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Abstract

Soundboards are subjected to initial stresses coming from the instrument
maker know-how. Effects of these prestresses are studied for a wooden plate
loaded in two directions: in its plane and transversally. The evolution of the
linear modes with these two static loads is investigated experimentally and
numerically. A planar nearfield acoustical holography method (NAH) is used
for experimental measurements. After presenting this method, we give results
about changes of modal frequencies with the planar and the transverse loads.
It shows there are different families of modes, which are more or less modified
by the static loads evolutions. These results are compared with a numerical
simulation of the vibrations of a postbuckling plate with an additive trans-
verse static load. Geometric rigidity approximation and nonlinear prestress
approach are compared in term of modal characteristics.

INTRODUCTION

The piano soundboard is the result of the assembling of the wooden plate with
ribs and strings. Gluing the initially shaped ribs implies an initial crown of the
soundboard [1]. Assembling the strings (named downbearing by the makers) appre-
ciably changes the soundboard properties. These effects have been studied experi-
mentally in [2] and [3]. The authors find sensible modifications in the first modal
frequencies, in particular an important increase of the frequency of the first mode.
Numerical investigations are able to simulate these assembling, using a prestress
theory ([5] and [6]). But two approaches of prestress can be used, one with lin-
earized prestress and the other using a nonlinear theory. A numerical-experimental
confrontation of the vibrations of simplified systems, as a wooden plate, can help
one who wants to choose the best model. Experimentally, the choice of the Nearfield
Holography Method (NAH) ([8], [7]) allows to have no intrusion in the system and
gives fast results of modal shapes and frequencies. Numerically, the Finite Element
Method is used with linear and nonlinear prestresses approaches.
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EXPERIMENTAL MEASUREMENTS

Test bench

The wooden plate under study, presented on figure 1, is a 470 x 218 mm western
red cedar plate of 4 mm thickness. The two larger sides are on free boundary con-
ditions and the two other sides are clamped. Prestress field is applied in translation
and rotation by acting on the clamped extremities.
A harmonic acoustic nearfield is to be measured in order to be used in an NAH
reconstruction process. This field is to be derived from an impulse response, which
allows performing measurements in an ill conditioned acoustic environment ([7]). A
point impulse excitation of the plate is provided by an automated hammer driven by
an electromagnet that produces a reproducible shock. The position of the impact
is chosen so as to mobilize significant flexural vibration modes of the plate. The
resulting acoustic impulse response field is measured over a parallel plane at 25mm
distance. The field is sampled according to a thin grid with a 12.5mm step and lim-
ited to a 0.6x0.5m rectangle centred on the plate. The different sets of measurement
finally count 1920 (48x40) point acoustic impulse responses.

Figure 1: plate under study and microphones array at 25mm from the plate

Nearfield holography method (NAH)

The NAH process of planar harmonic pressure fields is exhaustively described in
[8]. The steps implemented for the treatment of the previously measured fields follow
this description (figure 2). The first step consists, by means of a 2D spatial Fourier
transform, of converting the measured harmonic pressure field Ph(ω, x, y, zh) from
the real space domain into its k-space representation Ph(ω, kx, ky, zh). The second
step consists of conditioning the obtained spatial spectrum in order to eliminate
the high spatial frequency noise brought by the measurement process. This is done
applying a low-pass Veronesi filter, with a cutoff wave number of kc. The filtered
k-spectrum is denoted P f

h (ω, kx, ky, zh). In our case, the objective is to reconstruct
the normal velocity of the structure Vs. Therefore the following operation,called the
back propagation process, is modeled with an operator:

GXV = EXV (ω, kx, ky).H(ω, kx, ky, zh − zs) (1)
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H stands for the exponential propagator exp(jkz(zh − zs)) and kz = (k2
− (k2

x +
k2

y))
1/2 is purely imaginary for evanescent components of the field, and real for the

propagating components. The operator EPV = EAV = kz/ρck is independent of the
source-hologram distance and directly derives from Euler’s equation. Its effect is
to transform pressure into normal velocity. After the back propagation process of
the spatial spectra onto the source plane, the ultimate step brings back to the real
space, consisting of an inverse 2D spatial Fourier transform.

Figure 2: Sketch of the different NAH processes involved in the study

Experimental results for the vibrations of the plate with an in-plane load-
ing

Eigen frequencies are extracted from the average spectra of the measured field
coming from the 1920 points of measure. The eigen shapes are reconstructed with
the NAH process (figure 3).
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Figure 3: Average experimental spectrum and two examples of experimental eigen
shapes

An in-plane loading is now applied with adjustement screws of figure 1. Modal
behaviours are analysed for multiples of 0.3mm relative displacements of the ex-
tremities. The evolutions of the first modal frequencies with the in-plane load are
presented in figure 4. One can see two differents phases for the load dependance
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of frequencies. The first (for displacements lower than 0.6mm) corresponds to a
general decreasing of the frequencies and the second (above 0.6mm) is much more
complex.
This second phase has been studied in [4] for buckled beams. The authors have
found two families of eigenfrequencies values, one which are not influenced by the
in-plane loading (corresponding to the antisymmetric modes) and the others which
increase with load. The same behaviours are observed in our case. The frequencies
of modal geometries with a center nodal line are not noticeably modified by the
in-plane load, and the other eigenfrequencies increase.
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Figure 4: Experimental results for the evolution of the eigenfrequencies of the plate
with the in-plane load

Experimental results for the vibrations of the buckled plate submitted to
a transverse load

We add now a bridge on the center line of the plate. A stringis also added in
such a way that the resulting load on the bridge is only vertical (see figure 1). In
fact, the angle on the contact point creates a downward force, as the downbearing in
soundboards. When the strings tension increases, the downward force increases also
and generates a displacement of the contact point. This displacement is considered
now as the new prestress parameter.

