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Abstract

Curators of heritage musical instruments are faced with a number of recurring questions concerning
the objects in their collection. Can the instrument be played without damaging it? How might it best
be restored? Can we understand how and why the instrument evolved in the way it did and the impact
of the different steps in its construction? Indeed, the impact of the different steps in the assembly of a
musical instrument must be anticipated in order to assess its playability. Curators may question whether
the state of internal stress, deliberately introduced by the instrument maker during the assembly pro-
cess, should be restored after it has relaxed over time. These questions are typically answered through
expert judgement. Meanwhile, it may be possible to leverage detailed physics-based models to enrich the
decision support in the museum environment. This novel strategy is illustrated in the present study to
investigate the importance of the different steps in the assembly process in order to guide the restoration
process. In particular, numerical and experimental studies that have been carried out on a facsimile of
the soundboard of the Christoph Koch’s archlute of 1654 (E.546) with the objective of quantifying the
impact of its assembly and gluing processes on the low frequency vibratory behavior. It is shown that a
nominal non validated numerical model is able to predict trends, validated via experimental studies, that
can be useful in understanding the impact of the assembly process in order to guide future restorative
measures.

Keywords: Numerical simulations, experimental studies, decision-making support, heritage musical
instruments, soundboard assembly process, mechanical behavior.

Highlights
e Recurring questions facing curators of heritage musical instruments concerning their state of playability

e Museum decisions concerning instrument restoration and playability can be informed by leveraging
detailed physics-based models

e Internal mechanical stresses are oftentimes purposely introduced by the luthier in the fabrication and
assembly process of a stringed musical instrument

e Non-validated physics-based models can be leveraged to predict useful trends

e Uncertainty in the gluing process has a higher impact on the low frequency behavior of the soundboard
than uncertainty in the assembly process

1 Introduction

Historical musical instruments, which have been in use for musical presentation up to the present day, are
the subject of research and study in various countries of the world [1].

All museums that host a collection of musical instruments face several problems, such as, how best to
describe the story of music through its instruments, how to preserve and restore heritage musical instruments
and how to assess their playability. In regard to playability, the musée de la Musique de la Philharmonie de
Paris houses a collection of more than 7000 instruments but only 5% of this collection is in a playable state.

Indeed, heritage musical instruments present many cultural values including, historical, technical, acoustic
and aesthetic. These cultural values are subjectively compared and hierarchized. The aim of this work is to
provide an objective and quantifiable response to assessing the playability of a heritage musical instruments.

Regarding wooden stringed musical instruments and more particularly their soundboards, the materials
chosen are extremely varied including, skins, woods, metals, glass. The present work focuses on wooden
soundboards.

Assessing the playability of wooden stringed musical instruments raises many questions. Indeed, a variety
of factors influences the mechanical state, stress and strain state, of wooden stringed musical instruments.
A distinction is made between the mechanical state induced by the string tension under normal playing
conditions from that induced by the instrument maker during the construction of the instrument and in
particularly the methods of assembling the instrument parts. So, a curator might wonder whether the state
of internal stresses, intentionally introduced by the luthier in the process of making and assembling of a
stringed musical instrument, has a significant impact on the vibroacoustic behavior of the instrument and



therefore should be restored after it has relaxed over time given the viscoelastic behavior of wood. In this
work we will focus on the impact of the mechanical state induced by the instrument makers during the
construction and assembly of the soundboard on its low frequency vibratory behavior.

A brief look at the chronological evolution of the guitar shows that the making gestures, particularly those
concerning the reinforcement systems most often referred to as "bracings", have become increasingly complex
and sophisticated (fig.1). The techniques and assembly methods used to design these structures play a key
role in their artistic inspiration, as changes in their mechanical behaviour influence their intangible values,
i.e. the acoustic qualities intrinsically present in these works. However, the initial state of these voluntarily
added constraints is inevitably subject to change over time, given the viscoelastic behavior of wood.

