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Abstract: Wood is a natural composite, having a porous structure, with a complex elastic symmetry
specific to orthotropic solid, influenced by three mutually perpendicular planes of elastic symmetry.
The classical guitar is obtained from different wooden species, each of them having their own elastic
properties and, as a whole, forming a lignocellulosic composite structure. Generally, some constructive
parts of the classical guitar body are based on symmetry, starting from the structural features of
wooden plates, which are symmetrically cut, and some patterns of the stiffening bars. The other
elements, such as the strings system, are not symmetric. This study aims to evaluate the frequency
responses of the guitar body as a symmetrical mechanical system from constructive points of view.
Because theoretical results (analytic and numeric) regarding the symmetrical systems cannot be
applied to quasi-symmetric systems, the dynamic response was analyzed from experiments performed
on four types of classical guitar body (without neck), different from each other by the pattern of
stiffening bars placed inside of the top plate. The experiments were performed using a Briiel&Kjeer
mini-shaker to excite the structure, and the signal was captured with accelerometers. The symmetric
behavior of coupled plates from the guitar body was noticed in the case of an applied dynamic force
of 110 Hz and 440 Hz, but in the case of 146 Hz, 588 Hz, 720 Hz, quasi skew symmetrical modes
were recorded.

Keywords: lignocelluloses composite; dynamic behavior; guitar body; computation of symmetric
system; amplitude spectra; Fast Fourier Transform

1. Introduction

The frequency response of the lignocelluloses plates with different structural and material
characteristics offers useful information about the way in which the frequency of the excitation force
overlaps with the plate’s normal frequency. The modal shapes show the elastically behavior of the
plate, respectively, the areas in which are formed the node and the amplitude loops for different
vibration modes. One of the most important characteristics of the stringed instruments is the possibility
of resonating at excitation frequency of the strings. On this line, the amplification box made up of
the ligno-cellulose plates takes over this function, being the reason of the necessity of analyzing the
frequency response of the plates with FEM. The resonating domain of the plates takes shape between
the bridge (the force’s application point) and the sound hole. The musical instruments with strings,
such as the guitar, represent a complex mechanical structure that has seen numerous improvements
over time, especially in case of bracing patterns of the soundboard, which has a significant effect on its
mode shapes [1]. The application of different strutting (bracing) systems on the soundboard of the
guitar aim to improve the vibrating capacity of the guitar, while maintaining its structural integrity
under the tension of the strings during playing. Several studies have analyzed how different bracing
patterns change the modal properties of the top plate using Chladni’s method, through numerical or
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experimental methods [2,3]. Very few scientific studies have been performed to explain the effect of
bracing patterns in producing specific modal patterns [1-3].

In the computation mechanics of the classical guitar, the couplings between the various parts of
the guitar are treated like a mass-spring system, so each bracing pattern adds its own additional mass to
the soundboard of the guitar, which leads to changes in the eigenvalues of the guitar body [4,5]. On the
other hand, Jansson [6-8] noticed that the bracing systems play an important role concerning the
thickness modulation of top plates, with the effect of a fine adjustment on guitar tone. The connection
between science and luthiers is assured by theoretical and experimental researches made on different
types of guitars, in different stages of guitar construction [4,5]. Thus, regarding the dynamic behavior of
the guitar body, many researchers studied the modal analysis and vibration behavior of classical guitar
both experimentally and with FEM (Finite Element Method). Some of them, like [8-10], performed the
modal analysis, and the vibration behavior on the classical guitar in its different construction stages
using FEM, highlighting the symmetrical and antisymmetric modes of coupled plates of the guitar
body. Others [11-14] tried, using numerical simulation and experimental methods, to establish the
influence of the individual components, monitoring the quantitative and qualitative contributions
on the dynamic response of the guitar body. The authors of [15] researched the influence of the
Russian strutting system on the dynamic behavior of the plates and managed to improve the quality
of the sound of the guitar according to the design and the dimensions of the fan bracing. For [14],
the simulation coupling between the inner fluid and the structure represented one of the theoretical
studies. The authors of [16] focused on the modeling of the different types of classical guitar
manufactured in their country, and on analyzing the dynamic behavior of the plates as free structures
and as parts of the guitar body. The authors of [17] conducted acoustical measurements on guitars and
identified the essential difference between a bad and good timbre of a guitar tone. Thus, the sounds of
a good guitar are characterized by a longer duration of tones and the flexibility of the acoustic emission
between quiet or loud tones, in comparison with a bad guitar, which presents poor dynamic capability,
frequently buzz tone, wolf tone in case of high tone. The authors of [18-20] brought the physical
sounds of the instruments from a musicological point of view into focus. He approached the difference
between continuum and discrete mechanics, elaborating an interesting theory about the impedance of
second-order to solve the problem of overtones. The fact that the guitar is a complex acoustical system
is proven by the numerous studies, which have been focusing on how the structural elements of the
guitar influence the vibrations and, automatically, the tone and the tonal quality of the guitar [21-25].
Therefore, it will certainly help the design process if the symmetry approach ends up reducing the
complexity of the vibration analysis. Even though there are many studies on the body of the guitar,
the approaches regarding the symmetrical behavior of the body of the guitar, the relations between the
symmetry of the construction and the responses of the guitar to the forced vibrations are insufficient,
or not at all addressed. The challenge of interdisciplinary researchers is to find a better approach in
the design and construction of classical guitar in correlation with the development of mathematical
models of dynamic and acoustic behavior [4,5,26]. Under this challenge, the paper aims to establish
the structural differences reflected on the dynamical behavior of guitar bodies with different bracing
systems, both through analytical, numerical and experimental investigation. The novelty of the paper
consists of the applied mathematical problem of forced vibration, starting from the hypothesis that the
guitar body is a symmetrical mechanical structure, and the correlation of mathematical models with
numerical and experimental ones. For musical instruments makers, this research is useful to choose
the proper type of guitar, in accordance with the musical style of players (musicians), and to develop
new bracing patterns of guitars, with minimum consumption of wood materials.

