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studied recently. For the particular case of the guitar, 
studies have been focused on mathematical models that 
describe the acoustic behaviour [2], simulation using the 
fi nite-element method [3, 4] and analysis by holography [5]. 

Modelling studies have yielded good results that have 
helped to understand the guitar sound behaviour; but 
they have been insuffi cient in terms of materials used in 
the construction and their infl uence on the sound. On 
the other hand, the study by holography has permitted to 
visualize, directly, vibration modes of the soundboard of the 
instrument and to measure vibration with high accuracy. 
However, this technique has as a disadvantage the 
requirement of very sophisticated lab equipment, with high 
precision and isolated from external perturbations, which 
may affect the system. Simulation by the Finite Element 
Method has focused on reproducing experimental results, 
achieving a good approximation among “real” behaviour 
and the simulated one. 

In this paper, three physical properties of two of the most 
used materials in manufacturing soundboards of the 
Spanish Guitar, i.e., Canadian cedar and German spruce, are 
analysed and their infl uence on sound quality (homogeneity 
among registers, sound power and timbre) correlated. 
To achieve these goals, fi rst, acoustic characteristics of 
guitars with soundboard of German spruce and Canadian 
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1. Introduction
Guitar is an instrument, which has evolved adapting to 
musical needs. However, in the late nineteenth century, the 
standard criteria of the classical guitars were established 
[1]: the body was elongated, a marked low neck was kept, 
lighter materials and thinner boxes were used, a system 
of measurements and proportions based on a geometric 
logic was established empirically; moreover, a bracing 
system, also known as brace bars or harmonic system, 
was implemented and standardized. Since then, Guitar 
has not had considerable evolution, which has avoided it to 
successfully be adapted to the demands of the present time 
[1]. Nowadays, due to the increased size of the venues where 
guitar concerts are performed, as well as the pieces where 
guitar is the solo instrument, performers and spectators 
require guitars with more powerful sound (volume), longer 
duration of the sound, homogeneity among low, middle and 
high registers, and a warm and pure timbre. Therefore, 
the acoustics of different musical instruments have been 
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cedar are determined using techniques of digital signal 
processing, then, vibration modes of the guitar soundboard 
and their vibration amplitude is related to the material used 
in its fabrication, and fi nally the infl uence of the physical 
properties of wood in some of the sonorous qualities of the 
guitar is established. 

2. Experimental
procedure
To characterize the material used in the guitar soundboard, 
two types of analysis were performed, one acoustic and 
other vibrational. In the former, sound signals were 
acquired and analysed to determine the volume and sound 

The energy of a continuous-time signal is defi ned as the 
area below the square of the magnitude of the signal [6]. 
Analogously, the energy of a discrete-time signal is defi ned 
as the sum of the square of the magnitude of each sample, 
as shown in Eq. (1) [7]: 

(1)

Where x[n] is the signal value at time n and Ex is proportional 
to the actual physical energy of the signal.

Determination of the sound duration

In order to establish the duration of the sound, it was 
associated with the time where 95% of the total energy 
of the signals is consumed; this, in order to minimize the 
infl uence of background noise; assuming that the sound 
is sustained until the percentage of the total energy of 
the signal is completed, from which the remaining 5% is 
composed of noise.

duration of the instrument. To do this, the concept of signal 
energy and the Fourier transform were used, respectively. 
In the latter, vibration signals of the top plate were acquired 
and processed to determine the amplitude and duration 
of vibration, and to correlate with its energy. Finally, the 
data obtained in the two previous analyses were correlated 
with the physical properties of the material used in the 
soundboard. A scheme of the experimental procedure is 
illustrated in the Figure 1.

2.1. Acoustic analysis

Determination of the sound power
To determine the sound power of the guitar, the amplitude 
of the sound was associated with the energy of each signal. 

Figure 1  Block diagram of the experimental procedure

Determination of sound timbre
The timbre was associated with the frequency content of the 
signal. Fast Fourier Transform - FFT was used to obtain the 
frequency spectrum. Then, it was considered that signals 
with greater number of harmonics correspond to sounds 
with better timbre feature.

