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Summary

Currently the production process of acoustic guitar factories does not result in instruments with equal
dynamical behaviour, due to the varying material properties of wood from tree to tree. Experienced
individual guitar builders are able to handle those material variations, but this is a labour intensive
process because there is no structured methodology available about how to obtain a certain desired
frequency response.

In this study it is investigated if the perceived sound produced by a guitar is controllable by using
dynamic response optimization methods in order to adjust geometric design parameters during the
production process. The goal is to find a method which is both able to improve the consistency
between mass-produced instruments and to decrease the required building time of handbuilt guitars.
Until now no research is available which uses optimization methods in order to shape the dynamic
response of a guitar over a range of frequencies.

Previous research presented an analytical model which is able to give a quantitative description of a
guitar's dynamic response. The response is characterized by a measurement of the sound pressure
level at 1 meter distance over a range of excitation frequencies. It was shown that the sound of
a guitar is mainly determined by the dynamic behaviour of its top plate. This study uses a finite
element model in order to estimate the effect of geometric design variations. The finite element
model is used in combination with an optimization algorithm which shapes the dynamic response to
a certain desired response. Due to this optimization approach the finite element model needs to be
evaluated for many combinations of design variables. A computationally cheap finite element model
is needed to approximate the physical behaviour of the guitar its top plate.

Based on the results of the optimization algorithm it is concluded that it is indeed possible to control
the perceived sound produced by a guitar, by using dynamic response optimization methods in order
to adjust geometric design parameters during the production process. Although some aspects need
to be worked out further before the approach presented in this research can be implemented in a
production process, the theoretical background will definitely be useful in order to improve consistency
between instruments by using frequency response measurements during the building process.
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1 Introduction

Acoustic guitars have been used for a few centuries in order to make music, either as a solo instrument
or in combination with other instruments or vocalists. Many different types of guitars are available,
enabling the player to choose a guitar which produces a sound that suits his or her needs.

Figure 1 and 2 depicture the interior of a guitar its soundbox. The guitar shown was built in 2013 by
the author of this report. The soundbox consists of a top and back plate which are connected by the
sides. Stiffeners, named braces, are attached to both the top and back plate. The sound of a guitar
is mainly determined by the dynamic response of this construction, which makes it very interesting
from an engineering point of view [13].
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Figure 1: Guitar interior. Figure 2: Close-up of the braces attached to the top plate.

The production process of acoustic guitars can roughly be subdivided into two branches. Most gui-
tars are built in mass production environments in big factories. Apart from this a small part of the
guitars sold are hand-built by individual guitar builders, named luthiers, who generally produce the
more expensive and desirable instruments. Both ways of guitar building bring some difficulties which
will be explained now.

Guitar manufacturers and many luthiers use fixed dimensions for every guitar of a particular model.
But if we zoom in on the palette of sounds created by different guitars, the sound produced by a
guitar is also influenced by material property variations and sometimes production inaccuracies [1].
Due to the varying density, stiffness and damping properties of wood from tree to tree this building
approach does not result in instruments with equal dynamical behaviour. A better approach would
be to aim for a certain frequency response of the guitar as this leads to less differences between
instruments which are supposed to sound the same.

The most reputable luthiers are usually already looking for a certain frequency response of the surface
areas while building their instrument. This approach is called "voicing” the guitar, which involves
knocking on the wood, chiseling, scraping and sanding the material until they consider the "tap
tone” to be right [3]. As currently no structured methodology is available about how to voice a
guitar this is somewhat like reinventing the wheel over and over again for every build, causing it to
be a labour intensive process which can take days or even weeks.



Many literature is available about acoustic guitar design and building [1][2][3]. Understanding the
dynamic behaviour of a guitar, either obtained by decades of building experience or by studying the
theoretical aspects of structural dynamics, is a valuable skill which will definitely help one to produce
a more desirable instrument. Although one should never underestimate the skills of experienced
craftsmen, occasionally statements about the effects of geometrical design choices are encountered
which are highly questionable from a theoretical point of view. Also there still is a lot unknown about
the effect of some design choices on the sound of the finished instrument.

Although guitars have been made out of wood for centuries, apart from the material property vari-
ations wood is also not an ideal material due to its hygroscopic properties [23]. Moreover, high
quality woods are getting scarce due to regulations and deforestation [24]. A better understanding
of shaping the frequency response of a guitar might open up possibilities for the use of synthetic
materials.

Research question

Based on the above-mentioned considerations the research question is formulated as follows: Is the
perceived sound produced by a guitar controllable by using dynamic response optimization methods
in order to adjust geometric design parameters during the production process?

In order to answer this question, first it is investigated whether the properties which characterize a
certain guitar can be captured and approximated by an analytical model. Subsequently such a model
could be used in combination with a finite element model and an optimization algorithm during a
guitar's production process to remove inconsistencies in the dynamic response caused by material
property variations.

If the answer to the research question is positive, it should be possible to improve consistency between
mass-produced instruments by using frequency response measurements during the building process.
Apart from this it will also enable traditional luthiers to shorten the voicing process, as this scientific
approach could give them a structured way of shaping the frequency response of the soundbox.

Scope of the research

This thesis is not about how to design a guitar which sounds "good” or " better”. It is an exploratory
research about finding a methodology which might be used in practice to decrease the required
building time of a guitar without sacrificing quality, meanwhile improving consistency between in-
struments. Until now no research is available which uses an optimization approach in order to shape
the dynamic response of a guitar over a range of frequencies. Almost no attention will be paid to
the psychoacoustics part of music. Instead, the research is aimed at finding an objective way of
representing the important aspects which characterize a certain sound.

The approach presented in this paper is not only applicable to guitar building but to a broad range
of acoustic, preferably stringed, instruments. Possibly parts of this research may also be relevant in
completely different areas. Theory about shaping the sound produced by vibrating surfaces could
also be of interest in the field of noise reduction of structures, for example wind turbines.



Structure of the report

Part 1 of this report presents a literature study, which shows that in the past 40 years many re-
search papers on acoustic guitar modelling, analysis and sound quality have been published. As most
of this previous research uses or relies on frequency response curves of a guitar, attention will be
paid to the meaning of those curves. Subsequently a model is introduced which is able to capture
the most important characteristics of a frequency response curve by using around a dozen parameters.

In Part 2 a finite element model is developed in order to model the sound pressure levels generated
by a wooden plate driven by an electrodynamic shaker. As this finite element model will be used
for optimization purposes, it makes sense to approximate the physical behaviour of a guitar with a
computationally cheap model. Mesh refinement studies are performed to investigate if the number
of degrees of freedom can be reduced without sacrificing the quality of the results. Multiple ways
of solving the finite element model are available of which two of them are studied. Finally, a more
complex geometry is introduced which represents the top plate of an acoustic guitar.

Part 3 presents an algorithm which optimizes the dynamic response of the finite element model to
a desired target response, while making use of the model developed in Part 2. Based on the results
of the optimization procedure the research questions can be answered, and recommendations for
further research are made.



Part |
Literature review and analytical modelling
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2 Literature study
2.1 Modelling

Many research has been done on the dynamic behaviour of an acoustic guitar. In general, a dynamic
shaker or impact hammer is used to obtain a graph of the frequency response of a guitar, whereafter
a numerical model is developed which describes the behaviour of the guitar. Figure 3 shows an
example of a frequency response curve. The guitar is excited with a shaker at the location where the
strings are attached to the body. The horizontal axis of the plot shows the frequency range of the
shaker, while the vertical axis shows the sound pressure level (SPL) measured at some fixed distance,
usually 1 meter.
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Figure 3: Example of a frequency response curve. Figure is copied from [7].

The first resonance in the frequency response plots always belongs to the Helmholtz resonance of
the closed guitar box. It is shown that below this resonance the sound radiated from the soundhole
and from the top plate are out of phase, while between the first and second resonance they enhance
each other [4].