2. The Mathematical Model of the Guitar as a Symmetrical System

It is known that different mathematical solutions are based on symmetry hypotheses to solve the
static and dynamical problems of engineering structures, such as civil engineering, mechanical and
biomechanical systems, acoustic bodies or even medical structures. In the last decades, such systems



Symmetry 2020, 12, 795 30f 22

were analyzed by researchers. When considering mechanical systems with symmetries, the main
challenge of researches in the field of structural mechanics and vibrations is to solve the mathematical
problems of symmetrical systems with different asymmetric loading [27-29]. Generally, designing such
a mechanical system with structural symmetries is easier and cheaper to do, but aesthetic reasons
also play an important role in the design process [30]. A study of a system having two identical
parts is a particular case in this field of study. Interesting free vibration properties of this case are
presented in the literature [29,31]. The eigenmodes can be classified into two classes: symmetrical and
skew-symmetrical eigenmodes. The properties of the symmetric systems were less used in the field of
applied mechanics, but some papers study applications in the field [32-34].

If we consider the longitudinal axis, it is easy to identify a symmetry plane on in the geometric
model (without the strings) of a classical guitar body; therefore, the guitar can be included as part of
symmetrical systems, and the properties determined for other symmetrical systems can be applied to
it (Figure 1). Some results which presented the properties of the eigenfrequencies and eigenmode of
guitar plate’s vibration can be found in a previous study [32,35]. These properties help us ease the
calculation and increase its accuracy in such problems. The symmetrical shape of a guitar induces
vibration properties that determine the specific tone quality of this instrument. The classical guitar
body, without strings, has a plane of symmetry, the one that passes through the means of the two plates
of the guitar box, and a plane of quasi-symmetry, the one that separates the lower part from the upper
part of the guitar. Properties of the resonant frequencies of a guitar have been presented in previous
papers [36-38]. Depending on the frequencies and the size of the vibrating surface of the guitar body’s
eigenmodes, the sounds produced by the strings are amplified more or less. Additionally, the damping
velocity of the forced vibrations produced by the strings depends on the dynamic behavior of the
guitar body. Thus, there is a close connection between the parts of the guitar as a mechanical structure
that ensures the propagation of vibrations from the strings (the excitation system) to the guitar body.
From a dynamic point of view, the guitar body behaves like a Helmholz resonator [39-41].
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Figure 1. The structural symmetry of guitar body, without strings systems—case of seven fan
bracing systems.

It was noticed that a basic condition of the resonance boxes of the guitar is that of not being
selective, respectively, of not favoring some sounds. In addition to that, the damping must have a
high value. The sounds’ non-selectivity can be obtained through complex geometrical shapes of the
resonance box (as it is the case for the guitar’s shape). This phenomenon is explained through the
theory of division for irregular air volume contained by the box into a sum of numerous small simple
volumes with a normal resonance frequency [42,43]. The combination of these small volumes, and their
capacity to resonate, offers the conditions of amplification of all the sounds emitted by the string and,
ideally, offers the conditions of even amplification. The properties of a symmetrical mechanical system
in the case of forced vibrations are presented in this paper. A quasi-symmetrical system behaves very
close to a symmetrical system. Theoretical results regarding symmetrical systems cannot be applied to
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quasi-symmetric systems, but the fact that the properties are very close is shown experimentally for
this instrument. The guitar has a plane of symmetry, the one that passes through the means of the two
plates of the guitar box, and a plane of quasi-symmetry, the one that separates the lower part from the
upper part of the guitar.

