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Abstract 
The produced sound quality of guitar primarily depends on vibrational char-
acteristics of the resonance box. Also, the tonal quality is influenced by the 
correct combination of tempo along with pitch, harmony, and melody in or-
der to find music pleasurable. In this study, the resonance frequencies of the 
modelled resonance box have been analysed. The free-free modal analysis was 
performed in ABAQUS to obtain the modes shapes of the un-constrained 
sound box. To find music pleasing to the ear, the right pitch must be set, 
which is achieved by tuning the guitar strings. In order to analyse the sound 
elements, the Fourier analysis method was chosen and implemented in 
MATLAB. Identification of fundamentals and overtones of the individual 
string sounds were carried out prior and after tuning the string. The untuned 
strings showed irregular fundamental frequencies and higher partials of de-
cay. Octaves and power spectrums have been presented and discussed in this 
paper.  
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1. Introduction 

The musical instrument guitar is a system of complex vibrating elements. It is an 
assembly of several individual parts such as the body, sound hole, saddle, bridge, 
neck, headstock, tuning pegs and strings [1]. The sound energy is mainly pro-
duced by the sound box, also called as resonance box, which is propagated 
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through the sound hole. The sound box itself is made of sub parts like sound 
board (or top-plate), side-board, tail bock, transversal and longitudinal bars and 
bottom panel [1] [2].  

As the instrument is being played, the metal strings produce only a minor part 
of sound directly. Whereas, they cause the bridge and top plate (sound board) to 
attain an excited condition, transferring the acoustic energy to the air-cavity, 
bars, and bottom plate which contribute to the major part of the sound pro-
duced [3]. Hence, analysis of structural modes is vital in designing and optimiz-
ing the overall sound quality and performance of acoustic guitars. 

Natural and resonant frequency along with the modal patterns of the guitar 
panels has been studied by researchers, but the approach followed varies based 
on analysis objective, followed methodology and material features. Previously, 
work has been done with the guitar box on electromechanical input-output pa-
rameters at multi-point locations on the top-plate and their correlation with 
acoustic efficiency, but the modal parameters are not analysed [4]. The use of 
force hammer as excitation source to generate vibration modes is a technique to 
analyse the structure [5] [6]. This method requires extensive experimental setup. 
The dynamic behaviour of individual plates in isolation was investigated using 
finite element method (FEM), but results indicated a deviation from the holistic 
analysis of the resonance box as a single unit [7] [8]. 

Sound wave analysis can bring about insights on elements of musical note. It 
has been found frequency or pitch of sound wave is dependent on the string ten-
sion, plucking style and location [9]. The classical approach to describe a musical 
note is the Fourier series [10]. By considering a sound signal f(t), defined in the 
interval ( )0,Ω , its Fourier series is: 
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Each term ( ) ( ){ }2cos sin 2n nnta b nt+π Ω π Ω  has a fundamental period of 
Ω/n, and hence a frequency in time of n/Ω. Advanced techniques include per-
forming fast Fourier transform (FFT) analysis, a digital method to extract Fou-
rier spectrums and analyse the signals in time domain [10] [11]. In the time do-
main, the signal or function’s value is understood for all real numbers at various 
separate instances in the case of discrete-time or the case of continuous-time. It 
converts a time function into an integral of sine-waves of various frequencies or 
sum, each of which symbolizes a frequency component. The so-called spectrum 
of frequency components is the frequency-domain depiction of the signal.  
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The current work involves the study of sound box, by initially making a com-
puter aided design (CAD) and extracting the mode shapes using FEM to ascer-
tain resonance characteristics. Further, spectrum analysis is carried out in 
MATLAB to output the time domain plots of sound emitted by tuned strings to 
that of untuned ones. 

2. Methodology 
2.1. Design of Sound Box 

The CAD model of the guitar was designed in Solid Edge, a 3-D product design 
software. The dimensions of the guitar were as measured from Clayton DC41NT 
acoustic guitar (Figure 1). The top plate, side ribs, bottom plates and sound hole 
were modelled as per dimensions depicted in Figure 2. A flat-plate structure was 
chosen with 5 mm thickness. The individual components were assembled using 
face-to-face constrains to create a unibody structure similar to that of physical 
guitar construction (Figure 3). For the analysis work done in this paper, internal 
braces were neglected. 
 

 

Figure 1. Clayton MC39CNT acoustic guitar. 
 

 

Figure 2. Model dimension (mm) 
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Figure 3. Assembled parts of soundbox. 