The second resonance in the frequency response plots is mainly
caused by the top plate fundamental resonance. A simple model
exists which uses a system of two coupled oscillators based on
the Newtonian equations of motion to model both the SPL and
the top plate mobility level [5]. Figure 4 depicts a schematic
overview of this model. The parameters of the model are deter-
mined experimentally. Depending on the system properties, the
behaviour of the guitar can be described within a few decibels
up to a frequency of about 240 Hz. The equations of motion
of such a system are given by

Top plate Soundhole

S
Jmg | A
e

]

volume V
I 2Z T Z P T 7 7

) ' Figure 4. Simplified model for
mply = F — kpxy — Ry + AAp (1) guitar function at low frequen-
Male = SAp — Rty , cies. This figure is copied from

[5].

where the position of the top plate is denoted by z,, while the position of the air column in the
soundhole is denoted by z,. Both degrees of freedom have an effective mass of m, and m,. A and
S are the effective areas of the top plate and the sound hole. The resistance to motion is denoted
by R, and R,. The stiffness of the top plate is k,, and F" is an external force. Changes in pressure
can be expressed as a function of those variables as stated in Equation 2. In this equation, ¢ is the
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sound velocity in air, p the density of air and V' the volume of the guitar soundbox. The compression
and expansion are assumed to be adiabatic.
2

Ap = —C—Vp(pr + 2,9) (2)

The two degree of freedom model is extended to three degrees of freedom by adding the motion of
the back plate [6]. More recently this model was expanded to four degrees of freedom by including
the dynamics of the sides [8]. However, this seems an unnecessary complication as the dynamics of
the sides cannot be accurately described by just one variable [9].

All of the research mentioned above was aimed at classical guitars. Those guitars have nylon strings,
while guitars with steel strings are called western guitars. Western guitars have different sizes and
bracing arrangements. Because of this the frequency response of classical and western guitars is very
different. However, it is shown that the two degree of freedom model is also applicable to western
guitars [11].

An interesting application of the two degree of freedom model is described in [10]. In this research
the gradients of the model’s eigenfrequencies, with respect to the input parameters, are obtained by
a sensitivity analysis. However, only for a few of the input parameters it is known how to implement
their theoretical changes in the physical model.

Another approach of modelling the SPL of an acoustic guitar is presented by Ove Christensen [7] in
his paper An Oscillator Model for Analysis of Guitar Sound Pressure Response (1984). The method
described in this research uses a few uncoupled oscillators, each characterized by its resonance
frequency and Q-value, together with the ratio of its effective piston area to effective mass as seen
from the driving point. The behaviour of any guitar in the frequency range from 150 to 600 Hz can
be very well described by this oscillator model. Chapter 4 will explain the oscillator model in more
detail.

2.2 Sound quality

In general humans can distinguish changes of 3 dB in sound pressure level, which is known as the
just-noticeable difference [42]. However this is very dependent on the type of sound to which the
listener is exposed. For example, values of 1 dB are also found in literature [43].

Psychoacoustic listening tests indicate that the perceived sound quality of an acoustic guitar is mainly
determined by its dynamical behaviour below 1000 Hz, and also a correlation was found between the
perceived sound quality and retail prices of guitars [21].

2.3 Optimization

Previous research has been performed on optimization of sound producing structures, for example the
optimization of a bell [27]. After a bell is hit by a clapper it starts to vibrate at its eigenfrequencies.
Depending on the ratio between the frequencies the sound can be perceived as major or minor. In
this study those eigenfrequencies were optimized using the finite element method and the boundary
element method. The axisymmetric shape of a bell enabled it to be modelled with a two-dimensional
model instead of three-dimensional.

12



Recently a study was published which uses operating deflection shape analysis to optimize the re-
sponse of a guitar [28]. As far as known this is the first study which applies optimization algorithms
it the field of guitar design. An experimental setup modelled the top plate of a guitar as a rectan-
gular acrylic plate with braces. For a single frequency the response was optimized by changing the
shape of the braces, using a nonlinear programming algorithm. The usefulness of this approach is
questionable as, due to both the string harmonics and the presence of multiple strings, a real guitar
is always excited at multiple frequencies.

13



3 Frequency response curves

A lot of the research mentioned in the literature study uses or relies on frequency response curves.
Surprisingly, very little is written about the meaning of those curves and how to use them. As it is
important to know what is actually measured and how this translates to practice, this chapter will
be focused on the meaning of the frequency response curves.

3.1 Obtaining a frequency response curve

An electrodynamic shaker is attached to the guitar which excites the structure with a 1 Newton
sinusoidal varying force throughout a chosen frequency range. The shaker is located between the
third and fourth string. Its force is directed perpendicular to the guitar's top plate as shown by the
blue arrow in Figure 5.

Mind that a guitar being played is exposed to different
kind of excitations than the excitation used to obtain a
frequency response curve. The main difference is that the
guitar's string force acts parallel to the top plate instead
of perpendicular. As there is a distance between the string
and the top plate, the string force also causes a bending
moment. The red arrows in Figure 5 indicate the directions
of the string forces. It is important to realize that because
of those differences some design changes might result in
a smaller or larger change in sound than the frequency
response curve suggests.

Figure 6 depicts the four lowest eigenmodes of a classical Figure 5: Force directions.
guitar its top plate. Blank and shaded areas move in op-

posite phase. The eigenmodes are named T(1,1), T(2,1)

etc. The first number indicates the number of anti-nodal points in horizontal direction, the second
number indicates the number of anti-nodal points in vertical direction.

T(1,1) T(2,1) T(1,2) T(3,1)

Figure 6: Lowest eigenmodes of the top plate. Figure is copied from [12].
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Suppose that the T(2,1) mode is completely symmetric. From the distance where the instrument
could be considered as a point source of sound this eigenmode would not contribute to the sound
pressure level, as it does not cause any net volume displacement of the air. But the internal structure
of the guitar usually is not completely symmetrical, neither are the material properties. Although,
this example illustrates it is important to realize that it is not the total volume displacement of air
which is a measure for the generated sound, but the net volume displacement.

The relative presence of an eigenmode in the frequency response curve depends, among other things,
on its effective modal mass. The effective modal mass is influenced by the location of the driving
point [33]. One could imagine that the effective modal mass of the T(2,1) mode is much higher for
the blue arrow in Figure 5 than it would be for one of the yellow arrows for example, as the blue
arrow is located closer to a nodal line. Although most of the previous research does not pay a lot of
attention to the location of the driving point when measuring frequency responses, it is confirmed
by [12] that those locations can have quite some influence on the obtained curve.

3.2 String excitation frequencies

The frequency of a string is always denoted by just one value, which is the first eigenfrequency of the
string. When a string is plucked higher eigenmodes are also excited [26]. The frequencies belonging
to those higher modes (harmonics) are multiples of the string’s first eigenfrequency.® Figure 7 shows
the six lowest eigenmodes of a string. The ratio between the magnitude of the excited eigenmodes
depends on the location on the string where it is plucked.

A frequency response curve of a random guitar is depicted in Figure 8. Suppose this guitar is excited
by a string tuned at a frequency of 147 Hz. The vertical lines in the frequency response curve denote
the frequencies of the string harmonics. The eigenmodes of the construction are excited with certain
force amplitudes at those frequencies, resulting in the overall sound. In general, the excitation force
caused by a plucked string decreases as the number of the string’s eigenmode increases.
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Figure 7: Eigenmodes of a string. Figure 8: String excitation frequencies.

1 Theoretically those harmonics are exact multiples of the eigenmodes. Opposed to theoretical string models, real
strings do obtain a small bending stiffness. Consequently the frequencies belonging to the string harmonics are slightly
different from the exact multiples of the base frequency.
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3.3 Damping

When a guitar is played, the sound perceived by a listener over time is related to the transient
response of the instrument. The sharpness of the peaks in the frequency response curves indicate
the amount of damping present for the concerning eigenmodes. Figure 9 depicts the frequency
response of a system for two different damping values, everything else being equal.