For mathematical modeling, the guitar body is considered as consisting of two identical parts.
In this case, if a finite element model is used to study the vibrations of this instrument and the
equations of motion are obtained in the form [28,31,44]:

M o o |(ful) [K] o [K]]( ful
o M] o | lu}it+] O K] K] tx) =0 )
O O [My] :xw} [KC]T [KC]T [Ka) o)
where the symmetry of the system is highlighted in the structure of the equations. Some notations are
made:
[ 6] ) ) [Ke] ) [Kc] {xl} jél
M=| 0 M] O [[K=| O K] [K] =2t} =2 1{a}¢ @
O 0 [M] K" (K] Ko e (o)

In Equation (2), the vector {x} contains the independent coordinates of the first (left) subsystem,
the independent coordinates of the second (right) subsystem and the other independent coordinates
of the system. If we consider the vibrating system as a whole, the equations of the free undamped
vibrations in Equation (1) can be written in compact form:

IM){E} + [K){x) = 0 3)

where {x} represents the total vector of independent coordinates, [M] being the matrix of inertia and
[K] being the stiffness matrix.

As we said, we consider the guitar consisting of two identical parts. For half the body of the
guitar, the equations of the free vibrations are:

[ME]{ke} + [Kelfxe} = 0 4)

In some previous papers [45-48] the following property, which describes the symmetrical systems,
has been established:

Theorem T1. The eigenvalues for the system (4) are also eigenvalues for the system (1). In our case, it means
that the solutions of polynomial equations:

det([K.] - 0*[M]) =0 (or |K, - &*M,| =0) (5)
are also polynomial solutions:
Ke O KC Me 0 0
det]] 0 K. K. |-w?l 0 M, 0 [[=0 (6)
KI' kI K, 0 0 My
S0, we can write:
K. — w*M, 0 K,
0 K, — w’M, K. =0 @)

KT KT K, — w?My,

C C
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It denotes that:
[P(?)] = [K] - ?[M]

[[Pg((a)Z))]} Kg] w?[M,]

w? w?[My)

A= det[P(wZ)} ®
A, = det[Po(w?)]
v = [Pe?)

The characteristic equation for the whole system (6) can be written:

A = P(a?) = det([K] - &*[M] ©)

We will consider 1a)12 , 1 =1,n1 being the natural frequencies of a half part of the guitar and

a)f , 1 =1,2n1 + n being the natural frequencies of the whole system (n; is the dimension of one
single part, n is the total dimension of the system).

This property is a particular case of Proposition 1 demonstrated in [48] described below.

Proposition 1:
If we consider the square polynomial matrices with complex coefficients, of size n, noted A, B, C, L, Z=On

A Z B
and matrix M =| Z A B |then det (M) is dividable by det(A). In the case of our symmetrical system,
L L C
using the notation (8) we have:
A Z B [P(«?)] 0 K]
M=|2Z A B |= 0 [P(w?)] K] (10)
L L C (K" KT [Po(e?)]

The theorem T1 implies some interesting properties of the natural modes of vibration. To obtain
the natural modes of vibration it means to solve the linear homogenous system:

Pe?)] 0 KD (e
0 [Pe(?)] K] (@) + =0, i=1n (11)

[KC]T [KC]T [Pw<0)12)] {wa} i

The following 2 theorems are valid (12) and (13) [48-50]:

Theorem T2. The system (11) has, for a)iz =1 a)lz solutions such as (skew-symmetrical eigenmodes):

{Dy}
_{q)l} 7 i= 1/ ni (]-2)
0

Theorem T3. The system (11) has, for wl.z #1 wf(i = ny +1,2ny 4 ny), solutions such as (symmetrical
eigenmodes):
{P1}
(P} (13)
{Pw}

i
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Forced Vibrations in Systems with Symmetries

We assume that the two identical subsystems are excited in the same way. The vector of the forces
acting on the system has the form:

T
(QF = [1Q" Q)" {Qu)] (14)
where partitioning was done according to the three subsystems. The motion of the non-damped excited
system is given by Equation (7).
If [®] is the modal matrix and {®}; {®}, ...{®}, are the modes of vibrations for the system:

[@] = [{®} (@) ... {@},)] (15)

{0} = [®{g} (16)

We define:

M) = [@) [M][®], i=Tn (17)

with nonzero diagonal elements are M} = (@) [M]{D);:

[Ke] = [@]"[K|[®], i=Tn (18)

with nonzero diagonal elements: k; = {<I>}1-T[K]{<I>}i and:

O+ =[@"1Q}, i=1n (19)

where: Q7 = {q)}iT{Q}. The coupled differential equations describing the vibration response of the system

(3) will be decoupled into n second-order uncoupled differential equations with constant coefficients:
M)+ [Kolfa) = Q) (20)

or:

Mg, +kigi=Q; i=1n 1)
If we divide with Ml* and if we consider that: wlz = k: / M’lf, we have:

*
1

M:(-

i

g; + wlg; = ji=1Ln (22)

We get the following result:

Theorem T4. The system (21) has, for a)iz =1 a)?, the homogeneous system solution (excitation does not
influence the movement of the system).