2.2. Modal Analysis Simulation 

The vibration modes of guitar primarily denote the actual deformation of the 
top-plate and back-plate of a guitar body [12]. Hence, only the sound box was 
considered for the modal study. The free-free modal analysis was carried out in 
ABAQUS, a commercially available computer aided engineering (CAE) and fi-
nite element analysis (FEA) software. The CAD model of sound box was im-
ported and material properties was assigned. Rosewood is an orthotropic mate-
rial type in which the grain properties vary along the x, y and z directions unlike 
isotropic materials as in Figure 4. Viscoelasticity is a unique property of wood, 
that the mechanical behaviour is time dependent where at any time instance, its 
performance will be a function of its past load history [13]. The materials prop-
erties of rosewood were selected from previous literature [13], and are listed in 
Table 1. 

Boundary conditions where set as unconstrained to simulate the free-free 
modal analysis. Meshing was done using 2nd order 3-Dimensional stress Ele-
ment type: Tet and Hex, consisting of 15834 elements (Figure 5). Linear Pertur-
bation step was implemented in Abaqus and the frequency analysis was per-
formed. The outputs of mode shapes and eigen frequencies were extracted. 

2.3. Sound Wave Analysis 

The Fourier transform can be utilized as a tool for conducting frequency and 
power spectrum analysis of time-domain signals. Fourier transform is a mathe-
matical formula deriving the correlation between a signal sampled in time or 
space to the same signal sampled in frequency. In signal processing, the Fourier 
transform gives essential data about signal characteristics, importantly its fre-
quency components. The Fourier transform is defined for a vector x with n uni-
formly sampled points as: 

1
1

1 0
jk

j
n

k j xy ω−
+ = += ∑                        (5) 

where, 2e i nω − π=  is one of n complex roots of unity; i is the imaginary unit; x 
and y, the indices j and k range from 0 to n − 1.  

The fft function in MATLAB was used with a fast Fourier transform algorithm 
to compute the Fourier transform of guitar sound. Initially, the sound generated 
by the 6 strings E, A, D, G, B, and E where recorded by a microphone in isola-
tion, in an untuned state of the guitar. Then, the guitar strings were tuned with  
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Figure 4. Property variation due to Grains in wood. Mirianon F, Fortino S. and Toratti T, 
2008. A method to model wood by using ABAQUS finite element software. Helsinki: 
VTT Technical Research Centre of Finland.  
 

 

Figure 5. Cut section view of meshed sound box. 
 
Table 1. Material properties of wood assigned in Abaqus. Mirianon F, Fortino S. and 
Toratti T, 2008. A method to model wood by using ABAQUS finite element software. 
Helsinki: VTT technical research centre of Finland. 

Material: Rosewood 

Property Value 

Youngs Modulus (MPa) 

E1 = 900 

E2 = 500 

E3 = 12000 

Poisson’s Ratio 

N1 = 0.297 

N2 = 0.641 

N3 = 0.604 

Shear Modulus (MPa) 

G1 = 40 

G2 = 700 

G3 = 700 

Density (Kg/m3) 450 

 
MUSEDO T-40 digital tuner, and the clear sound produced were recorded again. 
These audio signals recorded were extracted into MATLAB in .wav file format 
for analysis. 
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The input audio file is resized to covert the sample size to a multiple of power 
of 2. This can make the transform computation significantly faster, particularly 
for sample sizes with large prime factors. Then, fft function is used to compute 
the Fourier transform using the new signal length. The power spectrums of sig-
nal were plotted to compare the fundamental frequencies and harmonics varia-
tion caused by tuning the strings. Also, the octave spectrum of the signal was 
plotted using the poctave function by specifying bands per octave (bpo). 

3. Results 
3.1. Modal Analysis 

The modal shapes (also termed Chladni pattern) of the sound box plates are 
given by the distribution of the significant nodal lines on the surface of the 
structure. The nodal line represents the points or the areas which remain in an 
equilibrated position during vibration [14]. During vibrations, each pattern of 
the strutting system, characteristically, has nodes and antinodes at various loca-
tions on the body of the guitar [15]. An eigen solution performed on the model 
by simulation using the finite element solver yielded the natural frequency and 
mode shapes of the guitar shown in Figure 6. 

The acoustic performance of the classical guitar is given by the interaction 
between the top, back and side plates and the enclosed air. Due to the geometri-
cal shape of the guitar and to the presence of the strutting system (in what num-
ber, pattern, material and dimensions are concerned), the inside volume of the 
air has an indefinable shape. Acoustically speaking, the irregular form presents 
numerous zones with a wide range of natural frequencies able to respond to 
forced vibrations as observed in the simulation. 

The red regions depict strongest vibrations, yellow indicating lower vibration 
intensity, followed by green with weaker and blue depicting no vibrations. The 
first natural vibration mode was observed at 80 Hz and vibration modes with  
 

 

Figure 6. Mode shapes and natural frequency of guitar sound box. 
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increasing of the frequency, become more complex and different from one 
structure to another. 