Two different initial curvatures are used for this experiment, a large one with an
altitude of the center of 9.20mm (close to two times the thickness) and a moderate
one with 5.50mm (close to the thickness). Figure 5 shows the evolution of the
eigenfrequencies in these two cases. Only a few frequencies significatively change
with the transverse load. The first two modes noticeably decrease and the other
modes are less influenced. This decreasing comes with the global compression of the
structure. The moderate curvature case shows a final increasing of all frequencies
which is explained by the new postbuckling configuration obtained at about 0.5mm.
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Figure 5: Experimental results for the evolution of the eigenfrequencies of the plate
with a transverse load for a large (=9.20mm, left) and moderate (=5.50 mm, right)
initial altitude of the center

NUMERICAL SIMULATIONS

This section is devoted to the modeling of the experimental structure. The
parameters introduced are based on the experimental system.

• Finite-element model for the plate has been carried out using CAST3M soft-
ware. The complete mesh is composed of 451 nodes for elements of Love-
Kirchhoff shell type (see [9]).

• geometrical properties : the plate is assumed to be 47cm length and 21.8cm
width and 4mm thickness.

• mechanical properties : The elastic parameters and density were measured in
the experimental plate with a flexion measurement: density: ρ = 416kg/m3,
young modulus E1 = 1.32.1010Pa, E2 = 6.03.108Pa; The other properties are
evaluated by typical values: G12 = 6.108Pa, Poisson ratio ν12 = 0.3, i = 1:
direction along the grain of wood; i = 2: direction across the grain of wood.

• boundary conditions and loadings : As in the experiment setup, the two larger
sides are on free boundary conditions and the two other sides are clamped.
The downbearing is modeled by a constant vertical distributed force applied
on the bridge.

Postbuckling modeling

A numerical calculus of the postbuckling of an orthotropic plate with an in plane
loading is presented in figure 6. Using a Newton-Raphson method for a plate with
an initial default of curvature and an additional rigidity due to the in-plane load, it
is possible to describe the vibrations modes for each step of loading. The figure 6
shows modifications in frequencies in two steps. The first step, where all frequencies
decrease, corresponds to a compression of the plate without static flexion until its
buckling. The second step corresponds to a post-buckling behaviour. For this case,
we observe two families of modes. The first one corresponds to the modes with
nodes in the transverse centre line. These modes are not influenced by the in plane
load. The other modes are influenced by the in-plane load, their frequencies increase.
These behaviors have been obesrved in the experimental section before.
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Figure 6: Numerical results for the evolution of the modal frequencies of the plate
with the in-plane displacement normalized by the buckling displacement

Transverse loading modeling

We add now the bridge and the transverse load on it. The load is modeled by its
equivalent prestress on the system. The discretized equations of prestressed motion
are:

(K + Kg)q + Mq̈ = g(t) (2)

where M is the mass matrix, K is the stiffness matrix Kg is the geometric stiffness
matrix,g is the added dynamic load vector and q are the generalzed coordinates of
the problem.

and the eigenvalues problem:

(K + Kg)q = ω2Mq (3)

where ω are the eigenpulsations of the structure. There are two ways to evaluate the
geometric rigidity Kg, the linearized and the nonlinear one. One of the goal of this
paper is to determine what is the more appropriate procedure for this experimental
case modelling. We give here the basic equations and the main results for these two
approaches.

Geometric rigidity approximation

If the initial deformations are sufficiently small, we write:

Kg = λK∗

g
(4)

where K∗

g is the geometric rigidity dur to the infinitesimal transformation and λ the
loading parameter. Then the eigenvalue problem becomes:

(K + λK∗

g
)q = ω2Mq (5)

The figure 7 shows the evolution of modal frequencies and geometries with the static
transverse load. All the presented eigenfrequencies decrease with the load until their
annulation, which represents the different bifurcation points.

General nonlinear modeling

A complete nonlinear theory with additional nonlinear terms is necessary for larger
dispacements. The nonlinear methods are the only one which give the postbuckling
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Figure 7: Numerical results for the evolution of the modes frequencies of the buckling
plate and a bridge with a transverse load at its center with a linearized theory
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Figure 8: Numerical results for the evolution of the modes frequencies of the buckling
plate and a bridge with a transverse load at its center with a nonlinear theory and a
comparison between the linear and the nonlinear approaches

and snap-through configurations. The Newton-Raphson method is classicaly used.
The differences between this method and the geometric rigidity approximation is
presented figure 8. It shows the geometric rigidity approximation gives erroneous
results for displacements close to the thickness, and is much more softening. It
predicts bifurcations before the nonlinear model and do not see the frequency after.
But the nonlinear model allows to see behaviour of modes far from the starting
point. So one can observe a final increasing of the eigenfrequencies.

A QUALITATIVE NUMERICAL/EXPERIMENTAL COMPARISON

The effects of the in-plane load are very well simulated by the buckled plate.
But the non-buckled phase has to be modeled to understand the decrease of all
frequencies until 0.6mm. For the transverse load, the linearized theory of prestresses
well predicts the initial decreasing of eigenfrequencies. But this approximation is not
able to predict the final increasing of the eigenfrequencies experimentally observed.
Therefore, the nonlinear modeling gives good qualitative results for these cases.
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CONCLUSIONS

The prestress analysis is a good method to simulate the effects of the string load
on the vibration of the plate. The ”linearized prestress” is useful when displace-
ments are not too large. For the other cases, a nonlinear modeling predicts well the
eigenfrequencies behaviours. These effects are certainly included in the know-how
of musical instruments makers, even if these makers express it in another way.
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