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Abstract. The vibrations and the sound field around the body of an old violin made by
Stradivari are studied in this paper, in which this violin is scanned using a micro-CT scanner
to generate a highly precise geometric image. After the noise in the scanned data is eliminated
using a computer-assisted design (CAD) software for post-processing, the geometric data are
saved in the simulation software. Assuming the orthotropic properties of woods (spruce and
maple), the major vibration modes of the violin, such as AQ, center bout rotation, B1-, B1+,
and the acoustic pressure level at the surface of the violin body are calculated using the finite
element method. Next, using the sound pressure distribution at the surface of the instrument,
the sound pressure spreading in a rectangular box simulating a concert hall is calculated with
the open-source parallel acoustic analysis software: ADVENTURE Sound. It is concluded that
the sound pressure from the violin is successfully simulated.

1 INTRODUCTION

Owing to the high performance of computers in recent decades, numerical simulations using
the finite element method (FEM) have often been conducted for the analysis of vibrations and
sounds of violins [1, 2]. In addition, laser scans, as in Pezzoli et al.[3] and computed
tomography (CT) scans, as in Bissinger [4], have been used to obtain three-dimensional (3D)
geometric data of the violin shape.

The reason why numerical simulation has been used in the analysis of violins is that it is
difficult to analyze the features of violins qualitatively and quantitatively by experiment. The
differences between individual violins are significant, as violins are the products of wood-
crafting. There are many variables which determine the features of the vibrations and sound
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due to their complex structure.

The shape and dimensions of a violin
were established during the period in which
Stradivari lived. However, the designs
varied among violin makers, and the

vibrational and acoustic features were £{?te ourfling

different for each violin. Thus, numerical gy
Hlffggmul‘_ b\

simulation is chosen for modelling the bass bar
numerous variable factors and analyzing the crack (glued)/ L
vibrations and acoustic features qualitatively lining {
and quantitatively.

Moreover, as old Italian violins are now
classified as historic cultural assets, we
cannot disassemble them or conduct
experiments as in the past, such as the
Chladni method and the impact hammering
test [4, 5]. Thus, in recent years, numerical
simulation has been adopted as a
noninvasive technique for studying the
vibrations and acoustic features of antique
violins made over 300 years ago.

One of the authors conducted a coupled
numerical simulation to analyze the
characteristics of the vibrations and sound
rad'a_lt'o_ns of old VIOIIn.S [6] Howe_ver’ t_he Fig. 1 Cross section from micro CT scanner image
qualitative and quantitative relationships  ang visualization of the inside of a violin by CAD
between vibrations and the acoustic field  software.
have not yet been clarified. Although
coupled numerical simulations of an entire violin and its acoustic radiation have been initiated
in recent years, it is too early to conclude that a sufficient outcome has been achieved.

In this study, the 3D geometry of an old Italian violin (by Antonio Stradivari in 1708) was
measured using a micro-CT scanner. Then, the vibration modes of the entire violin body,
including the neck, bridge, sound post, and bass bar, were calculated with the COMSOL
Multiphysics code, and, using the acceleration or sound pressure on the surface of the violin
body, the sound field around the violin was analyzed using the large-scale parallel software
ADVENTURE Sound. Some preliminary, but interesting, results are reported herein.

2 PROCEDURES FOR NUMERICAL SIMULATION OF VIBRATIONS AND
ACOUSTICS
2.1 Geometry measured by micro-CT scanner

The upper side of Figure 1 shows a cross section of the violin scanned by a micro-CT scanner,
and the lower side is a snapshot visualizing the interior of the body using scanned geometric
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data with a computer-assisted design (CAD) software.

Here, the entire geometry of this violin by Antonio Stradivari (1708) was measured from the
tail piece to the scroll of the neck with a precision of 0.1 mm. Using this scanner, we cannot
only observe the parts, such as the bass bar and purfling, but also the grains of the wood and
cracks, and so on in detail.

It is well known that the thicknesses of the top and back plates of a violin are generally not
uniform; the central area of the plate is the thickest, and the thickness gradually decreases
toward the edges.