Impulse responses can be used to compare the transient behaviour of systems [30]. As an example,
in Figure 10 the qualitative effect of different damping values is made more visual by an impulse
response curve.
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Figure 9: Frequency response of a single oscillator.
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Figure 10: Impulse response of a single oscillator.
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4 An oscillator model of the acoustic guitar

A disk vibrating in air will generate pressure changes, which can be converted to a sound pressure
level (SPL). It is shown by Christensen [7] that for a certain frequency range the SPL generated by a
guitar can be approximated by the SPL generated by three to five vibrating oscillators. Each oscillator
is characterized by its resonance frequency and Q-value, together with the ratio of its effective piston
area to equivalent mass as seen from the driving point.

Firstly a theoretical background is presented in
this chapter which shows how to calculate the
sound pressure level generated by a vibrating
disk. Next, it is explained how to obtain a fre-
quency response curve from arbitrary chosen pa-
rameter values for the oscillator model. Also the
reader will be given some insight in the conse-
quences of some parameter choices, such as a
negative effective area. The main goal of this
chapter is to show that it is possible to give
quantitative descriptions of a guitar's dynamical
response, instead of only qualitative subjective
descriptions from listeners.

Figure 11 depicts the frequency response curves
of five different guitars, along with their fitted re-
sponse curves according to the oscillator model.
It shows that for a certain frequency range this
model is indeed able to give an approximation
of the sound pressure level. It also confirms
the oscillator model does not take into account
the first resonance peak, which is caused by the
Helmholtz resonance as described in Chapter 2.

: /‘/\J\"\/\/\f;d
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Figure 11: Comparison between measured sound
pressure level responses (thin lines) and calculated
ones (heavy lines) for five guitars. This figure is
copied from [7].
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4.1 Sound pressure level generated by a vibrating disk
The sound pressure created by a plane radiator such as a vibrating disk is given by

iwp —ikr
= —— R 3
p=—5_—qe (3)
where p is the density of the surrounding fluid (air), r the distance from the sound source and g the

volume velocity [31]. The volume velocity equals the surface area A multiplied by the velocity u of
the disk:

q = uA. (4)
Equation 4 is valid for a disk which has a homogeneous displacement. If the disk deforms during the

motion, the velocity is not equal all over the surface. In this case the volume velocity is obtained by
integrating the velocity over the surface:

q= /ui(x,y) da. (5)

The last term of Equation 3 introduces the phase behaviour. When converting a sound pressure to
SPL the phase information is dropped, which means this term could be omitted.
The SPL caused by a complex sound pressure equals:

SPL = 10 log,, ( (7)ar ) . (6)

(Pres)’

A reference pressure p,.; of 2-107°Pa is used, and (p?),, is calculated as:

()as = 5 (Re(p)? + Im(p)?) 7

In Chapter 5 the sound pressure level generated by a vibrating disk is studied using a finite element
model. For some cases, analytical approximations as presented above are available which will be
used to verify the model.

4.2 Dynamics of an oscillator

The mass, area, eigenfrequency and quality factor are the input parameters for each oscillator.
Throughout this research a sinusoidally varying force of 1 Newton is applied as an external force.
Classical theories for vibration analysis are used to obtain the velocity of the oscillator [32]:

F w

U= —g—— . (8)

m (w§ — w?) + iyw
Both the velocity and area of the oscillator are substituted into Equation 4 in order to obtain its
sound pressure response at a chosen excitation frequency. The sound pressure’s magnitude can now
be written as:

A p w? o
manr (WE — w?) + iyw ()
If this calculation is performed for a range of frequencies and the sound pressure is converted to SPL
a frequency response curve is obtained, as was shown in Figure 9 on page 16 for some arbitrary input
parameters.

p=1F
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4.3 Dynamics of a system of oscillators

Figure 12 shows four frequency response curves generated
with the oscillator model. Except for the sign of the area of
the second and third oscillator, the same input parameters
are used for all curves.

Although a negative surface area might be difficult to
imagine, this can be clarified by Figure 13. If the grey
part of for example the T(1,2) mode would cause a larger
volume velocity than the blank part, the net volume veloc-
ity of this eigenmode will have an opposite sign compared
to the first eigenmode’s volume velocity.

The frequency response curves show that depending on
the sign of the area an anti-resonance may occur. In the
frequency range surrounding them those anti-resonances
have a big impact on the SPL. The behaviour of a guitar's
vibrating top plate shows a lot of parallels with motion
systems containing multiple eigenmodes. This is a gen-
eral class of systems for which techniques are available to
analyse them, such as described in [33]. Those techniques
provide a lot of insight in understanding the effect of pa-
rameter changes on the oscillator model.
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Figure 12: The plus and minus signs in-
dicate the sign of the surface area, all
other parameter values are equal. This
figure is copied from [7].

T(1,1) T(2,1) T(1,2) T(3,1)

Figure 13: Lowest eigenmodes of the top plate. Figure is copied from [12].
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Part Il
Numerical model of the top plate
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5 Finite element modelling of the sound pressure level

In this chapter a finite element model is introduced in order to model the sound pressure levels
generated by a wooden disk driven by an electrodynamic shaker for a range of excitation frequencies.
An extended version of the model will be used later in this research, which enables the user to predict
the effects of design variable and material property variations on sound pressure levels generated by a
guitar. The analytical formulation which describes the sound pressure levels generated by a vibrating
disk, as presented in the previous chapter, will be used to partly verify the finite element model.

5.1 Theory

The finite element method subdivides a geometry in small domains named elements. Elements
contain nodes, this are points which enable the element to interact with the surroundings. In struc-
tural mechanics this interaction consists of forces and displacements. Forces can be induced by
neighbouring elements, body loads (for example gravity forces) or other causes from the outside.
Displacements are typically only imposed from the outside environment as a boundary condition. A
geometry subdivided in those elements is called a mesh. Together with the boundary conditions the
mesh is used to translate the properties of the geometry and the material to a mass, damping and
stiffness matrix, usually denoted by M, C and K. The displacement, velocity and acceleration of all
individual nodes can be obtained by solving the equilibrium equation set up by those matrices. For
more information on finite element modelling in general we would like to forward the reader to other
literature available on this subject [32][34].

The size of the matrices depends on the problem one wants to solve. In general those problems are
too large to solve by hand, the number of degrees of freedom present in the models described in
this report for example vary from several thousands up to 300,000. Specialized software packages
are available (Abaqus FEA, ANSYS, COMSOL) which build the system matrices and solve the
equilibrium equation from the input given by the user. More information about the software used in
this research is available in A.1.

Equilibrium equation

The distribution of the pressure throughout the air domain is described by the Helmholtz equation
[41]:

Pp

w =C Ap, (10)

where p is the air pressure and c the speed of sound in air. After discretization of both the structural
mechanics domain and the pressure domain, the obtained equilibrium equation is in this form:

Rt R RN | P R e [ R
M,, M,, X, 0 Cp X, 0 K, X, 0 |-

The terms containing subscript s or ss completely belong to the structural domain, while the terms
containing subscript p or pp completely belong to the pressure domain. It is seen that both the
mass matrix and the stiffness matrix contain an off-diagonal term, My, and K,, which contain
information about the coupling between the structural domain and the pressure domain. It can be
shown that M, = —pKT”, where p is the air mass density [34]. The term Fy contains the external

ps’
force as imposed by the shaker.
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5.2 Geometry, materials and mesh

Geometry

A wooden disk is located at the center of a coordinate system, surrounded by a sphere filled with
air. This is shown in Figure 14. Depending on the type of analysis the air is not present in all cases

described in this research.
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Figure 14: Geometry of the wooden disk sur- . _ .
rounded by a sphere filled with air Figure 15: Mesh of the domain

Materials

Two materials will be used in this research; air and spruce. The material properties of air are listed
in Table 1. Unless stated different, the material properties of the wood are as listed in Table 2.