Proof: Let us consider that in the modal matrix the first n; vectors correspond to eigenfrequencies

2 = cul.z. Then:

w? =
1

T

[@)1Q) = [1e1)" — (@17 10" | 1Q =0 (23)

(the mode of vibration is orthogonal to the excitation). The system becomes:

é-—f—la).zq':o i=1,m
{ tatg =9 (24)

éi‘f‘w%%:% i=m+1Ln
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and the solution of the forced vibration becomes:

0
0
: n+1
10} = [®){q) = [(®@}1 (@) ... (@l (Phyyi1 - APL[T 0§ =[(@hyysr. - ADL]} (25)
qnl +1 qi’l
In

We also have the following property:

Theorem T5. The amplitudes of the vibrations of the forced particular solutions have, for each harmonic,
the form:
01p
{o,) =1 04, (26)
O

(the excitation symmetry is kept in the response’s symmetry).

Proof:
For a harmonic p where the excitation is {Qp}, the amplitude of the forced vibrations is given by:

(1K1 - (MI){6,} = {Qy) (27)
or:
Pe)] 0 K] e Qi -
0 [Pw)] K] |} 6 p =1 Qo i=mtLn (28)
K" KT [P(@?)] N} ) Qro
or, in other words:
[Pe(w?)]{0n); + KO} = (M1} (29)
[Pe(@?) {0} + [K){Ow)i = (M) (30)
K] (01 + [K) (0, + [Po(@?) |00} = {Mi) (31)

From here it results that Equations (29) and (30) have the same solution. The property is also
preserved for damped vibrations with proportional damping and, generally, if the damping matrix can
be decomposed in Caughey form.

3. Finite Element Analysis (FEA) of the Resonance Body of the Guitar

3.1. Geometrical and Structural Models

In the first step, the modeling and the dynamic analysis of the three types of guitar body from the
bracing system’s point of view were performed, aiming to determine the frequency response of these
structures at the periodic load of a unitary concentrated harmonic force with a frequency in the range
of 20-1000 Hz. The numerical models consist of: a guitar body without the bracing system, just three
transversal bars (coded C3BT), as can be noticed in Figure 2a; a guitar body with a three fans bracing
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system and two transversal bars (coded C3BR2T), as can be seen in Figure 2b; a guitar body with five
fan bars system and two transversal bars (coded C5BR2T), as shown in Figure 2c. The geometrical
sizes and materials properties of all models are the same, and they can be seen in Table 1.

(a) (b) (©)

Figure 2. Different types of guitar bodies: (a) C3BT—without fan bracing system and three transversal
bars; (b) C3BR2T—with three radial (fan) bars and two transversal bars; (¢) C5BR2T—with five radial
(fan) bars and two transversal bars.

Table 1. Physical and Mechanical properties of wood plates from the guitar body.

Physical and Mechanical Properties of Wood Top Plate Spruce Backplate/Sides Maple

Density (kg/m®) 420 685
Length of guitar body (mm) 480 480
Width of guitar body (mm) 380 380
Height of guitar body (mm) 100 100
Thickness of plate (mm) 25 2.5
EL 14,128 11,000
Young’'s moduli (MPa) Er 8310 6471
Et 1441 1122
GRT 5730 1200
Shear moduli (MPa) GrT 1975 414
GLR 1273 267
VLR 0.45 0.44
VRL 0.03 0.09
. . VLT 0.54 0.48
Poisson ratio viL 0.019 0.036
VRT 0.56 0.78
VTR 0.3 0.38

The values for spruce (used for the top plate) and maple (used for backplate and sides) are selected
starting from values of Young’s moduli E and shear moduli G from references [51,52], and applying
the ratio between the directions L:R:T account for 9.8:1.7:1 for MOEs and of the shear moduli in the
shearing planes LT:LR:RT for 4.5:2.9:1 in accordance with [52]. The anisotropy depends on the internal
structure of the material and perceived as the variation in material response with the direction of the
applied stress. The complex elastic symmetry of orthotropic solid lies when constants are influenced by
three mutually perpendicular planes of elastic symmetry. The number of constants for various types
of anisotropic materials is 21 for monoclinic materials, 13 for triclinic materials, nine for orthotropic
materials, five for hexagonal or transversely isotropic materials and two for isotropic materials [51].
In the construction of stringed musical instruments, such as the guitar, the wood for the top plate is
compulsorarily cut in a longitudinal-radial direction (Figure 3a,b). The regularity and the same sizes
of the annual rings— with the zone of early wood and late wood— assure the sound transmission in
the wood at maximum velocity. For the back plate, the maple wood (in the studied cases) is also cut in
radial direction, in order to emphasize the grain of wood, which tends to be a flamed or curly figure
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(Figure 3c). Due to the small thickness of guitar plate (2.5 mm) reported to the length (480 mm) and
witdh (380 mm), the anisotropic features of wood can be neglected.

x(L)

z(R)

UM
(a) (c)

Figure 3. The section of wood used in guitar construction: (a) the main orthogonal section (R—radial,

T—tangential, L—longitudinal); (b) resonance spruce wood (Picea Abies L) for the top plate of the
guitar, cut in the longitudinal-radial direction; (c) curly maple (Acer Pseudoplatanus) for the back plate
of the guitar, cut in the longitudinal-radial direction.