19t century 20t century
Antonio de Torres (1862) Robert Bouchet (1964)

17t and 18t Late 18 century
century Marchal in Paris (1786)

Figure 1: Evolution of guitar bracing : from the 17th to the 20th century, guitar structural systems became
extraordinarily complex. Adapted from D. Friedrich, Citéscopie : la guitare, Cité de la musique, 1995 [2]

The types of bracing and their assembly methods differ according to instrument families, historical periods,
schools and making styles. Although they vary widely in the detail of their execution, bracing techniques can
be grouped into two categories, according to common mechanical criteria: those using external forces and
those using the mechanosorptive behavior of wood [3].

Several approaches have been used to study the mechanical behaviour of musical instruments, including
experimental approaches using direct [4, 5, 6, 7] or indirect [8, 9] vibration measurement methods, analytical
approaches [10, 11, 12, 13, 14] and virtual prototyping approaches [15, 16] using the finite difference method
(FDM) [17, 18], the boundary element method (BEM) [19, 20, 21] or the finite element method (FEM)
[6, 9, 22].

The vibration behavior of structures with an initial state of non-zero strains and stresses has been widely
studied [23, 24]. The interpretation of the observations strongly depends on the structure, but also on how
the initial state has been introduced. Despite the rich literature, the immediate knowledge transfer of these
observations to wooden soundboards is not immediate. Indeed, very few studies exist concerning the impact
of the initial mechanical state of a musical instrument on its vibratory behavior. This question has been
studied concerning the effects of nonlinearities due to the static load of piano strings [25]. More recently, the
presence of manufacturing pre-stress in wooden soundboards has also been highlighted [3].

Over the last decade, the introduction of structural calculations to support the conservation-restoration
program to maintain instruments in a playable state has provided new methodological and practical perspec-
tives [9, 26, 27]. Moreover, numerical and experimental studies have already been carried out to investigate
the impact of the string tension and of the assembly process on the vibratory behavior of a piano soundboard
or simplified soundboards, for example [28, 29].

In spite of these studies, many unknowns remain given the unique nature of each instrument including
the uncertainties inherent to the manual fabrication process as well as the spatial and temporal variability
of the wood material.

In parallel, virtual prototyping has become a standard tool in the industrial world. In the field of structural



Figure 2: Pictures of (a) Christoph Koch’s archlute soundboard facsimile, (b) MDF block and (c) resulting
structure

mechanics, numerical models are most often produced using the finite element method. For the last twenty
years, an approach known as "Verification and Validation of Simulations" (V&V) has been developed, which
consists in developing guidelines and decision support tools based on numerical simulations, or how to estimate
the confidence that can be placed in a numerical simulation given the presence of uncertainties [6, 30, 31, 32].

The work carried out in this paper aims to develop a decision support methodology usable in a museum
context and based on the virtual prototyping paradigm to study the static and dynamic behavior of historical
musical instruments to optimize its conservation and its preservation in playing conditions but also to an-
ticipate costly or time-consuming experimental campaigns. To illustrate this decision support methodology,
a procedure was set up to determine if an unvalidated numerical model is able to predict useful trends for
decision support in a museum context. The numerical and experimental studies are carried out on a facsimile
of the soundboard of the Christoph Koch’s archlute of 1654 (E.546) in order to evaluate the impact of its
assembly process and gluing on its low frequency vibratory behavior.

The methods used for this procedure are presented in the next section, followed by the results and a
discussion section. Finally, the conclusion and perspectives will be presented.

2 Methods

This section presents the studied case, the numerical simulations, the experimental protocol and the features
and metrics.

2.1 Case study

Within the framework of this study, a facsimile of the soundboard of Christoph Koch’s archlute was made
by an expert in conservation and restoration. The soundboard and bars are made of spruce, Picea abies,
while the bridge is made of pear tree, Pyrus communis. The table has a height of approximately 420mm
and a maximum width of approximately 305mm. The facsimile can be seen on figure 2.a. The soundboard
is glued to the body of the instrument all over its edge. To reproduce these boundary conditions, a MDF
(Medium Density Fiberboard) block was manufactured (figure 2.b) on which the facsimile is glued with an
animal glue. The resulting structure is shown in figure 2.c.