Spruce
Air Density p 450 kg/m3
Density p 1.2044 kg/m?3 Young's modulus E 7.5 GPa
Speed of sound ¢ 343 m/s Poisson’s ratio v 0.33
Isotropic structural loss factor 7 0.04

Table 1: Material properties of air
Table 2: Material properties of wood

Mesh

Although the thickness of the wooden disk is much smaller than its other dimensions, initially three-
dimensional tetrahedral elements are used instead of two-dimensional plate elements. Plate bending
theory assumes some simplifications compared to bending of a tetrahedral element which might
decrease the reliability of the model [34]. Both the air and wood domain are meshed with quadratic
tetrahedral elements. A mesh of the air domain is shown in Figure 15. In Chapter 6 and 7 mesh
refinement studies are performed. During this study it will be investigated if the simplifications of the
two-dimensional elements are allowable. Based on the results it is decided whether two-dimensional
or three-dimensional elements are used in the final guitar model.
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5.3 Boundary conditions

Depending on whether the disk is a shell (flat) or a solid (extrusion), the edges or sides of it are fixed.
A frequency dependent point load of 1 Newton is applied perpendicular to the disk at its center.
The horizontal axes of the frequency response curves shown in this report represent the sinusoidally
varying frequency of the force. It is chosen to model the force as a point load as during physical
experiments usually a dynamic shaker or testing hammer is used. It seems a valid approximation to
model their excited force with a point load instead of for example a distributed load.

Acoustic boundary conditions

The COMSOL Acoustics Module enables the user to set up boundary conditions on surfaces involved
in the calculation of the sound pressure. Three boundary conditions are used for this, of which the
equations are listed in A.2. The boundary condition on the surface of the sphere is a 'Spherical wave
radiation’ condition. The sphere is cut in half by an horizontal plane called the 'Interior sound hard
boundary’. A hole is removed from this plane, in which the disk is positioned. The surface of the
moving disk is defined as an 'Acoustic-structure boundary'. Figure 16 clarifies the locations of the
surfaces.

(a) Spherical wave radiation (b) Interior sound hard boundary  (c) Acoustic-structure boundary

Figure 16: Surface boundary conditions

The spherical wave radiation condition models a non-reflecting open boundary, which simulates an
infinite space. It ignores the tangential components of the acoustic field at the boundary.
The interior sound hard boundary acts as a wall. This is denoted by

where n is the normal vector to the boundary surface and Vp; the gradient of the air pressure at
the boundary. This gradient is proportional to the air velocity, which of course equals zero at a
stationary wall. The acoustic-structure boundary couples the pressure domain and the structural
mechanics domain. On this boundary the normal component of the air velocity equals the normal
component of the structure’s velocity uy:

1
n- —th = 11 - Ugy. (13)

Pe
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5.4 Verification
Imposed rigid body displacement

Chapter 4 presented an analytical approach to obtain the sound pressure level generated by a vibrat-
ing disk. This approach will be used to verify the implementation of the acoustic-structure boundary
and the simulated pressure in the air domain. Unlike explained before, in this subsection instead of
a force a rigid body vibration is imposed on the disk. The edges of the disk are not fixed as this
would obstruct rigid body motion.

For a disk having a radius of 0.2 meter and a displacement amplitude of 0.1 millimeter, the simulated
sound pressure at 1 meter distance is shown in Figure 17. The analytical solution from Equation 6 is
also plotted in this figure. It is seen that the results of the finite element model correspond with the
analytical solution, even though the analytical solution is only an approximation as the sound source
is considered to be a point instead of a surface.
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Figure 17: The acoustic domain of the numerical model is verified by calculating the SPL at 1 meter
distance analytically for a disk undergoing rigid body vibrations.
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Imposed load

The previous subsection was about the sound pressure generated by a vibrating rigid disk undergoing
an imposed maximum displacement. In this subsection, the edge of the disk is clamped again while
the center is excited with a sinusoidally varying force of 1 Newton. As the disk is not rigid anymore
the generated sound pressure is affected by the structural dynamics of the disk.

Figure 18 shows the six lowest eigenmodes of a circular plate. The listed frequencies are the eigen-
frequencies of the plate if it would not be surrounded by air. Eigenmodes two to five are not excited
by a force applied at the plate’s center. This is confirmed by Figure 19, which shows the SPL at 1
meter distance. Vertical lines are drawn at the above-mentioned eigenfrequencies of the plate. The
resonance peaks of the SPL appear at lower frequencies than those eigenfrequencies. This is caused
by the interaction between the disk and the air surrounding it, which lowers the eigenfrequencies as
a result of the added mass effect [41].

@O S @

(a) 170 Hz (b) 354 Hz (c) 354 Hz
(d) 581 Hz (e) 581 Hz (f) 662 Hz

Figure 18: Six lowest eigenmodes of a circular plate.
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Figure 19: SPL caused by a sinusoidally varying force acting on the clamped disk surrounded by air.
The vertical lines indicate the eigenfrequencies of the disk if no air would be present.

Verification of the stiffness matrix

An analytical solution exists to calculate the maximum displacement of a clamped circular plate
subjected to a static load [36]. The maximum displacement calculated by the finite element model
at frequencies far below the first eigenfrequency should approximately be equal to this. In A.3 for
both situations the maximum displacement is obtained. Both situations neglect the added mass
effect caused by the air surrounding the plate. The difference between the maximum displacement
of the static, analytical solution and the finite element model excited at a frequency of 1 Hertz is 2%.
Based on this, it can be concluded that the stiffness matrix of the finite element model accurately
describes the stiffness of the real system.

Verification of the eigenfrequencies

The eigenfrequencies of a clamped circular plate can be obtained analytically [37]. A few of them are
listed in Table 3, which shows that the difference between the eigenfrequencies obtained by the finite
element model and the ones obtained analytically is very small. Based on this, it can be concluded
that next to the stiffness matrix also the mass matrix of the finite element model accurately describes
the real system.

Eigenmode FE model (Hz) Analytical (Hz)

1 170 170
2-3 354 355
6 662 664

Table 3: Verification of the eigenfrequencies
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5.5 Assumption of the disk being a point source

As previously stated, the analytical solution assumes that the disk behaves like a point source of
sound. Figure 20 shows that this assumption is also valid for measurement distances less than a
meter. Of course this depends on the size of the disk; increasing the size will increase the minimum
distance from where it is possible to model the disk as a point source. A disk radius of 0.2 meter is
used, which results in a surface area about twice as large as the equivalent surface areas of eigenmodes
of the guitar found in literature [12]. The overlap of the lines in Figure 20 at measurement distances
above 0.3 meter indicates the point source assumption is valid. The uniform pressure distribution
on the surface of the 1-meter radius sphere shown in Figure 21 also confirms that the disk can be
considered as a point source. For this figure an excitation frequency of 100 Hz was applied.

It can be concluded that for measurements of an acoustic guitar a measurement distance of 1 meter
is sufficiently large to be able to consider the guitar as a point source of sound.

140 % —— 100 Hz | {
B —— 300 Hz

Sound pressure level (dB)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance from disc (m)

Figure 20: Simulation (solid lines) versus analytical solution (dotted lines)

Figure 21: Pressure distribution at the sphere’s surface area for an excitation frequency of 100 Hz.
The uniform distribution confirms the validity of the point source assumption.
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5.6 Solver

The frequency responses of the structures presented in this research are usually obtained for a wide
range of frequencies. For problems which have to be solved for a range of frequencies it makes sense
to use a modal solver. One of the features of this approach is the possibility of applying modal
truncation, which decreases the computational cost incredibly compared to the direct method of
solving the equilibrium equation.