3.2. Sound Wave Analysis 

Inharmonicity of a nearly harmonic sound may be perceived in different ways, 
depending on the type and the amount of inharmonicity and the type of sound. 
In the guitar, however, the importance of inharmonicity to the quality of the 
sound has been unknown. According to current knowledge, small amounts of 
inharmonicity are perceived based on a timbral effect, not on segregating par-
tials or a pitch change. 

In order to modify the inharmonicity of a guitar sound, the frequencies of the 
partials have to be shifted without changing any other perceptual features of the 
signal. The fundamental frequencies of the tuned strings where obtained from 
FFT plot with parameters in Table 2. Frequency of first-string E was lowest with 
79 Hz, followed by A, D, G, B and e as seen in Figure 7. Thick strings with large 
diameters vibrate slower and have lower frequencies than thin ones. String e 
which evidently has the lowest cross-sectional diameter was observed to have 
highest frequency of 325 Hz as its first harmonic. The frequency of the other 
stings has been listed in Table 3. The most fundamental harmonic for a guitar 
string is the harmonic associated with a standing wave having only one antinode 
positioned between the two nodes on the end of the string. This would be the 
harmonic with the longest wavelength and the lowest frequency. A complete 
wave starts at the rest position, rises to a crest, returns to rest, drops to a trough, 
and finally returns to the rest position before starting its next cycle. In this con-
dition, there is only one-half of a wave within the length of the string. This is the 
case for the first harmonic or fundamental frequency of a guitar string. 
 
Table 2. FFT analysis parameters. 

Parameter Value 

Sampling Frequency 44,100 Hz 

Block Size 1024 

Averaging Instantaneous 

Amplitude Scaling Peak 

 
Table 3. Fundamental frequency of strings. 

String Frequency (Hz) 

E 79 

A 108 

D 140 

G 194 

B 242 

e 325 
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Figure 7. FFT plot of tuned strings. 
 

The frequency of the second harmonic is two times the frequency of the first 
harmonic as indicated in the FFT Spectrum of string B (Figure 9). Subsequently, 
when frequency is closely observed, they follow a trend where the frequency of 
the nth harmonic (where “n” represents the harmonic order of any of the har-
monics) is “n” times the frequency of the first harmonic.  

Nth Harmonic Frequency = (Fundamental Frequency) * Nth harmonic (6) 

It also means that the thin string will sound one octave above the thicker one. 
This was noted and recorded in the 1/3th octave plot seen in Figure 8. The spec-
trum distribution of string “B” is taken separately and represented for a better un-
derstanding (Figure 9). Its first harmonic or Fundamental frequency was observed 
at 242 Hz, second harmonic at 484 Hz, third at 726 Hz and so on. This follows the 
trend mentioned in Equation (6). 

For further study the modification of the frequencies was done to analyse in-
harmonicity. Each partial of the given recording was analysed in the zoomed 
frequency domain, tuning the fundamental frequency and the inharmonicity 
factor so that the main spectral peak of the partial remains in the middle of the 
zoomed band. Then mapping the partial goes back to the original frequency 
domain by moving the modal frequency to a new desired frequency. This was 
repeated for each partial and the resynthesized partial components were recorded.  

 

 

Figure 8. 1/3 octave bands of tuned strings. 
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Figure 9. FFT spectrum of tuned “B” strings. 
 

 

Figure 10. FFT spectrum of untuned (in-harmonic) “B” strings. 
 

Resynthesizing the partials also at the original frequencies and subtracting this 
from the original signal resulted in a residual signal. Resynthesizing the new 
modified version from the frequency shifted partials and the residual for a new 
inharmonicity. Figure 10 depicts an example of plucked string spectra of “B” 
string for the original in-harmonic recorded sound and the resynthesized har-
monic version of it. 

4. Conclusion 

The finite-element and the modal analysis methods have been applied to the 
resonance box of a guitar with the purpose of analysing its vibrational behaviour. 
In this way, mode evolution can be tracked, establishing the influence of each 
component on the final box. Also, Fourier spectra approaches to time and fre-
quency analysis is done. Fourier spectra identify spectral peaks within entire 
musical signals, while spectrograms and scalograms provide two different ways 
of capturing the time-frequency content of a musical signal. Some basic applica-
tions to music were also discussed. Further, the perceptibility of inharmonicity 
in the acoustic guitar was studied in string “B” guitar tones whose inharmonicity 
could be accurately controlled. However, perception seemed to be strongest at 
the very beginning of the sound and was interfered by the presence of the 
plucking transient. This is understandable because the most inharmonic higher 
partials decay fast in string instrument tones and become easily masked by the 
plucking transient. Further research could be carried on the different approaches 
to frequency analysis involving spectrograms and scalograms. 
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