Regarding the bracing process, flat bars are glued to the soundboard using a curved working counterform.
A curved working counterform was designed with a 3 mm gap between its center and ends.

Moreover, after the assembly of the table with the brace, the soundboard is glued to the body of the
instrument, which is generally not flat, modifying again its mechanical state. In order to study this assembly
step, two types of MDF blocks were used: a flat MDF block and a carved MDF block with the curvature
of the instrument body. In order to design the carved MDF block, the arch of the ribs (body) of Christoph
Koch’s archlute was measured with relaxed strings by surface scanning.



Figure 3: Facsimile and MDF block meshes

In order to dissociate the impact of the table assembly with its brace on the low frequency behavior of
the soundboard from the effect induced by the assembly of the soundboard with the body of the instrument,
a strategy was developed based on three different configurations:

e A first reference configuration in which the soundboard is braced with the flat bars without using the
counterform (its mechanical state is therefore unchanged) and the soundboard is glued to the flat MDF
block (configuration CO0).

e A second configuration in which the soundboard is braced with the flat bars without using the coun-
terform, and the soundboard is glued to the carved MDF block (configuration C1).

e A third configuration in which the soundboard is braced with the flat bars using the curved coun-
terform and the soundboard is glued to the carved MDF block (configuration C2).

Moreover, since these operations require the gluing and ungluing of the soundboard, it was necessary to
evaluate the impact of the gluing on the vibratory behavior of the soundboard in order to be able to dissociate
it from the one of the assembly steps.

2.2 Numerical simulations

SolidWorks® 3D computer-aided design software was used to create the geometric models of the soundboard
and the flat and carved MDF blocks. The 3D model of the soundboard was designed from the drawings that
were used to make the soundboard.

ABAQUS finite element software was used for all structural calculations, including static calculations
for the determination of the mechanical state resulting from the assembly steps and modal analyses for the
determination of the natural frequencies and the corresponding mode shapes of the system. It has been
observed that, for wooden stringed musical instruments, modal damping is very low [33], so our model is
assumed to be undamped. The eigenvalue problem for the natural frequencies is given by:

(—w!M+K)¢; =0 (1)

where M, K € R¥Nare the mass and stiffness matrices and w;, ¢; the i*" eigensolutions.

The soundboard and the MDF blocks were modeled with C3D10 tetrahedral elements. Due to the presence
of the rosette, and after a mesh convergence study, the structure studied is made up of 216802 elements of
3mm. The meshes of the facsimile and the MDF block are shown in figure 3.

Since the aim of this study is to assess the ability of an uncalibrated numerical model to predict trends
that may be useful for decision making, wood is modeled with orthotropic linear elastic behavior, and the



’ Parameters \ Values ‘

( /cm?) 0.38

L (MPa) | 10200

ER (MPa) 850
+ (MPa) | 500
VLR( ) 0.39
VLT( ) 0.43
VRT( ) 0.50
Grr (MPa) | 750
GLT ( a) 675
GRT (MPa) 75

Table 1: Material properties of the various facsimile components

| Parameters | Values |

p (g/cm?) 0.75

E (MPa) | 4000
v (2) 0.3

Table 2: Material properties used for the MDF block

values applied for the parameters governing this behavioral model have been obtained from the literature
[6, 34]. The material properties used for the various facsimile components are shown in table 1 and those used
for the MDF block in table 2. In addition, given the orthotropic nature of the wood material constituting the
facsimile, the material orientation has been implemented for each component of the facsimile and is presented
in figure 4.

Modal analyses were performed under free condition between 10 and 1200 Hz for the CO configuration
and between 10 and 1500 Hz for the others.

To model the configuration CO, the nodes of the soundboard and the flat MDF block are linked, and a
modal analysis is performed.

To model the configuration C1, a load is applied around the perimeter of the soundboard until it matches
the arch of the carved MDF block. Then, the nodes of the soundboard and the carved MDF block are linked
and the load is removed to obtain an elastic return. A modal analysis is then performed in this state.