But unfortunately the physics of the pressure domain and the structural mechanics domain are
coupled, and a modal approach cannot be implemented if the model includes coupled physics. In
Chapter 6 it is shown that the coupling between the air and the structure is too large to be neglected.
For the reason explained above the equilibrium equation is solved by a direct method. This means
that the computational cost of obtaining a frequency response curve is proportional to the number of
function evaluations needed in order to obtain a smooth, linearly interpolated curve from a discrete
set of points.
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6 Mesh refinement study of the air domain

The model developed in this research will be used within an optimization algorithm, which rises the
desire to have a computationally cheap model. The goal of a mesh refinement study is to decrease
the number of degrees of freedom of the model while not compromising the accuracy of the results.
At this stage we will not perform a mesh refinement study on the disk yet as, opposed to the air,
the geometry of the disk is not representable for the geometry used later in this research. Although,
in a later stage a mesh refinement study of the wooden parts will also be performed in order to be
able to achieve an optimization process which is as cost effective as possible.

The frequency band for all analyses performed in this research starts at 100 Hz and ends at 1000
Hz. In the literature study it was explained that below 100 Hz the response of a guitar is mainly
determined by the soundbox instead of its top plate. As the model used in this research does not
include the soundbox, frequencies below 100 Hz are not considered. It was also shown in the literature
study that the perceived sound quality of an acoustic guitar is mainly determined by its response
below 1000 Hz, which explains the upper limit for the frequency band of interest.

6.1 Size of the air elements

As a rule of thumb, by using quadratic elements a minimum of five elements per wavelength should
be used initially [35]. Depending on the type of problem one wants to solve and the desired accuracy
of the solution it is possible that less number of elements per wavelength will be sufficient. A mesh
refinement study is performed which calculates the SPL by using five different maximum element
sizes for the air domain. The results are plotted in Figure 22, e denotes the minimum number of
elements per wavelength. Note that the wavelength is a function of the frequency, which means
that the geometry is remeshed for every data point. Figure 23 shows the number of degrees of
freedom present in the air domain. Mean difference, standard deviation and maximal difference of
all SPL-curves presented in this mesh refinement study are listed in A.4.

The green curve is assumed to be the most accurate solution as it uses the finest mesh. As one
would expect it is observed that, starting with a coarse mesh, the other curves converge to this green
curve for decreasing element sizes. It also is observed that by using a minimum number of only one
element per wavelength, there is a considerable inaccuracy in both the frequencies between 400-500
Hertz and above 600 Hertz. A mesh containing at least two elements per wavelength does show less
inaccuracies in the high frequency range, while between 400 and 500 Hertz it still shows a noticeable
difference with the most accurate solution. It seems that a mesh containing a minimum number
of three elements per wavelength is not far off from the desired solution. Considering the rapidly
increasing number of degrees of freedom for finer meshes while the gain in accuracy is limited, it
is concluded that the air domain should be meshed with a minimum number of three elements per
wavelength.
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Figure 22: SPL as calculated by using several minimum numbers of elements per wavelength e
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Figure 23: Number of DOF of the air domain for using different element sizes
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6.2 Calculating SPL directly from velocity field

The vibrating surface of the disk causes pressure changes in the air surrounding it. In the previous
section the SPL was measured at 1 meter distance in the finite element model, which solves the way
the pressure changes are distributed throughout the air domain. In this section we will show that
the SPL can also be calculated more directly from the velocity field of the vibrating surface. We will
call this the semi-analytical solution.

Equation 14 describes how the volume velocity of the vibrating disk is obtained; it equals the velocity
field integrated over the surface area of the disk. The result of this can be used in an analytical
formulation to calculate the SPL caused by a point source, as seen in Equation 15. Note that both
equations have already been presented in Chapter 4.

q= / wilz, y) da (14)
S qe (15)

Figure 24 shows the difference in SPL between a measurement in the air domain and by applying the
semi-analytical approach. For both methods a mesh with a minimum number of five elements per

wavelength is used. It is observed that over the frequency range of interest the difference is always
less than 0.5 dB.

Difference (dB)

05 1 | 1 | 1 1 | 1
100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 24: Difference in SPL between measurement and semi-analytical approach.

Unfortunately, this does not mean we can just remove the air surrounding the disk. As described
before the vibrating disk causes pressure changes in the air surrounding it. But this coupling acts
in two directions; the resistance of the air also reduces the deformation of the disk. While Chapter
5 presented the mathematical description of the coupling, we will now focus on what this actually
means for the SPL.
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Figure 25 shows what happens to the SPL when the air is removed. It is observed that by removing
the air the damping is decreased and the eigenfrequencies are increased. A surface moving trough
air with a certain velocity is subjected to damping, which logically disappears if it is not exposed to
air anymore during its motion. The increase of the eigenfrequencies can be explained by the fact
that a boundary layer of air is set in motion by the vibrating disk. The mass of this layer lowers the
eigenfrequencies, which means that removing the air will indeed increase the eigenfrequencies.

If one is able to find a way to model this added mass effect of the air without having to model the
air itself, the number of degrees of freedom needed to solve the model can be reduced significantly.
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Figure 25: SPL with and without air surrounding the disk.

Fortunately, it appears that another option to decrease the number of degrees of freedom is available.
The beginning of this section presented a semi-analytical way of obtaining the SPL. Instead of
measuring the SPL itself at 1 meter distance, this method uses the integral of the velocity field of
the disk its surface area in order to obtain the SPL.

The yellow curve in Figure 26 shows the SPL as obtained by performing this semi-analytical cal-
culation, while using a mesh with a minimum number of only one element per wavelength. It was
already shown that a mesh this coarse is not able to represent the SPL accurately throughout the
whole frequency range if it is obtained by measuring at 1 meter distance, which is repeated in Figure
26 by the red and blue line. But by observing this figure, it appears that although such a coarse
mesh is not able to accurately represent the sound waves travelling trough the air, the air resistance
applied on the disk by a mesh this coarse is representative.

It turns out that by using the semi-analytical approach the difference in SPL between the com-
putationally most expensive problem (measuring at 1 meter distance for e=5) and the cheapest
(semi-analytical calculation for e=1) is at most 0.7 dB, as shown in Figure 27. Based on this
example it is decided that a very coarse mesh for the air domain can be used.
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Figure 26: Semi-analytically obtained SPL while using a coarse mesh and measured SPL while using
both a coarse and a fine mesh.
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Figure 27: Difference in SPL between measurement with e=5 and semi-analytical approach with
e=1.

33



6.3 Symmetry of the air domain

The sphere containing the air is actually a combination of two halve spheres, which are separated by
a sound hard boundary and the wooden disk. As explained before the air adds mass and damping
to the wooden structure. The effects on the out-of-plane motion of the wooden structure caused by
both of these phenomena are proportional to the air density, and are independent of the direction of
the motion [41][38]. This enables one to model only one half of the sphere instead of two if this is
compensated by doubling the air density.

By making use of this symmetry the number of degrees of freedom present in the air domain is nearly
halved, while it does not make any difference to the results.

6.4 Result

This chapter presented three methods in order to decrease the number of degrees of freedom of the
model. By reducing the size of the air elements, calculating the SPL semi-analytically instead of
measuring and making use of the symmetry, a considerable decrease in computational cost of the
model is obtained.

Before the mesh refinement study 310.832 degrees of freedom were present in the model for an
excitation frequency of 1000 Hz, see Figure 28. After the mesh refinement study only 8.601 degrees
of freedom are needed in order to obtain the SPL at a frequency of 1000 Hz, see Figure 29. The
maximum SPL difference caused by the model simplifications is 0.7 dB, which is less than the just-
noticeable difference of human hearing.