3.2. Discretization of Models and Loading

The models were meshed with QUADA4 shell finite elements, the number of degrees of freedom
on the element node being 6. For all the nodes on the contour, all the degrees of freedom were fixed.
Modeling and simulation were done using the Patran Nastran 2004 package as also were presented
in previous work [53]. The unitary harmonic force (F=1N) was applied in the nodes in the bridge
area (the area where the vibration from the strings is actually transmitted to the acoustic plate and the
soundbox), respectively in node P1, according to Figure 4a—c. The dynamic response of each structure
was analyzed at the points on the front plate, back and sides (ribs) of the guitar body as shown in
Figure 4d—f. Being a symmetrical structure, the analysis was performed on half the body of the guitar,
as can be seen in Figure 5.

(b)

(d) (e) #

Figure 4. The placement of the analyzed nodes: (a) C3BT; (b) C3BR2T; (c) C5BR2T; (d) the measured
points of dynamic response on the soundboard of the guitar body; (e) the measured points of dynamic
response on the backplate of guitar body; (f) the measured points of dynamic response on ribs of the
guitar body.
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Figure 5. The Finite Element Analysis (FEA) model for half the body of the guitar.

3.3. FEA Results and Discussion

From the analysis of the frequency response of the points on the C3BT guitar body (regardless of
how the ribs are deposited), it was found that the first resonance frequency of the frontal plate of the
box is between 200 and 220 Hz, depending on the ribbing system of the plate; the second resonant
frequency is 300 Hz; The maximum amplitude is obtained in the neighboring points (P3) of the force
application point (P1) and the area between the impedance point and the acoustic hole. The frequencies
in the range of 0-700 Hz are shown in Figure 6a. The amplitude of the vibration decreases both along
the length and along the width of the axis of the box (Figure 6b). The vibration amplitudes of the back
of the acoustic box are approximately four times lower than that of the soundboard (Figure 7).

057 Am 05 T

04
T P1 it
£ E
& £
5 0.3 o 03
e ©
g 3
= =
_g 0.2 Z02
< A 5

0.1 72, ps 0.1

P4
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 6. The variation of amplitudes in the analyzed points on the front plate of the acoustic box,
according to the excitation frequency: (a) along the axis of the structure; (b) transversally on the axis.

0.08
0.07
_0.06 T
go.os E
gom : g
£0.03 g
<

<
0.02 +

0.01

S 0 100 200 300 400 500
Frequency [Hz]
Frequency [Hz]
(a) (b)

Figure 7. The variation of vibration amplitudes for the back of the acoustic box: (a) along the axis of
the structure; (b) comparison with the top plate.

The analyzed nodes on the plates of the guitar body responded differently to force vibrations, in
accordance with its position related to force point application (Figure 8). The maximum amplitude for
the top plate corresponds to a frequency of 300 Hz (obtained in the point P3), while the one for the
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backplate corresponds to 280 Hz (found in P1). For the sides, a maximum frequency of 200 Hz could
be found in the points P1 and P4.

0.1

0.08 + 280 200

620
0.06

0.04 + 22

Amplitude [mm]

0.02 +

P1 P2

280

O Top O Back B Sides

Measured point

Figure 8. The resonance frequencies of the coupled plates of the guitar body.