To model the configuration C2, a load is applied to the bars of the soundboard until it matches the arch
of the concave worktable. Then, the nodes of the table and the bars are linked and the load is removed in
order to obtain an elastic return. A load is then applied around the perimeter of the soundboard until it
matches the arch of the carved MDF block. Finally, the nodes of the soundboard and the carved MDF block
are linked and the load is removed in order to obtain an elastic return. A modal analysis is performed in this
state.

Several parameters can influence the gluing, such as the mechanical properties of the glue, its thickness
or the gluing surface. In our case, we are interested in the impact of the latter on the soundboard’s vibratory
behavior. To study this impact, we compared two configurations in which a 0.15 mm thick film of glue
[35] is introduced between the soundboard and the MDF block. The adhesive film is modeled with C3D10
tetrahedral elements and with an isotropic linear elastic behavior. The material properties of the latter were
obtained from the literature [36] and are presented in table 3. The nodes on the surface of the glue film in
contact with the facsimile are bonded to it, and those on the surface of the glue film in contact with the
MDF block are also bonded to it. The first configuration, referred to as "C3" in the following, has a glue film
covering the entire gluing surface. The second configuration, referred to as "C4" in the following, has a glue
film covering only a portion of the gluing surface. To achieve this, a percentage of the glue film elements in
configuration C3 were randomly removed. Two models of this configuration have been studied, one where the
glue film covers 85% of the gluing surface and a second where the glue film covers 70% of the gluing surface.
In the following, these models will be referred to as "C4-85" and "C4-70" respectively. Since element removal
is random, 10 different simulations were carried out for each of these models.
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Figure 4: Material orientations used for the various facsimile components

| Parameters | Values |
p (g/cm?) 1.27
E (MPa) | 500

v (2) 0.3

Table 3: Material properties used for the glue film

2.3 Experimental protocol

The dynamic behavior was studied by laser vibrometry using a Polytec PSV-500-3D scanning vibrometer.
The vibrometer’s three-dimensional calibration process allows us to define a reference coordinate system, and
to precisely determine the positions and orientations of the three laser heads and the studied part within this
coordinate system. The XY plane was defined as coincident with the front face of the facsimile. Measurements
taken at each point in three different directions are used to reconstruct the three-dimensional velocity vector.
Only the ¥4 component was used for modal identification and computation-test correlation. Its amplitude is
1 to 2 orders of magnitude greater than that of the other two components. This limits the pollution of data
by low signal-to-noise ratio measurements, while ensuring rigorous computation-test correlation. The use of
a 1D vibrometer could lead to similar results, but the measurement direction is generally assimilated to the
optical axis, and its variation during the scan is usually neglected. The experimental setup is shown in 5.

Figure 5: Experimental setup



Figure 6: Pictures of (a) boundary conditions with excitation system and (b) experimental mesh

The different configurations presented below have been studied using the same boundary conditions. The
structure, consisting of, the soundboard glued on the MDF block, is placed on foam and excited by an
automatic impact hammer, «vImpacty MAUL-THEET, located at the back of the soundboard below the
bridge. This disposition is shown in figure 6.a. The experimental mesh consists in 136 points, 87 of which
are on the soundboard and 49 on the MDF block. Measurements were made on the MDF block in order
to dissociate the soundboard modes from the global structural modes. The experimental mesh is shown in
figure 6.b.

The measurements lasted approximately 30 minutes and were carried out between 10 and 2000 Hz with a
frequency resolution of 0.6 Hz. Three averages were made for each measurement. Since the impact hammer
signal decreased by 10 dB after 1200 Hz, modal analyses were performed between 10 Hz and 1200 Hz. The
different experimental measurements were carried out in a room maintained at 22°C £ 1°C with a relative
humidity of 55% + 5%.

Firstly, an experimental campaign was carried out in configuration C0O. For this, the soundboard was
glued to the flat MDF block. This campaign was also used to study the repeatability of measurements over
a day. Nine measurements were made throughout a day in this configuration.