Figure 28: Before the mesh refinement study Figure 29: After the mesh refinement study
the model contained maximal 310.832 DOF. the model contains maximal 8.601 DOF.

34



7 Mesh refinement study of the wood domain

The previous chapters considered a driven circular plate as a sound source in order to both verify the
acoustic part of the model and to perform a mesh refinement study of the air domain.

For the mesh refinement study of the wood domain a geometry is introduced which more resembles
the geometry of the final guitar model. A rectangular plate with two added stiffeners, named braces,
is used for this analysis.

Three configurations of the model are evaluated, using different combinations of solid, shell and
beam elements, which are shown in Figure 30. First both the plate and braces are modelled using
tetrahedral elements, as shown in Figure 30a. This model is considered to be the most accurate but
also the most expensive to solve, as a large number of elements is needed to mesh the plate due to
the dimension ratios of a thin-walled structure. For this reason a second configuration is evaluated
which meshes the plate with shell elements, see Figure 30b. In a third configuration the number of
degrees of freedom is reduced further by modelling the braces with beam elements, which is shown
in Figure 30c.

Figure 31 shows the frequency responses of those configurations for five different element sizes.
The sizes are indicated qualitatively with the terms 'Extremely coarse’, 'Coarser’, 'Normal’, 'Finer’
and 'Extremely fine'. Based on these descriptions the finite element software internally defines the
element size properties quantitatively.

It is observed that the model which is meshed with shell and beam elements is able to represent the
behaviour of the most expensive model, as shown in Figure 31d. Although some dissimilarities are
present, which increase above frequencies of 850 Hz, the response of the model meshed with shell
and beam elements is considered to be accurate enough. This enables the user to reduce the number

of degrees of freedom significantly.

(a) Solid plate, solid bracing (b) Shell plate, solid bracing (c) Shell plate, beam bracing

Figure 30: Modelled geometries of a rectangular plate with two braces.
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Figure 31: Sound pressure levels as obtained by different element types and element sizes.
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8 Guitar model

The previous chapters described a method of obtaining the frequency response curve of a driven
rectangular wooden structure. In this chapter the geometry of the structure is extended to a geom-
etry which resembles the top plate of an acoustic guitar. There is no need to change anything to
the physics involved in the finite element model, as an acoustic guitar its top plate is in fact nothing
more than a wooden plate with added stiffeners. The guitar model enables the user to predict the
effect of design variable variations on sound pressure levels generated by a guitar. In the next chapter
it will be implemented in an optimization algorithm, where it is used to decide which combination
of geometric design variables best fits a certain desired frequency response curve.

8.1 Geometry

Figure 32 shows the geometry of the guitar. The red dot denotes the location of the excitation force.
The braces of interest for the optimization algorithm are named A, B, C and X. Triangular shell
elements are used to mesh the plate, and the braces are meshed with beam elements. The mesh is
depicted in Figure 33. This structure contains 9,666 degrees of freedom. Surrounded by the half
sphere filled with air the total number of degrees of freedom equals 29,387.
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Figure 32: Geometry of the guitar model. Figure 33: Mesh of the guitar model.
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8.2 Simplifications of the model

Some simplifications were made in the model. This sections presents the four simplifications which
are considered to be the most important.

Top plate radius

The top plate of a western guitar has a spherical shape, which results in a higher stiffness compared
to a flat top plate. Usually the radius is about 12 meters [1]. This radius is not implemented in the
guitar model, instead the top plate is flat. Figure 34 shows the response of a spherical top plate
as well as the response of a flat top plate. Both plates did not have any braces attached to them.
Although in the lower frequency region some differences are observed between the responses, this
simplification seems valid. Mind that by attaching the braces the similarity between both responses
will be increased, as this decreases the relative difference in stiffness of the structures.
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Figure 34: Difference between a spherical and a flat top plate.

Maximum allowable material stres

A tension force of about 750 Newton is applied by the strings on the guitar its top plate. This
force acts parallel to the top plate, but due to the distance in between the strings and the top plate
it also causes a bending moment. The construction of the guitar has to be able to withstand the
stress caused by this force and moment, which could be implemented in the optimization process
by introducing a constraint for the maximum allowable material stress. Then for each iteration the
algorithm performs an extra operation in order to check the feasibility of the solution. But it was
found that the maximum occurring stress does not nearly reach the maximum allowable stress values
of wood as found in literature [15]. This is as expected, because a guitar usually does not face
instantaneous plastic deformation when the strings are attached or while playing the instrument.
Instead, the top plate of an acoustic guitar distorts over time due to creep of the wood [13]. More
research is needed in order to find a maximum stress value for which the amount of creep is still
just acceptable. For this reason the constraint for the maximum allowable material stress is omitted
completely.
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Brace profile

As the frequency response properties of a structure mainly depend on
the ratio between mass and stiffness, it makes sense to pay attention
to the shape of the braces. In general cross sections of braces are
convex shaped as non-convex shapes are difficult to obtain with a
chisel. Figure 35 shows three different shapes. For all of them the
surface area equals 72 mm?, which means the mass per unit length is
also equal. The bottom width of all three braces is 6 mm, ensuring
an equal gluing area for all profiles.

Table 4 lists the area moment of inertia of the three shapes. It
shows that a large increase in stiffness is indeed obtained by giving
the braces a more complicated shape than just a rectangular one.
However, the numerical model only uses rectangular shaped brace
profiles. This simplification is justified as the research is aimed at
developing a general approach of optimizing the frequency response of a guitar. If the approach
would be used to shape the frequency response of a real guitar, one should include more geometric
design variables in order to be able to describe and control more complicated brace profiles.

Figure 35: Three brace pro-
files.

Shape Area moment of inertia (mm?)
Rectangular 864
Rectangular, circular top 879
Triangular 2304

Table 4: Area moment of inertia for several cross sections

Anisotropy

Something else which has not been taken into account is the fact that wood is an anisotropic material.
The stiffness of wood is different in each of the three principal directions. If one wants to increase
the accuracy of the model this anisotropic behaviour should be implemented.
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8.3 Verification

The six lowest eigenmodes and eigenfrequencies of the guitar model are showed in Figure 36. Al-
though some simplifications were made in the model, both the shapes of the eigenmodes and the
corresponding eigenfrequencies are comparable to the ones found in literature [13].

S > S

(a) 172 Hz (b) 303 Hz () 389 Hz
a %
(d) 510 Hz (e) 582 Hz (f) 752 Hz

Figure 36: Six lowest eigenmodes of the guitar model.
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9 Dynamic response optimization

The optimization algorithm calculates an optimal combination of geometric design parameters in
order for the structure to approximate a certain desired frequency response. This chapter first
presents the mathematical problem statement of the optimization problem. Next, an optimization
is performed which involves only two design variables. The response of two different optimization
algorithms is compared, and based on the results an algorithm is chosen which is used for the full
problem, which involves six design variables. The flexibility of adjusting the frequency response of a
structure depends on the number of design variables used. It is chosen to use six variables in order to
describe the geometry as this seems an acceptable compromise between flexibility and computational
cost. Finally an example is presented which corrects for the differences that occurred in the frequency
response caused by material property variations. Because the optimization algorithm can probably
not correct for variations in material damping, this property remains unchanged in all examples.

9.1 Mathematical problem statement

Mathematically the operation is performed by minimizing an objective function f(x) [39]. Each of
the design variables is subjected to both a lower and an upper bound. The design variables are
contained by vector x, and their lower and upper bounds by vectors x and X. This results in a
mathematical problem statement which is defined as

min f(x)
* (16)
subject to: x<x <X

The objective is defined as the squared difference of the vectors containing current and desired sound
pressure levels at chosen frequency intervals. Mathematically the objective function is described as

Fx) = lly: = y&)ll5 (17)

where the desired SPL is defined by vector y;. The current SPL is a function of the design variables
x and is denoted by y(x).