2.2. Vibrational analysis
A body vibrates when it experiences alternative changes, 
so that its particles oscillate synchronously around their 
equilibrium positions, without them switching place [8]. 
When an object, such as a string or a plate, vibrates, 
standing waves are generated in it caused by incident and 
refl ected waves at its borders or edges; these standing 
waves produce some natural vibration patterns, called 
normal modes of vibration, in which there is a vibration 
frequency for each of them [9]. The lower frequency of 
vibration is known as fundamental. Thus, in a rectangular 
membrane with dimensions Lx and Ly, fi xed edges, and
constant superfi cial tension T at each point (see Figure 2), 
its simple harmonic motion, or free vibration mode is given 
by Eq. (2) [10]:
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Figure 2  Forces which act on an element of a 
rectangular membrane [10]

Figure 3  General Scheme of the system with its inputs and outputs

Where c= √(T/σ ) is the velocity of the transverse wave, σ is 
the area density, and T is the superfi cial tension. Solving Eq. 
(3) and taking into account the above mentioned conditions,
the modal frequencies are given by Eq. (4):

     (4)

The vibrational analysis consisted into fi nd the vibration 
modes of the guitar soundboard. In this case, average 
vibration was calculated as the average amplitude of 
vibration at all measured points over the soundboard for 
each instant of time.

2.3. Influence of material in the 
loudness
To determine the infl uence of the material on the sound 
quality of the instrument, a mechanical system described 
by physical characteristics was assumed, where its input 
is a particular musical note, and its output is composed 
of an acoustic response, which can be decomposed 
into vectors of average energies (volume), average time 

(2)
The wave equation describing this system is given by Eq. 
(3) [10]:

(3)

(duration), number of harmonics (timbre), slope of energies 
(homogeneity of volume), slope of time (homogeneity 
of duration), and average vibrational energies (vibration 
amplitude), as shown in Figure 3.
In this study, three physical properties were taken into 
account: density (ρ), Young’s modulus (E) and Poisson’s 
ratio (μ), which provide information about the nature of 
the studied materials. Density is a property that indicates 
the relation between mass and volume of a body. Young’s 
modulus is a property that measures the resistance of a 
solid to change its length; it measures the resistance of 
a solid to elongate under load. Finally, Poisson’s ratio is a 
parameter which provides a measure of the narrowing in 
section of a material prism when stretched longitudinally 

and thinned perpendicular to the stretching direction. 
Values of these physical properties for wood studied are 
given in Table 1.

Table 1  Physical properties of two woods used in 
manufacturing guitar soundboards [11]
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Figure 4  Implementation of the data acquisition system

Figure 5  Sound intensity corresponding to the E3 note

synchronization, with the data acquisition algorithms, a 
servo motor with a plectrum on its axis was used. A blocks 
diagram of the experimental setup for the signal acquisition 
system is shown in Figure 4.

The experimental analysis was performed on two groups 
of guitars, where all aspects that infl uence the sound were 
kept as constant as possible, so only infl uence of material 
soundboard was considered. The fi rst group was composed 
of three guitars, built by Luthier Jorge Noguera, two with 
Canadian cedar (C1 and C2) and one with German spruce 
(GS) soundboards. The second group was composed of 

three commercial guitars: Alhambra 1C guitar with German 
spruce soundboard, Alvaro 55 and Yamaha CG171C guitar 
with cedar soundboards. New strings (D’Addario EJ27N) 
were used throughout the experiments.  

3.2. Acoustic analysis
Determination of sound power
In order to quantify sound power, total energy of each signal 
was calculated and then associated to the amplitude of the 
sound; sound signals of three guitars used in this analysis 

The relation between average vibration, sound intensity, 
cumulative sums of the energies of their respective signals 
and the physical properties of the wood are determined 
by using the linear correlation coeffi cient, Eq. (5), which 
expresses the degree of the relation between two features 
(discrete variables X and Y) of numeric type [12]:

(5)

In (5), xm and ym represent the average value of each variable, 
while xi and yi represent each value. Thus, ρxy takes values

between +1 and -1, where +1 signifi es 100% of correlation, 
while -1 means 100% of correlation in phase opposition. 
A zero value means no correlation and therefore the two 
variables are considered independent.