In the numerical simulation of a violin, the detailed geometric data of the real thickness
measured by a micro-CT scanner is important, and meaningful calculation results cannot be
obtained if this gradation in the real thickness is not considered [3, 6].

Because the data from the CT scanner includes many fragments and noise, we have to
remove all of these using CAD software for post-processing. The geometric data are divided
into parts such as top/back plate, rib, sound post in order to determine each physical property
and saved in the standard for the exchange of product model data (STEP) format.

2.2 Vibration analysis of violin body by FEM

The meshing and vibration analyses of the violin body were performed using the COMSOL
Multiphysics code. The STEP files of the violin described in Section 2.1 were imported to
COMSOL Multiphysics as a geometric object. In COMSOL Multiphysics, the mesh generators
discretize the domains into tetrahedral second-order mesh elements using the free-mesh method
[7]. The total number of elements is approximately 2 million, including both violin and air, and
the eigenmode, displacement, and sound pressure on the surface of the violin are calculated via
the acoustic-structure interaction module of COMSOL Multiphysics using FEM. Free
vibrations were calculated without any constraint points at the surface of the violin.

In COMSOL Multiphysics, the physical characteristics of wood can be set in the three
orthogonal directions: the longitudinal grain direction (x-axis), the radial annual ring direction
(y-axis), and the direction tangential to the annual ring (z-axis). The violin plate was sawed, as
shown in Fig. 3.

As listed in Table I, the typical values measured by Green et al.[8] are referred to for the
orthotropic properties (Young’s modulus, rigidity modulus, and Poisson’s ratio). Here, Ey/EX,
Ez/EX, and the rigidity modulus (G/Ex) indicate the ratios of the longitudinal Young’s modulus
Ex. The value of EL is also cited from [8]; the Ex value of maple is 12.6 GPa, and that of spruce
is 9.9 GPa. The density is 0.63 for maple and 0.36 for spruce. However, these values are
different from the actual values of the scanned violin . In future work, we intend to develop a
method for measuring the material properties of old violins for numerical simulation.
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Table 1 Values of orthotropic properties employed in the numerical simulation [8]. Ex value of maple
is 12.6 GPa, and that of spruce is 9.9 GPa.

Property Maple | Spruce

Young’s modulus Ey/Ex | 0.132 | 0.078

Ez/Ex | 0.065 | 0.043

Rigidity modulus Gxy/Ex | 0.111 | 0.064

Gyz/Ex | 0.021 | 0.003

Gxz/ Ex | 0.063 | 0.061

Poisson’s ratio fUxy 0.424 | 0.372
HUvz 0.774 | 0.435
HUxz 0.476 | 0.467

Z (Tangential)

R

Fig. 3 Setting of orthotropic directions in
Fig. 2 Mesh of violin and air field by auto- violin plate.
mesh function of COMSOL Multiphysics.

2.3 Large scale computing of sound radiation

The pressure and coordinate data on the surface of the violin in COMSOL were passed to
ADVENTURE_Sound[9]. In ADVENTURE_Sound, the iterative domain decomposition
method (IDDM) was applied. IDDM is the most efficient parallel technique for large-scale
analysis, with several hundred million to several billion degrees of freedom, implemented by
the hierarchical domain decomposition method (HDDM)[10]. In HDDM, the original analysis
domain is first divided into parts, which are further decomposed into smaller domains called
subdomains. Parts and subdomains are assigned to each calculation node. Then, the iterative
calculation of the COCG method for the interface problem begins. In each step of the COCG
method, the subdomain problem is solved using the Gaussian elimination method by changing
the boundary condition for the interface problem. The HDDM algorithm is shown in Fig. 4.
The convergence criteria for the interface and subdomain problems were set to e=1.0e-07 and
6 =1.0e-09, respectively. These criteria were defined to obtain a balance between the accuracy
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of the solution and the calculation time.