To study the impact of the assembly of the soundboard with the body of the instrument, four new
measurements were performed in configuration CO. Then, an experimental campaign was carried out in
configuration C1. For this, the soundboard was unglued from the flat MDF block and reglued to the carved
MDF block (figure 7). Then, four measurements were conducted in this configuration and these measurements
were compared to those obtained in configuration CO.

To study the impact of the assembly of the table with its braces, four new measurements were performed
in configuration C1. Then, an experimental campaign was then carried out in configuration C2. For this,
the soundboard was unglued from the carved MDF block and the bars of the soundboard were unglued from
the table in order to be able to reglue them to the table by forcing them on the concave worktable (figure
8). Finally, the soundboard was reglued to the carved MDF block and four measurements were made in this
configuration. These measurements were compared to those obtained in configuration C1.

Since the soundboard has been unglued from the MDF block and reglued between each of these ex-
perimental campaigns, it is necessary to study the impact of the gluing on the vibratory behavior of the
soundboard in order to distinguish the variations observed due to the assembly steps from those resulting
from the gluing. Hence, another experimental campaign was performed to study the impact of the gluing.
Three different gluing operations were therefore carried out by three different experts and measurements were
made for each of the gluing operations. Six measurements were made for the 1st gluing, two measurements
for the 2nd and nine measurements for the 3rd.



Figure 7: Pictures of the (a) ungluing and (b,c) regluing of the soundboard on the carved MDF block

Figure 8: Pictures of bars forcing on the soundboard using the curved working counterform



2.4 Features and metrics

To study the impact of the different stages of assembly of the soundboard on its low frequency behavior, we
have chosen to focus on the soundboard’s eigenfrequencies, since the characterization and the modelization
of the damping remain a real challenge given its multiple origins, such as the damping relative to the wood
material, which is inhomogeneous, or the damping in the links due to the gluing of the various parts of the
instrument. However, as previously stated, the purpose of this study is not to match the frequencies obtained
numerically and experimentally but to see if the numerical model, although imperfect, is capable of predicting
the trends observed experimentally.

Regarding the experimental results, the frequency response functions were obtained from the Polytec
PSV-500 software and the modal analyses were performed with the in-house software MODAN using the
PolyMAX frequency-domain method [37].

The post-processing of the numerical and experimental results was performed using MATLAB.

The matching of the eigenmodes is based on the modal assurance criterion (MAC) which leads to a
correlation matrix between two modal bases whose component values are normalized between 0 and 1, with
1 indicating the modal vectors are colinear and 0 indicating they are orthogonal [38]. Here, we consider that
two modes are matched if they present a MAC > 0.7.

In order to compare numerical and experimental results, a common variation criterion must be chosen.
Given the small populations of results, we opted for a normalized range (N R). For each considered eigenmode,
this criterion is defined as follows:

_ fmaz = fmin
NR = =5 (2)
with,
foo = W (3)

where f,,q. is the maximum eigenfrequency, fy.;, the minimum eigenfrequency and f., the center eigenfre-
quency of the studied population.

3 Results

This section presents the numerical and experimental results.

3.1 Numerical results

First, in order to focus only on modes that mainly solicit the facsimile, a criterion based on elastic strain
energy is used. The modes of interest will be those for which the strain energy within the facsimile represents
more than 80% of the total strain energy. The percentage of total strain energy within the facsimile according
to the eigenmodes identified, and the final numbering, are shown in figure 9. As a result, only 11 eigenmodes
will be retained for further analysis, compared to 20 initially.

Regarding the impact of the assembly of the soundboard with the instrument body, the correlation of the
eigenmodes obtained with the modeling of the CO and C1 configurations has been carried out. The resulting
normalized ranges are presented in table 4. The maximum value is 0.64% for mode 4.

Regarding the impact of the assembly of the table with its brace, the correlation of the eigenmodes
obtained with the modeling of the C1 and C2 configurations has been carried out. The resulting normalized
ranges are presented in table 4. The maximum value is 0.03% for mode 1.