3. Results
3.1. Data Collection
In order to acquire sound and vibration data, an acquisition 
system composed of a microphone WM-582d Pro.2, a set 
of accelerometers, a data acquisition card, and a graphical 
interface was developed. In order to control pulsation and 
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Figure 6  Homogeneity in the sound amplitude. 
The solid line represents the line, which best fits 

each curve

Table 2 Total energy of each guitar - sound power

corresponding to the E3 note (“E” of the sixth string) are 
shown in Figure 5. The fundamental frequency of the E3 
note is 82.41 Hz. In our experiments each note was recorded 

eight times during 13 seconds, where the fi rst six seconds 
were considered to calculate the sound power, because 
most of the energy of the signal was located in this section.

The sound (volume) of Alhambra guitar is the highest 
among this sample as it can be seen from Figure 5. The 
total energy and average of these sound samples have been 
placed in Table 2. It is observed that GS, in the fi rst group, 
and Alhambra, in the second group, have higher average 
energy values. 

Determination of the sound duration

As earlier mentioned, to fi nd the sound duration, it was 
associated with the time where the 95% of the total energy 
of the signals was consumed; the duration in seconds and 
its averages, for all sound samples, have been placed in the 
Table 3 where it is observed that GS and Alhambra guitars 
have the longest duration, which is expressed in average 
time values.

From the data on Table 3, a graph of Duration vs. Frequency 
was plotted and, as in the previous case, each curve 
linearized and the slopes values were used to determine 
how homogeneous in their registers every guitar in terms 
of duration sound was; and again, curves with slopes closer 
to zero show greater homogeneity. The graph of Duration 
vs. Frequency, for the second group of guitars, is shown in 
Figure 7.

Figure 7  Homogeneity in the sound duration. The 
solid line represents the line which best fits each 

curve

Table 3 Sound duration in seconds

From the data on Table 2, a graph of Total Energy vs. 
Frequency was plotted and each curve linearized. The 
slopes values are used to determine how homogeneous 
in their registers every guitar in terms of amplitude sound 
was; where curves with slopes closer to zero represent 
more homogeneity. For the second group of guitars, the 
graph of Average Total Energy vs. Frequency is shown in 
Figure 6.

Figure 6 shows that the Alhambra and Alvaro guitars have 
greater homogeneity in the sound volume.
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From Figure 7, it can be seen that the Yamaha guitar has the 
smallest slope, so this guitar has the greatest homogeneity 
in the sound duration. To this end, it has to be mentioned 
that the slopes of the Alvaro and Yamaha guitars are similar. 

Determination of sound timbre
Timbre was associated with the frequency content of the 
signal; it was considered that the signals with a greater 
number of harmonics correspond to sounds with better 
timbre features. This analysis was performed using the 

Figure 8  Homogeneity in the sound duration. The solid line represents the line which best fits each curve 

Table 4  Number of harmonics in every note-timbre

Fast Fourier Transform (FFT) and each corresponding 
frequency spectrum, a window between 82 and 2155 Hz was 
considered, where the presence of sound harmonics was 
established by fi nding peaks at fi xed intervals (periodic) 
according to the fundamental tone, thus, in this analysis, 
presence of sound harmonics was considered but not 
its magnitude. Furthermore, the spectral analysis was 
measured in linear scale. The harmonics in the frequency 
spectrum of the E3 note, for second group of guitars, are 
shown in Figure 8 and information about the amount of 
harmonics present in all analysed notes, for each guitar, is 
summarised on Table 4.

Table 4 shows that in the fi rst group, C2 has the largest 
timbre richness, however it is observed that all guitars 
have a similar frequency spectrum; in this respect, it is 
important to highlight the fact that all guitars in this group 
are made for the same manufacturer. On the other hand, 
in the second group, Alhambra has the greatest timbre 
richness. It is also noticeable the closeness in the amount 
of harmonics between of Alvaro and Yamaha guitars which 
have a common material in their soundboard. 

