levels, modal damping and eigenfrequencies changes. For this purpose the violin model developed in the chapter V is used to perform computation with geometry variations, whose changes are given in the table A.21. The comparison of the modal basis with initial and modified wood, detailed in the table A.22 and A.23 lead to a matched eigenfrequencies error equal to 1.2 % and a M.A.C. value close to 80 %. The MAC matrix, given in the figure A. 18 shows dispersion above the 60 th mode. The bridge admittances for both initial and treated case, and the dispersion due to dimensions uncertainites are given in the figure A.19 this figure shows that the nominal geometries and their respective material changes lead to bridge admittance that are inside the uncertainty of the geometries. The fuzzy FRF shows the dispersion of the admittance for a given model with geometry uncertainties.

This study show that it will be hard to differentiate two violins made with similar dimensions with treated and untreated wood, due to the dimensions tolerances, even though, when comparing two ideal modal basis with exact geometry, the difference seems obvious. The studies are addressed to the guitar and violin making. This domain is historically driven by empiricism and it is studied here using objective criteria. The main topic is the mechanical vibratory behaviour of musical instruments. Firstly, the mechanical behaviour of the material used (tonewood) is studied. A non-destructive methodology is proposed and applied on spruce and maple species. The reliability of the numerical models is studied by a process usually used in industry and research, the verification and validation process. The models developed are used as a support for the study of complex phenomena in musical acoustics. Finally, the utilization of numerical method for a practical application in instrument making (decision support under uncertainties, geometric and material optimization) is proposed. The methodology for a transfer to art and crafts domain is discussed.
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