The size of the vectors containing the sound pressure levels depends on the frequency interval chosen
by the user. A smaller interval will result in a more detailed frequency response curve, but also more
evaluations of the finite element model are needed. It was found that with a frequency interval of
10 Hz detailed curves are obtained while the computational effort still is acceptable. All models in
this research are evaluated for a frequency range of 900 Hz, which means 91 evaluations of the finite
element model are needed for each function evaluation of the optimization algorithm. Mind that
because of this the evaluations of the finite element model are easily parallelized, regardless of the
type of optimizer used.

One or more stopping conditions for the optimization algorithm have to be defined. More research is
needed to find out to what extent the frequency response curve of a guitar top plate should match
the desired curve in order for the final instrument to sound exactly the same. During the literature
study it was found that the just-noticeable difference for human hearing lies between 1 and 3 dB.
Based on this it is assumed that if throughout the whole frequency range the difference between the
current and desired SPL is smaller than 1 dB, it is probably impossible for the listener to distinguish
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between the desired response and the optimum found by the algorithm. The first stopping condition
of the algorithm is based on this.

Unfortunately it is not guaranteed that the optimization algorithm is able to satisfy the first stopping
condition. For this reason a second stopping condition is defined, which stops the optimization if
during three successive iterations the objective value decreases less than ten percent.

9.2 Optimization of the frequency response curve

Figure 37 shows an arbitrary desired response (blue) and the response from an arbitrary initial design
(red). Both responses are a result of the same model, but different values for the design variables
are used. In this example the design variables are the height of the X-braces and the thickness of
the guitar's top plate, see Figure 38. To make the objective more visual vertical lines are drawn in
the figure. The objective value equals the sum of the squared lengths of the green lines, and it is
the optimization algorithm its task to minimize this sum. As in this example the desired response is
generated with the same model as the one used to calculate the objective value, by the end of the
optimization process the algorithm should have found a combination of design variables for which
the objective value equals zero.

First a nonlinear least squares optimizer is used, which uses a trust region algorithm. Starting from
the chosen initial variable values it needs 12 iterations to approximate the optimum value, as illus-
trated in Figure 39. Since the finite element model does not provide gradient information, for each
iteration the gradients are obtained by a finite difference method. This brings the total number of
function evaluations to 36.

The same optimization problem is also solved with a Nelder-Mead algorithm, of which the progress
is shown in Figure 40. The surface is semi-transparent as otherwise the triangles located below the
surface area would become invisible. This algorithm needs 52 function evaluations, which is more
than the trust region algorithm. Another drawback of the Nelder-Mead algorithm is that when the
number of design variables is increased its performance compared to a trust region algorithm probably
decreases [39]. As the full problem contains six design variables it is decided that from now on the
trust region algorithm will be used instead of a Nelder-Mead algorithm.

Because this example uses only two variables it is possible to generate the depicted surface plots.
Mind that such plots are obtained by evaluating so many design variations that a three-dimensional
view of the objective value for a range of input variables can be made. Once the complexity of the
optimization problem increases this is not possible anymore in a reasonable amount of time. One
has to rely on the optimum found by the algorithm, without being able to check it in a surface plot
of the objective value.

This first example showed that satisfactory results can be obtained by applying the approach as
presented in the previous section. The next two subsections contain more challenging optimization
problems in order to show the possibilities of the optimization algorithm. Mind that more approaches
of defining an objective function and applying an optimization algorithm are available. One of them
is presented in A.5.
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Figure 37: Desired (blue) and initial (red) response. The objective is defined as the sum of the
squared lengths of the green lines.

Figure 38: The thickness of the plate and the height of the X-braces (yellow) are design variables in
this example.
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Figure 40: Iterations of the optimization if a Nelder-Mead algorithm is used.
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Optimization of six design variables

Instead of only the thickness of the plate and the height of the X-braces as design variables, more
design variables are introduced. In the example in this section also the width of the X-braces and the
heights of the yellow, green and purple bracing pairs in Figure 41 are design variables. The height
of both braces of a pair is equal. Again the desired response is generated with the same model as
the one used to calculate the objective value.

Figure 42 shows the result of an arbitrary optimization of those six variables. The evolution of the
design variables and objective value during the optimization process is illustrated in Figure 43. The
colors of the lines match the colors of the braces as indicated in the aforementioned Figure 41.

It is observed that in 10 iterations an accurate fit of the desired response is reached. The optimization
stopped because after those 10 iterations the difference between the current and desired response
was smaller than 1 dB throughout the whole frequency range.

Figure 41: In this example the design variables are the thickness of the plate, the height of the
yellow, purple and green braces and both height and width of the red-blue dotted brace.
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Optimization with different material properties

In this final example the material properties of the model used to approximate the desired response are
different from the material properties as applied in the model which generated this desired response.
The goal of the optimization algorithm is to correct for the SPL differences caused by the material
property variations. The design variable values of the initial response and the desired response are
equal.

The quality of the wood used for the top plate is considered to be much more important than the
wood quality of the braces [3]. For this reason we will only change the material properties of the
top plate. The density of the top plate is increased with 10%, and its Young's modulus is decreased
with 10%. Both the isotropic structural loss factor and the Poisson's ratio are unchanged.

The chosen percentage for the increase of the density equals about five standard deviations of high
quality top plate wood [16]. The chosen percentage for the stiffness decrease equals about two and
a half times the standard deviation.

Figure 44 shows the initial and the desired response, as well as the result of the optimization. Between
200 and 500 Hz the final response is slightly different from the desired response, but in general they
are very similar. It can be concluded that the optimization algorithm is capable of correcting the
SPL caused by material property variations.

Figure 45 shows the evolution of the design variables and the objective value during the optimization
process. It is seen that in each of the first five iterations the objective value drops considerably. As
during the last three iterations the decrease of the objective value was less than ten percent, the
optimization stopped due to the second stopping condition. Table 5 lists the values of the design
variables of both the initial and the final design.
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Figure 44: Desired response, initial response and the optimization result.
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Figure 45: Evolution of design variables and objective during optimization process.

Initial dimension (mm)

Final dimension (mm)

Thickness top 2.30 2.55
Height X-brace 4.50 4.33
Height A-brace 5.20 5.84
Height B-brace 3.20 2.01
Height C-brace 6.00 5.62
Width X-brace 5.00 5.54

Table 5: Initial and final design variable values.
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10 Conclusion

The goal of this research was to find a method which is both able to improve the consistency between
mass-produced instruments and to decrease the required building time of handbuilt guitars. In order
to achieve a satisfactory result it was investigated if the perceived sound produced by a guitar is
controllable by using dynamic response optimization methods in order to adjust geometric design
parameters during the production process. Based on the results of the optimization algorithm it is
concluded that it is indeed possible to control the perceived sound produced by a guitar, by applying
this method.

The approach presented in this research can be implemented in an industrial production process,
which enables one to decrease the differences between instruments which are supposed to sound the
same. If it is a drawback that by using the current optimization algorithm guitars may take up more
time on the assembly line than desired, the possibilities of parallel computing should be explored.
As many function evaluations are needed for each combination of design variables, the algorithm is
easily parallelized.

In a similar way traditional luthiers can also benefit from the method described in this study. Maybe
the most difficult task of a luthier is to find a guitar which sounds special to him or her. The
optimization algorithm is not able to help with this. But once one has found a response which turns
out to produce a desirable instrument, it can be reproduced much faster.