Regarding the impact of the gluing, the correlation of the eigenmodes obtained with the modeling of the
Co, C3, C4-85 and C4-70 configurations was carried out. For the C4-85 modeling, the resulting normalized
ranges are presented in table 5. The maximum value is 1.56% for mode 7. For C4-70 modeling, the resulting
normalized ranges are presented in table 5. The maximum value is 2.56% for mode 7.
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Figure 9: Percentage of total elastic strain energy within the facsimile according to identified eigenmodes
and final numbering

| Mode | fco (Hz) | fo1 (Hz) [ NR (%) || Mode | fe (Hz) | fo» (Hz) | NR (%) |

1 296.95 298.42 0.49 1 2098.42 298.52 0.03
2 440.63 442.85 0.50 2 442.85 442.94 0.02
3 447.80 449.96 0.48 3 449.96 449.93 0.01
4 638.87 642.94 0.64 4 642.94 643.08 0.02
5 706.12 705.12 0.14 5 705.12 705.26 0.02
6 742.78 742.59 0.03 6 742.59 742.68 0.01
7 846.79 848.12 0.16 7 848.12 848.10 0.00
8 894.32 895.37 0.12 8 895.37 895.43 0.01
9 941.79 940.60 0.13 9 940.60 940.71 0.01
10 959.37 961.33 0.20 10 961.33 961.42 0.01
11 1134.63 1136.13 0.13 11 1136.13 1136.37 0.02

Mean value 0.27 Mean value 0.02

Table 4: Frequencies and normalized ranges of identified eigenmodes (modeling of C0, C1 and C2 configura-
tions)

‘ Mode ‘ fc3 (HZ) ‘ fc4785 (HZ) ‘ NR (%) H Mode ‘ fc3 (HZ) ‘ fc’4770 (HZ) ‘ NR (%) ‘

1 294.68 291.89 0.95 1 294.68 289.44 1.80
2 437.36 433.19 0.96 2 437.36 429.59 1.79
3 444.46 440.97 0.79 3 444.46 438.91 1.26
4 631.02 622.65 1.34 4 631.02 616.42 2.34
5 702.11 697.08 0.72 5 702.11 693.23 1.27
6 738.13 731.72 0.87 6 738.13 727.01 1.52
7 834.19 821.26 1.56 7 834.19 813.09 2.56
8 888.87 881.86 0.79 8 888.87 879.31 1.08
9 937.75 931.32 0.69 9 937.75 926.92 1.16
10 955.08 948.00 0.74 10 955.08 944.05 1.16
11 1129.10 1121.67 0.66 11 1129.10 1116.58 1.12

Mean value 0.92 Mean value 1.55

Table 5: Frequencies and normalized ranges of identified eigenmodes (modeling of C3, C4-85 and C4-70
configurations)

11
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Figure 10: MAC matrix (CO modeling/C0 measurement)

[ Mode [ feo (Hz) | frmar — fmin (H2) | NE (%) ]

1 238.60 2.21 0.93
2 401.30 4.49 1.12
3 375.11 3.60 0.96
4 517.03 5.16 1.00
5 637.65 7.65 1.20
6 624.10 4.59 0.74
7 674.52 5.07 0.75
8 771.00 4.39 0.57
9 867.68 5.97 0.69
10 784.22 4.03 0.51
11 1086.79 5.64 0.52

Mean value 0.82

Table 6: Central values, frequency differences and normalized ranges of identified eigenmodes (measurements
of CO configuration)

3.2 Experimental results

For the measurements performed on the C0O configuration, eleven eigenmodes were identified during the modal
analysis. In order to compare the numerical and experimental results, the eigenmodes obtained with the
modeling of the configuration C0O and those identified from the measurements performed on the configuration
C0, were first matched using the modal assurance criterion and the results are shown in figure 10. A change
can be observed in the order of the eigenmodes. The numerical mode 2 corresponds to the experimental
mode 3 and inversely. The numerical mode 5 corresponds to the experimental mode 6 and inversely. The
numerical mode 9 corresponds to the experimental mode 10 and inversely. In the following, the numerical
numeration is maintained.