Concerning the comparison of dynamic responses of guitar bodies with different bracing systems,
it can be noticed that the major differences are obtained for the guitar body without fan bracing systems
(designation C3BT) (Figure 9). Comparing the two models of guitar bodies with three (C3BR2T) and
five fan bars (C5BR2T), it can be observed that both have the similar amplitude spectra in near of load
points (Figure 9a—f), but, with increasing the distance between the loading application point and the
measured point on the soundboard, the guitar body with five radial bars (C5BR2T) recorded higher
amplitudes than a guitar with three radial bars (C3BR2T) (Figure 9g,h). As can be seen the amplitude
spectra in Figure 9 and in the resonance frequency for each analyzed structure in Table 2, the bracing
caused higher and more resonant frequencies. The authors of [3] remarked that the bracing results in
good sound from top boards in the high-frequency range.
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n
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Figure 9. Cont.
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0.010 0.030
Node P5 - soundboard —--C3BT Node P5 - back plate A --C3BT
1 —C3BR2T 0.020 ==C3BR2T
0.005 A
—_ — 0.010 + f A AT
£ 3 S 9 A H
£ £ | [b  [AMeo”
o 0.000 ¢ 2 0.000 ¢ R i ey B B ]
g g i I U
H 3 -0.010
13 £
£ -0.005 < U
-0.020
-0.010 -0.030
0 220 440 660 880 0 220 440 660 880
Frequency [Hz] Frequency [Hz]
(e) (f)
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Figure 9. Comparison of dynamic responses of different guitar bodies: (a) the captured vibration of
node P1, the same point of applied force, in the case of the soundboard; (b) the captured vibration of
node P1, in the case of the backplates; (c) the captured vibration of node P2, the near point of P1, in the
case of the soundboard; (d) the captured vibration of node P1, in the case of the backplates; (e) the
captured vibration of node P5, the point near the soundhole, in the case of the soundboard; (f) the
captured vibration of node P5, in the case of the backplates; (g) the captured vibration of node P6,
in the case of the soundboard; (h) the captured vibration of node P6, in the case of the backplates.

Table 2. Resonance frequencies (in Hz).

Type of Guitar Body Frequency [Hz] at Maximum Amplitudes
C3BT 200/220 320/340 600
C3BR2T 240 280 400
C5BR2T 200 300 400 620 780

Connecting the FEA results with mathematical models, the symmetric and skew-symmetric
responses are obtained for all types of the guitar body. On these principles [26], deliberate create
asymmetric modes to maximizes acoustic radiation, observing that some eigenmodes cannot radiate
due to their symmetric shapes. As an effect of fixing the faces of the soundbox, the standing waves
appear by overlapping the direct waves over the reflected ones. These generate higher harmonics.
The dynamics of the guitar body differs from that of the individually analyzed plates presented in
previous papers [34,36,37]. This is due to the new bordering conditions created by attaching the sides
to the top and back plates, as well as due to the aerodynamic phenomena inside the cavity that leads
to delaying the transmission of vibration from the top plate to the backplate and to the sides [17,39].
The modeling of the guitar body approximates the simulation of vibrations with the real phenomenon.
The FEM analysis was performed to make a comparison with the experimentally obtained values.

4. The Experimental Analysis to Forced Vibrations

Experimental Set-Up

The experimental method consists in fixing the impedance head of the vibration generator on
the structure (body of the guitar)—the B&K mini-shaker provided with a force transducer (Figure 10).
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The exciter was located in the bridge area, according to studies in the literature [36-38]. The vibrating
mass puts the structure under harmonic vibrations through the signal generator and the amplifier.
The input size (of the excitation force) was measured with the force transducer, and the output signals
were captured with the B&K accelerometers 4517-002. In order to capture the input and output signals,
in the first stage of the experimental research, a DAQ type acquisition plate was used, and then the
Pulse 12 platform was attached to the data processing software, thus replacing part of the installation
components, such as the conditioner, the acquisition plate and the program for visualization and
basic data processing. In order to determine the vibrational shapes, the plates were coated with a
thin, uniform layer of sand with granulation of 100-150 microns. The resulting Chladni figures were
captured using a digital camera. From the preliminary investigations, it was found that it is difficult to
excite the plate with sufficient amplitude to identify all the modes of vibration, as well as the existence
of a variation of the response of the structures at different frequencies. For this purpose, tests were
carried out on all types of structures in order to establish the corresponding input parameters of
the system. Subsequently, in all experimental determinations, the same input data for the excitation
frequency signal amplification, voltage and amperage were used (Table 3).

PULSE 12

3

r

Figure 10. The experimental set-up: 1—frequency generator; 2—B&K mini-shaker; 3—force transmitter;
4—supports; 5—guitar box; 6—accelerometers; 7—the Pulse 12 platform; 8—computer for data
visualization and processing.

Table 3. The values of the input parameters of the system.

Excitation frequency [Hz] 110 146 196 246 329 413 440 588 720 980
Voltage of signal amplification [V] 8 18 12 12 12 15 21 35 31 15
Amperage [A] 05 05 03 03 03 03 04 07 07 03

In the experimental study, four classical guitar bodies were analyzed: type C3BT; C5BR2T and an
additional guitar body with seven radial bars (coded C7BR2T) and a guitar body with three radial bars
and two disposed of in V, coded C3BR2V. In order to compare the vibration modes and determine how
the bar system influences the structure’s response, the structures were excited at the same frequencies,
under the same laboratory conditions. In the technological process of producing the manufactured
guitars, various bar systems are used, depending on the type, size and quality of the guitar in which
they are integrated. The number of scientific studies on how the stiffening system influences the
acoustic quality of the guitar is relatively low [16,26,40,53], and the studies are generally not exhaustive,
given the interaction of the many factors that contribute to the acoustic quality of the guitar. Moreover,
the approaches aim to analyze aspects of the particular bar systems. Numerous and various forms
and modes of vibration were obtained, of which the most significant were selected and presented in
Table 4. The configuration of the resulting vibration modes on the plates with different ribs shows both
similarities and differences.
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Table 4. The symmetrical and skew-symmetric modes related to strutting systems of the guitar body.