Some aspects need to be worked out further before the approach presented in this research can be
implemented in a production process. For example, we did not consider variations in the material
damping as the optimization algorithm probably cannot correct for them. Because of this it will be
necessary to preselect woods based on their damping coefficient, in order to maximize the consistency
of the production process. Another point of attention is that it is yet unknown to what extent the
response curve of an instrument should match the desired curve in order to sound exactly the same.
However, the theoretical background will definitely be useful in order to improve consistency between
instruments by using frequency response measurements during the building process. The next chapter
presents some additional recommendations for further research.
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11 Further research

11.1 Extracting material properties

Material properties such as the wood's density, damping coefficient and modulus of elasticity have
to be known in order to simulate its dynamic behaviour in the finite element model. As explained
in the introduction of this report the properties of wood vary from tree to tree. Measuring those
properties for each used piece of wood manually would be a labour intensive process.

This step can be bypassed by starting each build from a basic design with known dimensions. The op-
timization model could be adjusted so that the information obtained by an initial frequency response
measurement is used to extract the material properties of the various used pieces of wood.

11.2 Refinement of the oscillator model

The oscillator model uses only one driving point and, unlike the strings, the driving force acts
perpendicular to the top plate. Probably the frequency response of a guitar is better characterized
by using several frequency response curves instead of just one, each having a different driving point.
Figure 46 proposes three measurement locations and directions.

Also, it should be investigated if the effect of coupling between strings and the guitar body leads to
noticeable inaccuracies in the modelled sound pressure level.

With those improvements the model might be suitable for performing reliable transient simulations.
Instead of just looking at the difference between two curves in order to examine the effect of design
variations, it would be very interesting to be able to actually hear the difference by simulated sounds.

Figure 46: Different driving point.

11.3 Dynamic substructuring

The optimization procedures used in this study always evaluate the system as a whole during solving.
By applying dynamic substructuring techniques the instrument can be divided into subparts. The
system matrices are reorganised such that the degrees of freedom belonging to the same subpart are
grouped. The advantage of this method is that for iterations of design variables which do not affect
all subparts, it is not necessary to solve the complete system of equations. Only the parts of the
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system matrices belonging to the modified subparts have to be evaluated again, which will decrease
computational costs [40].

11.4 Refinement of the bracing pattern

The bracing pattern used in the interior is probably not the most efficient geometry in order to control
the individual eigenmodes. In fact, the usual locations of the braces have not really changed since
the first literature about plate dynamics appeared in 1877 (The Theory of Sound, by Lord Rayleigh).
Possibly this refinement can be achieved with topology optimization.

Guitar builders usually try to remove as much mass as possible, as this makes the guitar more
responsive [3]. But if one just wants to fit the frequency response curve of a build in progress to a
target curve, removing mass of the braces might not be the most efficient approach. A lightweight
bracing design which ensures the structure being able to withstand the string force, in combination
with point masses to control the relative response of the eigenmodes may result in a faster building
process.

11.5 Guitar 2.0

The exploratory research described in this report on modelling and optimizing the response of acoustic
guitars, together with the above suggestions for further research, opens up an incredible amount of
new possibilities for the way guitars are designed and built. These developments might even be
necessary as high quality woods are getting scarce.

Instead of building the guitar's soundboard out of a wooden plate with braces glued to it, an
interesting approach would be to mill it from a thicker, synthetic plate. During the production
process measurements can be taken in order to shape the frequency response to a desired target.
Another possibility is 3D printing, although it might be difficult to find a material which is both 3D
printable and capable of producing a certain desired frequency response.
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A Appendix

A.1 Software

The software packages used in this research are COMSOL Multiphysics 5.2 and MATLAB R2016a.
Several add-on modules are used in COMSOL; the Structural Mechanics Module, the Acoustics
Module and the LiveLink for MATLAB. The models which are described in this report are not built
in COMSOL itself; instead they are programmed via MATLAB. The two software programs are able
to communicate via the LiveLink for MATLAB. Although most of the models presented in this report
can be build and solved while solely using COMSOL, involving MATLAB gives the user many more
possibilities in terms of efficiently building and solving the model successively from within loops in
order to control parameter values.

A.2 Acoustic boundary conditions

Spherical wave radiation:

1 . 1 P TATp
n ( C(th qd)> + (Z a 7") Pe 2pc(1 + ikeqr) ¢

(<o V) =0

C

Interior sound hard boundary:

Acoustic-Structure boundary:

—-n - (—l(th — qd)> =N - U

C

A.3 Verification finite element model

Deflection of a clamped circular plate
A force W acting in the middle of a flat circular plate of constant thickness with radius a causes a
maximum displacement of [36]:

_ —Wa?
Ymax = 67D
D is the flexural rigidity:
3
p—__ Bt
12(1 —v?)

In this equation is E the Young's modulus of elasticity, t the plate thickness and v the Poisson's ratio.
When the equations above are used with the values as listed in the table, a displacement of 0.03502

millimeters is obtained. The maximum displacement of the finite element model excited at 1 Hz is
0.03569 millimeters. This is a 2% difference.
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Eigenfrequencies of a clamped circular plate
In the equation below, a refers to the mass per square meter. For the first, second/third and sixt
eigenmode of a clamped circular plate values for v are 1.015, 1.468 and 2.007.

,m2 | D
Wo,i = G —5 1\ —
a2 \'m

A.4 Mesh refinement study data

The ordering of the table’s rows is equal to the legends of the corresponding figures. Mean differ-
ence, standard deviation and maximal difference are calculated with respect to the result which is
considered to be the most accurate. All values are in decibel.

Mean difference Standard deviation Maximal difference

0.83603 1.1598 5.489
0.23144 0.26955 1.541
0.05794 0.07494 0.42651
0.016939 0.033117 0.19503
0 0 0

Table 6: Belongs to Figure 22

Mean difference Standard deviation Maximal difference

0.83603 1.1598 5.489
0.048008 0.25322 0.69225

Table 7: Belongs to Figure 26

Mean difference Standard deviation Maximal difference

-3.7486 6.599 12.943
-1.3995 4.2998 15.241
-0.19312 0.85979 3.0845
-0.042259 0.24251 0.87838
0 0 0

Table 8: Belongs to Figure 31a
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Mean difference Standard deviation Maximal difference

-1.7079 4.9599 15.099
-0.080562 0.44539 1.3957
0.16962 1.0884 3.7858
0.10277 0.51086 1.8388
0 0 0

Table 9: Belongs to Figure 31b

Mean difference Standard deviation Maximal difference

-3.5103 6.186 14.719
-0.048876 2.9041 9.2665
0.22183 1.4243 3.3748
0.08132 0.84707 2.2971
0 0 0

Table 10: Belongs to Figure 31c

Mean difference Standard deviation Maximal difference

0.5188 2.606 6.1562

Table 11: Belongs to Figure 31d
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A.5 Indirect optimization of frequency response curve

As in the frequency response curves the damping properties of a guitar are only captured by the
sharpness of the peaks, one might want to emphasize those frequency regions by involving the Q-
values of the peaks in the objective function.

Another possibility instead of direct optimization of the frequency response curve to a desired one,
is to first characterize the response of a design by its fitted oscillator model parameter values. The
objective function would be the mean squared error of vectors containing parameter values of both
the current and desired response. As explained in Chapter 4, the parameters of this model represent
the eigenfrequency, equivalent surface area, effective mass and Q-value. Because of the different
meanings and dimensions they should appear scaled and weighted in the objective function.

This approach will result in a nested optimization procedure since for each iteration of the geometric
design variables the oscillator model parameters have to be extracted. If gradients of the oscillator
parameter values are calculated, their value will depend on the quality of the curve fit. Because
of this the curve fitting algorithm has to be very robust; it should be able to perform hundreds of
consecutive curve fits without getting stuck in a local optimum.

Also care must be taken as during the optimization process unusual combinations of design variables
are encountered. It is not guaranteed that the frequency response of such a combination is accu-
rately captured by the oscillator model, because higher eigenmodes might enter the frequency range
of interest.

It was found that by applying this indirect approach it was difficult to obtain satisfying results. Apart

from that it is not known to what extend it is possible to control the damping of the structure, which
might decrease the need of representing damping in an objective function.
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