Regarding the repeatability of the measurements during a day, the frequency response functions, averaged
over all the measurement points, for the nine measurements performed on the C0O configuration, are shown
in figure 11. During the modal analysis, eleven eigenmodes were identified for the measurements performed
on the CO configuration. The resulting normalized ranges of the identified modes have been studied and are
presented in table 6. The maximum value is 1.20% for mode 5.

Regarding the impact of the assembly of the soundboard with the instrument body, eleven eigenmodes
were identified during the modal analysis of the measurements performed on configuration C1. The matching

12



——Measurement 1

Measurement 2|
Measurement 3 -

N
<
T

Amplitude (m/s/N)
3 3
- T
§
»

I | | I | I | I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

107

Figure 11: Frequency response functions of the nine measurements performed on configuration C0

of the eigenmodes identified with the measurements performed on configurations CO and C1 was performed
and the resulting normalized ranges of the identified modes were studied and are presented in table 7. The
maximum value is 6.36% for mode 4.

Regarding the impact of the assembly of the table with its brace, eight eigenmodes were identified during
the modal analysis of the measurements performed on configuration C2. The matching of the eigenmodes
identified with the measurements performed on configurations C1 and C2 was performed, and modes 7, 8
and 10 were not identified for the measurements performed on configuration C2. The resulting normalized
ranges of the identified modes were studied and are presented in table 8. The maximum value is 3.84% for
mode 3.

Regarding the impact of the gluing, eight eigenmodes were identified during the modal analysis of the
measurements performed for the 1st and 2nd gluing operations, compared with eleven for the 3rd gluing
operation. The matching of the eigenmodes identified with the measurements performed for the different
gluing operations was performed and modes 7, 8 and 10 were not identified for the 1st and 2nd gluing
operations. The resulting normalized ranges of the identified modes were studied and are presented in table
9. The maximum value is 8.97% for mode 4.

4 Discussion

Firstly, in figure 12, a comparison of the numerically and experimentally obtained eigenfrequencies for the
CO configuration is presented. Whatever the eigenmode, one can observe that the numerical results are
higher than the experimental ones. One way of minimizing this difference would be to calibrate the model by
identifying the material parameters of the wood species used during the making of the facsimile. However,
as previously stated, the purpose of this study is to evaluate the capacity of the unvalidated numerical model
to predict trends.

Figure 13 presents a comparison of the normalized ranges obtained numerically and a comparison of the
mean value of these normalized ranges. The assembly steps are seen to have a very low impact on the studied
eigenfrequencies. Moreover, the assembly of the soundboard with the body of the instrument is seen to
have a higher impact on the eigenfrequencies than that induced by the assembly of the table with its brace.
However, whatever the mode, the gluing appears to have the predominant impact compared to the assembly
steps. The gluing has the strongest impact on the 7th and 4th mode.

Figure 14 presents a comparison of the normalized ranges obtained experimentally and a comparison of

13



[ Mode [ feo (H2) | fmar — fmin (Hz) | NE (%) ]

1 239.91 3.61 1.50
2 399.64 3.79 0.95
3 369.61 3.03 0.82
4 527.03 33.51 6.36
5 641.29 19.24 3.00
6 620.58 3.79 0.61
7 680.58 19.42 2.85
8 773.86 10.02 1.29
9 867.65 7.59 0.87
10 783.54 9.29 1.19
11 1086.35 10.26 0.94

Mean value 1.85

Table 7: Central values, frequency differences and normalized ranges of identified eigenmodes (measurements
of CO and C1 configurations)

’ Mode ‘ fcv (HZ) ‘ fmaw _fmin (HZ) ‘ NR (%) ‘

1 236.01 5.12 2.17
2 401.18 7.00 1.74
3 364.22 13.99 3.84
4 549.00 9.95 1.81
5 649.44 3.80 0.59
6 627.39 14.93 2.38
7 _ _ _
8 - - -
9 870.27 9.82 1.13
10 - - -
11 1097.59 21.76 1.98
Mean value 1.96

Table 8: Central values, frequency differences and normalized ranges of identified eigenmodes (measurements
of C1 and C2 configurations)