According to the acoustic analysis results, it was observed 
that in general guitars with German spruce soundboard 
have larger volume and duration of sound, and guitars 
with Canadian cedar soundboard have more homogeneous 
sound. 

3.3. Vibrational analysis
In the vibrational analysis, the average vibration and the 
cumulative sums of the energies of their respective signals 
were calculated for each soundboard, and related, using the 
correlation coeffi cients, to the sound characteristics. The 
average vibration was calculated as the average amplitude 
of vibration in all measured points on the soundboard for 
each time instant, considering only the fi rst six seconds of 
each signal in order to minimize the effect of noise. The 
average amplitude of vibration, the sound signal and the 
cumulative sum of the energy of the vibration and sound 
signals in time, for the E3 note in the Alhambra guitar, are 
shown in Figure 9.

Information about the correlation coeffi cients, for all notes 
of each guitar of fi rst and second group, is summarized in 
Table 5.
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From Table 5 it can be said that there is a high degree of 
correlation between vibration and sound for all guitars, with 
correlation coeffi cients ranging from 0.8177 to 0.9976. 
Thus, as expected, considerable similarity was found 
between the cumulative sum of the energies and the energy 
signals of sound confi rming the dependency between sound 
and vibration.

3.4. Influence in loudness
To fi nd the relation between material and sound quality, 
correlation coeffi cients relating physical properties and 
sound characteristics were calculated. There were used, as 
inputs, vectors of density, Young’s modulus and Poisson’s 
ratio corresponding to the physical properties of the 
system, and as outputs, the obtained responses in terms of 
average energy (volume), average time (duration), number 

Table 5  Correlation coefficients of vibration - sound of each guitar

Figure 9  The vibration and sound signals and the cumulative sums of their energies for the E3 note in the 
Alhambra guitar

of harmonics (timbre), slopes of energies (homogeneity 
volume), slopes of time (homogeneity duration) and average 
energies of vibration (amplitude vibration), as illustrated 
in Table 6. The correlation coeffi cients between them are 
reported in Table 7.

As a result of this analysis, it was observed that there is 
high correlation between the physical properties of the 
wood and the volume, duration, and homogeneity in the 
sound duration as well as in the vibration amplitude.

4. Conclusions
It was found that the German spruce guitars, used for 
these experiments, have more volume and sound duration, 
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whereas Canadian cedar guitars are more homogeneous 
in terms of sound and sound duration. Regarding timbre, 
changes in material were inconclusive, since similar 
frequency content can be seen in all the guitars of the 
first group and differences in the second one are not 
representative. Therefore, it can be assumed that timbre is 
related to the geometry of the guitars of this experiment or 
to the manufacturing process. 

To establish a relation between density, Young’s modulus, 
Poisson’s ratio and sound, it was used the correlation 
coefficient as a measure and it was found that volume, 
sound duration, and vibration amplitude are correlated to 
the density, the Young’s modulus and Poisson’s ratio; thus, 
the denser the wood, the louder and longer the sound, and 
more amplitude of vibration. The same is observed with 
the Young’s modulus and Poisson’s ratio. Similarly to the 
acoustic analysis, the guitars of test that are made with 
German spruce have more volume and sound duration 
than the guitars which are made with Canadian cedar, 
thus emphasizing the fact that the magnitudes of the 
German spruce properties are bigger than Canadian cedar 
properties.

Finally, an experimental explanation is displayed about why 
many musicians and luthiers prefer guitars with German 
spruce soundboard and ratifies this material as one of the 
most suitable for the construction of this important guitar 
piece. Hence, this invites to return to the old tradition of 
experimenting with different materials in search of a better 
sound for the instrument. However, in order to provide more 
statistical relevance and hence make the results more solid, 
further research is needed including more guitars, all being 
from the same brand so aspects such as shape and brace 
bars are kept constant.

Table 6  System response

Table 7  Correlation coefficients (physical properties - system response)
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