Types of Strutting
System

C3BT C3BR2T C5BR2T C7BR2T C3BR2V

110 Hz
Symm

146 Hz
Quasi Skew
Symm

196 Hz
Symm.

246 Hz
Symm.

329 Hz
Skew
Symm.

440 Hz
Skew
Symm.

588 Hz
Quasi Skew
Symm

720 Hz
Quasi Skew

Symm.

5. Discussion

At relatively low frequencies (between 110-246 Hz) the behavior of the plate structures—guitar
body is similar, regardless of the bar system used, obtaining symmetric modes. The influence that
the bar system exerts on the dynamic response of guitar bodies is observed at higher frequencies,
through two aspects: the formation of particular modes of vibrations, which are not found in the other
structures; the sequence of vibration modes that differ from one structure to another. During vibrations,
each pattern of strutting system characteristically has nodes and antinodes at various locations on
the body of the guitar. The largest differences occur between the guitar body with three stiffening
cross-bars (C3BT) and the other types of structures. Additionally, the dynamic response, in terms
of Chladni patterns for C5BR2T, C7BR2T structures, differs from C3BR2T and C3BR2V structures
in the case of a frequency of 146 Hz. For a frequency of 246 Hz, 588 Hz and 720 Hz, as can be
observed in Table 4, quasi skew-symmetric modes with different nodal lines are in all types of the guitar



Symmetry 2020, 12, 795 15 of 22

body. Additionally, skew-symmetric modes are obtained for a loading frequency of 329 Hz, 413 Hz
and 440 Hz. All studied guitar bodies respond harmonically (Figure 11a—d). At low frequencies,
for example, 110 Hz, the front and back plates vibrate in phase with amplitudes close in value for
all cases of bar systems (Figure 11). At the same input parameters (voltage and amperage, excitation
frequency, contour conditions), the plates of the bodies with different bar systems respond with
different amplitudes (Figure 11). Thus, at the frequency of 146 Hz, the plates of the bodies with five
resonance bars (in the variants C5SBR2T and C3BR2V) have the largest amplitudes, compared to the
other analyzed structures. The C5BR2T and C3BR2V guitar bodies show a complex vibration mode
resulting from the addition of the fundamental frequency with its first two harmonics. The response of
the backplates in all cases considered is also a complex vibration. As the frequencies increase between
the top and backplate of the guitar body, vibration shifts occur. At the frequency of 146 Hz, it can be
seen the influence of the stiffening systems for the front plates on the dynamic behavior of the whole
body (Figure 12a—e).

Thus, the vibration amplitudes of the plates differ in the five analyzed cases, the largest being
recorded for the box with five radial bars. Except in the case of structure C3BR2V, in all the others
it is found that the top and back plates vibrate in anti-phase. At the frequency of 146 Hz, due to the
anti-phase motion, the sides vibrate with small amplitudes—the extinction of the air volume takes
place in the z-direction (Figure 12). At the frequency of 246 Hz, a phase shift of the top and back plates
is observed, depending on their degree of stiffness. Thus, if, at the frequency of 110 Hz (Figure 11),
the plates of all the guitar bodies vibrate in phase, with the increase of frequency, these phenomena of
"breathing" of the air inside the box became different, due to the internal geometry of the box and the
stiffness of plates. The plates of the box with three radial bars and two oblique bars vibrate in phase at
the frequency of 246 Hz and in the other cases, there is a phase gap between the plates. At 440 Hz,
the dynamic behavior of the plates with different stiffening structures is similar for the C3BR2T,
C3BR2V and C5BR2T—the top and back plates of the guitar body vibrating in phase, as opposed to the
guitar body C7BR2T, which show a slight phase gap between the two plates (Figure 13).
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Figure 11. Comparisons regarding the dynamic response in the time domain of guitar bodies with
different bar systems, for frequency of 110 Hz: (a) body type C3BT; (b) guitar body type C3BR2T;
(c) guitar body type C5BR2T; (d) body type C7BR2T; (e) body type 3BR2V.

0,2-— Signal of force transducer f=146 Hz 0.2- y
Top plate C3BT »*|——Signal of force transducer =146 Hz
— Back plate Top plate C3BR2V
) Eclise Back plate
= —— Sides
E; —_—
g T | £
2 H i oy ‘ P, it \‘“”[ il l‘\‘ o “‘H m‘f “l ;.
S, 0,0 —Tamitinm el i i R i d 4 Dy
@ e o |] m | S 004
k-] z
2 £
= 5,
=%
3 3
< =
-
E
<
-0,2 T T )
0,02 0,04 0.2 . .
Time [s] 0,00 0,02 0,04
Time [s
(a) [s]

(b)

Figure 12. Cont.