’ Mode ‘ fcv (HZ) ‘ fmaa: _fmin (HZ) ‘ NR (%) ‘

1 241.12 7.26 3.01
2 404.00 9.90 2.45
3 379.79 12.96 3.41
4 538.61 48.31 8.97
5 648.90 30.16 4.65
6 632.96 22.32 3.53
7 - - -
8 - - -
9 871.30 13.22 1.52
10 - - -
11 1099.76 31.58 2.87
Mean value 3.80

Table 9: Central values, frequency differences and normalized ranges of identified eigenmodes (gluing)
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Figure 12: Comparison of numerical and experimental eigenfrequencies for the CO configuration
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obtained numerically
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obtained experimentally

the mean value of these normalized ranges. The variability specific to the study on the repeatability of the
measurements is seen to be the lowest. Furthermore, we can observe that the gluing has a greater overall
impact than that induced by the assembly steps. Also, although no information are known about the 7th
mode, the 4th mode is still observed as the most impacted eigenmode. Finally, it should be noted that the
study of the soundboard assembly process requires its gluing and ungluing from the MDF block. The gluing
has been seen to have a significant impact on the eigenfrequencies of interest and are no doubt responsible
for the differences we have observed on the low frequency soundboard behavior. This impact is smaller, since
more than two measurements were taken during the gluing study. Thus, this result tends to show that the
assembly steps have a very low impact on the soundboard’s low-frequency vibratory behavior.

Despite the difference between numerical and experimental results, all these similar observations illustrate
the capacity of the unvalidated numerical models to provide useful predictive trends in a museum context
and to prevent the realization of costly experimental campaigns, in terms of time or equipment, that would
not give significant results. Furthermore, these results tend to demonstrate that, for this instrument, the
assembly steps have a low impact on the low-frequency vibratory behavior of the soundboard, which was
not intuitive. Thus, the curator can assume that it will not be necessary to reintroduce the internal stresses
induced by the assembly process, given these results.

5 Conclusion

Object of use as much as object of art, the musical instrument undergoes multiple transformations throughout
its life. Its material history and its structural transformations are rarely well understood. The analysis of the
state of conservation and the history of restoration confirm that the disassembly of soundboards has been a
common practice since at least the beginning of the 19th century.

A variety of factors influence the mechanical state of wooden stringed musical instruments. A distinction
is made between the mechanical state induced by string tension under normal playing conditions and the one
induced by the instrument maker during the instrument assembly process. The work presented here focuses
on the impact of the initial mechanical state induced by a particular assembly method on the low-frequency
vibratory behavior of a real wooden soundboard. This study had the double objective of evaluating the impact
of the assembly process on the low-frequency vibratory behavior of the soundboard, and also of assessing
the ability of an unvalidated numerical model to predict trends that may be useful for decision support in
a museum context. This work has led to numerical and experimental studies carried out on a facsimile of
Christoph Koch’s archlute soundboard of 1654. The numerical study, performed with an unvalidated model,
demonstrated a greater impact of the gluing on the vibratory behavior of the soundboard than its assembly
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steps. The experimental campaign validated this trend, although the experimentally observed impact is
higher than the one observed numerically. Thus, this study highlighted two observations: the capacity of
an unvalidated model to predict useful trends in a museum context, and the higher impact of the gluing
compared to that induced by the assembly process on the low frequency behavior of the soundboard. It
should be borne in mind that this study was carried out on a facsimile. In the context of historic heritage
instruments, all the constraints specific to the latter must be taken into account, i.e. the use of global, non-
intrusive methodological approaches. In addition, the history, material properties and current mechanical
state of the instrument will be uncertain. Ageing and visible and non-visible damage will also have to be
taken into account. So, in this context, uncertainties will be numerous, severe and difficult to quantify. These
factors led us to carry out a study based on an unvalidated model.

In order to validate the transfer of these observations to an entire instrument, the same experimental
campaign should be carried out on a facsimile of the complete Christoph Koch archlute. Moreover, due to
the unique aspect of each instrument, the methodology implemented here could be applied to other types of
instruments using different assembly methods than those studied.
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