HDDM
Change
I boundary conditions : I Not converge

Part O

:

Subdomain 0 Subdomain 0

Subdomain 1 Subdomain 1

Subdomain n Subdomain n

Receive Converge
— Part1l results
Subdomain 0 Subdomain 0 END

Subdomain 1

Subdomain 1

Subdomain n Subdomain n

Subdomain solver Interface solver

Fig. 4 Algorithm of HDDM

3 SIMULATION RESULTS

3.1 Vibration modes of violin

Regarding the vibration analysis of the violin body, eigenmodes at low frequencies under
1000 Hz are often discussed to analyze the characteristics of violins[11,12]. Mode AQ is a basic
vibration mode called the air cavity mode near 280 Hz, whereas B1- and B1+ are the corpus
bending modes appearing at both the top and back plates. These modes are significantly related
to sound radiation and volume. Another mode is the center bout rhomboid/rotation (CBR),
which is a twist mode in the center bouts of the violin body without significant influence on the
sound radiation [11].

The displacements in the z-axis direction node lines of the (a) A0, (b) CBR, (c) B1-, and (d)
B1+ modes are shown in Fig. 5. The red area indicates where the displacement is positive and
the blue area indicates where the displacement is negative. The eigenfrequencies of each mode
are 275.4 Hz (A0), 425.8 Hz (CBR), 427.1 Hz (B1 -), and 494.7 Hz (B1+). Though the
frequencies of B1-/B1+ modes are lower than other literatures, these differences are caused by
the setting of the parameters in the calculation.

Figure 6 depicts the sound pressure field around the body in the A0 mode. The left-hand side
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of the figure shows the displacement fields in the x-y plane 50 mm above the top plate, and the
right-hand side of the figure shows the y—z plane at the sound post from the viewpoint of the
neck of the violin.

From the simulation results, it can be confirmed that when the top plate expands and
contracts in the A0 mode, the area at the bass bar fluctuates significantly, and the wing of the
f-hole vibrates significantly. Furthermore, the high acoustic pressure around the f-hole indicates
the influence of the f-holes on sound radiation. These results are in good agreement with the
experimental observations.

(a) mode A0, 294.3 Hz (b) mode CBR, 375.6 Hz

(c) mode B1-, 427.1 Hz (d) mode B1+, 494.7 Hz

Fig. 5 Displacements in modes A0, CBR, B1-, and B1+. The red area represents the positive value in the z
direction and the blue area represents the negative z direction.
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Fig. 6 Acoustic pressure fields around the violin body in mode A0. The blue area in the contour map
represents a low-pressure level, and the red area represents a high-pressure level.

Table 2 Numerical analysis by ADVENTURE_Sound

Frequency
[kHz] 0.5 1.0 1.5 2.0
Iterative count 1199 1502 3427 4384
Elaps[esc]l time 2154 2714 3781 4880
Eéiéﬁ??:?.
—::‘000057156
E-0.0ooﬁﬂéb
33966-04 -9.013e-04
(@) 0.5kHz (b) 1.5kHz
point_scalkars point_scalars
1 332e-03 1 705e-03
_0 00060981 :0 .00077873
-O 00060981 -0 00077873
l 108e-03 -1.410e-03
(c) 15kHz (d) 2.0 kHz

Fig. 7 Visualization of sound radiation by ADVENTURE_Sound.
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3.2 Sound radiation in a wide space

The violin was then wrapped by a spherical air domain, and the results of the analysis using
the parallel acoustic analysis code (ADVENTURE_Sound) for frequencies 0.5, 1.0, 1.5, and
2.0 kHz are shown in Table 2 and visualized in Figs. 7(a), (b), (c), and (d). As a boundary
condition, sound absorption was set to the surface of the sphere. A PC cluster (Intel Core i7-
2600 3.40 GHz, 32 GB Mem/Node, 25 node) was used for the calculations. These results
demonstrate that it is possible to calculate the radiation phenomenon of sounds from a violin
surface to the air domain around the violin.

4 CONCLUSION

The coupled simulation of the mode vibrations and the sound radiation of a violin scanned
by a micro-CT scanner was conducted using FEM. A preliminary simulation of the sound
radiation in a concert hall was performed using the parallel acoustic analysis code
(ADVENTURE_Sound). Currently, the implementation of a program for a large-scale analysis
using the acoustic pressure on the surface of a violin body is under development. The dynamic
analysis of sound radiation from forced vibrations on the bridge of a violin in a hall will be
calculated in the near future.
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