Symmetry 2020, 12, 795 17 of 22

_— Signal of force transducer =146 Hz 024 Signal of force transducer f=146 Hz
Top plate C5BR2T Top plate C7BR2T
B_ack plate Back plate
Sides —— Sides

“‘M“ M MN i) m I HIH ,Iu

|
'”W i 1

Amplitude [arbitrary units]
Amplitude [arbitrary units]

-0,15 T ] -0,2 T ]
0,00 0,02 0,04 0,00 0,02 0,04
Time [s] Time [s]
() (d)
0,2 ,— Signal of force transducer =146 Hz
Top plate C3BR2V
— Back plate
2 |——Sides
c ]
H
=
£
o
=
A
(5}
°
=
=
£
<
-0!2 T 1
0,00 0,02 0,04
Time [s]
(e)

Figure 12. Comparisons regarding the dynamic response in the time domain of guitar bodies with
different bar systems, for frequency of 146 Hz: (a) body type C3BT; (b) guitar body type C3BR2T;
(c) guitar body type C5BR2T; (d) body type C7BR2T; (e) body type 3BR2V.

There are differences in the response of the guitar coupled plates in terms of the amplitude and
complexity of the vibrations. The symmetric and antisymmetric modes were noticed by Huber et al. [42],
which applied the non-contact method to measure the modal analysis and dynamic response of classical
guitar. So, [42] noticed that around frequency of 205 Hz, symmetric deflection of modal shape was
captured by the ultrasonic method since antisymmetric modes were captured around 232 Hz and
685 Hz. Each of these bracing systems is a carrier of inertia (mass acceleration), influencing the
equilibrium state (stresses and deformation) and the vibrational surface with effect on the acoustic
radiation of the guitar. By including these characteristics, a rigid model is transformed into a nonlinear
system that can be subjected to something more than a modal analysis, as was noticed by [24].
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Figure 13. Comparisons regarding the dynamic response in the time domain of guitar bodies with
different bar systems, for a frequency of 440 Hz: (a) body type C3BT; (b) guitar body type C3BR2T;
(c) guitar body type C5BR2T; (d) body type C7BR2T; (e) body type 3BR2V.

In Figure 14, the Fast Fourier Transform (FFT) analyses are presented for each type of studied
structures, in case of applied force of 440 Hz. It can be noticed that, in case of the guitar bodies C5BR2T
C7BR2T and C3BR2V, the constructed waveform will consist of more than three different frequency
components (overtones of the 440 Hz dominant frequency, as 880 Hz; 1320 Hz; 1760 Hz), in comparison
with other studied structures, which FFT reveals just two main peaks (440 Hz and 1320 Hz).
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Figure 14. Fast Fourier Transform (FFT) for an excitation frequency of 440 Hz: a) body type C3BT;
(b) guitar body type C3BR2T; (c) guitar body type C5BR2T; (d) body type C7BR2T; (e) body type 3BR2V.

6. Conclusions

The body of the guitar has an obvious plane of symmetry, which passes through the means of the
two sides of the guitar, but can also be considered to have a quasi-symmetry plane, which separates
the top plate from the bottom plate. In the calculations made, we considered only the perfect symmetry
plan, which makes the results in terms of frequencies, of half the body of the guitar, to be rigorously
found between the dynamic responses of the whole guitar body calculated with FEM, but also,
during the experiments, the quasi-symmetry of the top and bottom was observed at the frequencies
of 146 Hz, 588 Hz and 720 Hz (see Table 2). First, it could be noticed that the dynamical behaviour
of guitar body is governed by the same harmonic law as the excitation force, regardless of strutting
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system. In spite of the same values of harmonic excitations which were applied during the experiments,
different resonance frequencies for the acoustic bodies of classical guitars with different braces patterns
were recprded. For the perfect symmetrical system considered, the two types of vibration modes
can be identified: the symmetrical mode and the skew-symmetric mode. The influences of different
bracing systems can be highlighted:

e  Each type of bracing system from guitar body generates the nodal patterns, which overlap with
the patterns found from modal analysis (Table 4);

e  The first resonance is noticed first, with higher amplitude, then the second, third, etc. All appear
at a specific frequency, their resonant frequency and all have different patterns in accordance with
bracing systems applied on soundboards;

e In case of forced vibration of 110 Hz, all analyzed structures has one vibration antinode, in a
symmetric mode. For 146 Hz, the quasi skew symmetric vibration modes are recorded, has three
vibration antinodes with two vertical nodal lines, with vibrating surfaces more or less extended
according to bracing patterns;

e  The amplitude spectra becomes more complex with increasing the frequency. With increasing the
number of bars from bracing systems, the overtones increases too.
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